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FOREWORD

This design handbook for cryogenic capillary devices was prepared under
NASA/MSFC Contract NAS8-21465, DCN-8-52-10174 (1F) and 8~1 (1F). The
report was edited and compiled by M. H. Blait, Project Manager. Personnel
contributing to the report were M. H. Blatt - Fluid Design, J. A. Stark -
Thermal Design and L. E. Siden - Structural Design. The text was reviewed
by Convair persomnel including R. E. Tatro, F. Merino, J. Goldsherry and
K. R. Burton. The study was performed under the technical direction of
Leon J. Hastings, NASA/MSFC, R~-P&VE-PT.
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INTRODUCTION

Expulzion of a fluid from 2 propellant tank in low gravity requires a means
of positively controlling the liquid/vapor interface. Studies of both eryogenic
and noneryogenic vehicle missions have indicated the usefulness of utilizing
capillary devices to accomplish this propellant control, Based on the
promising future for cryogenic capillary devices for positive expulsion in
large scale vehicles this design handbook has been compiled.

The information is arranged in four chapters. The first chapter summarizes
the contents of the remainder of the handbook with stress placed on the most
significant design principles and the main problem areas. The fiuid, thermal
and structural design chapters which follow, deal with each of these subjects
by presenting a detailed summary of the design approach, followed by a

flow chart of the steps required for developing a final design and concluding
with a detailed discussion of individual design principles and technical
problem solutions. The volume is written so that a person with casual interest
in cryogenic capillary devices can read only the first chapter if he chooses.
Additiona! information can be obtained in discreie intervals by reading first
the chapter summary then the design flow chart description and finally the
detailed technical discussions in each chapter. The volume can thus be
assimilated at four distinet levels depending on the readers interest. Care=
fully reading the entire volume should give the capillary device designer
sufficient information upon which fo base a design for the mission conditions
being considered.
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CRYOGENIC CAPILLARY DEVICE DESIGN

The objective of a capillary device for propellant control in large scale cryogenic
vehicles is fo provide liquid for engine restart or propellant transfer under adverse
gravity conditions. The main fluid design task for a restart application is to contain
gufficient liquid to maintain continuous liquid flow until the tank confenis can be settled.
TFor a propellant transfer application the principal fluid design goal is the maintenance
of continuous contact with the main liquid body regardless of the direction of the
vehiele acceleration. The thermal design goal is to prevent vaporization of liquid
from within the capillary device. Practical fabrication considerations are to achieve
a structurally sound configuration which can be readily manufactured and assembled.
These three main areas for consideration; fluid design, thermal design and structural
design must be consolidated into an overall design which achieves minimum weight,
cost and complexity while satisfying mission requirements.

Chapters 2, 3 and 4 explain the principles behind achieving sound designs in these
three areas. This chapter will summarize the salient points of each of these three
chapters and then digcuss areas where conflicts exist between fluid, thermal and
structural design considerations.

From the standpoint of fluid design there are two basic types of devices, propellant
transfer and restart. A propellant transfer device can operate in a low gravity
environment by maintaining continuous contact with the liquid while the restart device
relies on supplying liquid which acts to settle the main body of liquid and thus refills
the capillary device.

The propellant transfer device, by nature, must have a large surface area and conform
to the tank shape in order to contact the wetting propellant. In addition to maintaining
a large surface area for fluid contact it is essential to devise low pressure drop paths
from the main body of liquid to the transfer line in order not to exceed the pressure
drop which will be maintained by surface tension forces at the capillary barrier.
Residuals should be minimized by scavenging the device with linear acceleration

while the eapillary device is still full and relatively small amounts of liquid remain

in the tank, Two confipurations, which have been proposed for propellant transfer
applications are a screen liner which is concentrically placed inside the tank and a
channel reservoir configuration depicted in Figure 4-1. The screen liner is
advantageous fluid dynamically since it covers the entire tank surface area for contact
and flow, The channel reservoir configuration while covering only a small fraction of
tank surface (20 to 50%) will operate succegsfully with the reservoir providing propeliant
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flow in the unlikely event that the channels should be uncovered. The residuals, -if
scavenging is used, should be similar for both types of device, however weight penalties
will be somewhat higher for the channel-reservoir configuration, In spite of this
disadvantage, thermal considerations favor use of channel reservoir configurations for
capillary device applications.

For restart requirements, the capillary device will be a compact configuration with
minimum surface area to minimize weight and hydrostatic head requirements, These
devices may operate under high gravity conditions, thus spilling is a potential problem.
The critical factor in sizing the restart device, and unfortunately the most difficult,

is the determination of volume requirements based on settling of the liquid from its
pre~-restart configuration to a positioning covering the feedline area where the capillary
device is situated. The collected fluid must refill the capillary device for a multiple
restart mission. For a single restart the collected fluid need only assure that the
liguid level in the capillary device does not fall below the pull-through height. Screen
selection and configuration is based on the criteria of minimizing residuals, spilling
and vapor ingestion and maximizing ease of refill.

Recommended thermal design techniques fo prevent vapor formation in cryogenic
capillary devices are to employ the cooling capacity of a thermodynamic vent system
while using mixing to reduce fluid temperature gradients. The primary consideration

is whether the vent fluid cooling capacity is sufficient to prevent vapor from forming
without requiring vent flow in excess of the normal boiloff rate. The screen liner

design because of its large surface area previously mentioned requires excessive fluid
to be vented causing an unnecessary tank pressure reduction., Other important factors

to be considered in the thermal design are the effect of heat transfer variations caused
by changes in gravity level and liquid-vapor interface orientation on cooling configuration
design and the sensitive relationship between fluid mixing and heat transfer to the
capillary device, Mixing should be sufficient to reduce temperature gradients caused

by free convective flow,however the forced flow pattern caused by the mixer should not
cause increases in the heat transfer coefficient between the tank fluid and start basket
which counteract the temperature gradient reduction. Cooling and/or venting of transfer
lines which contact the capillary device contained fluid must be accomplished to prevent
vapor formation in the feedline from displacing liquid in the capillary device., Wicking
may be utilized for propellant transfer capillary devices to replace evaporated propellant.

The primary structural considerations are designing the capillary device to resist
impingement loads, screen pressure drops and deflections which could cause structural
failure of the configuration or alteration of the screen micron rating, Important factors
to be incorporated into the design are repairability and ease of assembly. Any repairs
required should be made possible without removing the capillary device from the tank.
Assembly procedures should, if possible, consider installing the capillary device into
the tank in agsemblies or gubassemblies in order to minimize activity and handling of
the capillary device. The design should consider the filtration properties of the sereen
and propellant cleanliness to eliminate screen clogging problems which might otherwise
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occur. Attachmentof the screen to the structural supports should preserve the wicking
path of the fluid, where required for a large surface area. All seals and connections
in between the capillary device and the tank contents should not reduce the bubblepoint
of the screen,

In general, fluid, thermal and structural considerations are compatible in striving
towards minimum weight, high reliability and ease of fabricability. Conflicts which
must be resolved include selection of maximum surface area for fluid transfer and
minjimum surface area for thermal control., Configurations which are desirable
structurally and allow use of minimum gauge material may be unfeasible hydrodynamic-
ally. From a fluid design viewpoint the feedline should be wet as far back towards the
engine as possible; placement of bellows, heat exchanger coils and control sereens is
not always structurally feasible to achieve this aim, Cooling capacity of the vent
fluid may also limit the amount of fluid contained in the feedline., Placement of a
capillary device in a desirable hydrodynamic location may be impeded by excessive
heat transfer in this area. Each capillary device design will have unigue conflicts

and tradeoffs which must be resolved to satisfy mission requirements.



2

FLUID DESIGN

This chapter provides information and techniques for generating a capillary device
design based on fluid mechanical considerations. The applicability of the discussion
is to all eryogenic liquid supply demands which might be required of a capillary device.

There are two general classifications of missions for which capillary devices are de-
signed. One type of mission is a restart mission where fluid supplied by the capillary
device is used to restart an engine and provide thrust for settling the main body of
liquid. The other case is typified by a lack of settling; thus requiring continuous low
gravity transfer as maght occur in an orbital propellant transfer mission.

For the restart or settling case the capillary device can be fairly small in size since
it must contain only enough liquid to maintain continuous liquid flow until the main
body of liquid is settled and collected over the outlet. The capillary device design
for the low gravity period prior to engine restart must minimize vapor formation
which could force liquid from the capillary device. The most stringent fluid
mechanic design requirements are during the initial restart and during collection
and refilling. The relatively high gravity levels experienced during restart and

the entrance of vapor into the top of the capillary device induce tendencies for
spilling of liquid from the capillary device which may be undesirable for tank shapes
where this spilled liquid will then be inaccessible to the outlet. The settling period
is typified by high velocity fluid initially being incident on the capillary device and
aft bulkhead. The capillary device is thus subjected to high impingement loads and
the possibility of vapor entrained by the high velocity liquid, entering the capillary
device.

During refill the fluid being collected enters the capillary device through the side screen.
However, liquid may have completely wetted the capiliary device during the settling
process causing some entrained vapor to be trapped in the capillary device. Seection

249 shows the fluid configuration which might be expected during tank draining. It

is desirable to drain the main pool of liquid in preference to the capillary device in

oxder to retard vapor pullthrough. The areas for concern mentioned here are

evaluated in detail in this chapter and methods are suggested for overcoming these .
problems.,

The low gravity fluid transfer mission capillary device cannot rely on being refilled
by settled fluid. It must therefore remain full during transfer by maintaining con-
tinuous contact with the main liguid pool at all times. This requires a relatively
large screen surface area distributed over the inner surface of the tank to intersect
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the liquid regardless of the orientation or acceleration. The large surface area of
thig device makes it inherently more difficult to cool than the smaller restart device.
However, since there is continuous contact with the main liquid pool, wicking along
the capillary control surfaces may be utilized in some cases to replace liquid evapor-
ated from the screen surface without depleting the liquid from within the device.

Propellant transfer devices are typically liner, channel or tube configurations.
Liners are most efficient fluid mechanically since they present large surface area
for liquid flow and large internal area to minimize pressure drop. Thermally

the channel concept is most efficient since it can be cooled using normal tank
boiloff as discussed in Chapter 3. Collector tubes are applicable for low flow rate,
high percent fill applications such as providing liquid to a thermodynamic vent system
inlet prior to engine restart. Liners may be useful for the same type of application
where the entire lower surface is not immediately adjacent to the tank wall.

The main fluid dynamic pro blems with a propellant transfer type capillary device occt
toward the end of the propellant tank draining period. At this point there is a rela-
tively small amount of liquid and pressure drop across the screen surface and inside
the channel can exceed the surface tension pressure of the capillary control device.
Minimization of the tank residuals may require the use of scavenging, or liguid
settling, during the final stages of transfer. This requires that consideration be give:
to settling, spilling, residual and pullthrough suppression.

FLUID ANALYSIS FLOW DIAGRAM

The initial effort should be to determine the preliminary configuration and based on
mission conditions, to determine the hydrostatic loads, impingement forces and flow
conditions under which the capillary device must operate. Select screen meshes and
configuration dimensions for successful fluid retention based on static and dynamic
fluid conditions. This configuration should contain sufficient volume for a restart
sequence or provide sufficient surface area for contact with the main pool of liguid,
as in a propellant transfer application., Thermal considerations require that the
surface area be minimized to allow effective cooling. Thus, for a propellant trans-
fer application, the surface area must be selected to satisfy the competing fluid
dynamic and thermal design criteria. The initial configuration should also reflect pre
liminary considerations to minimize residuals, spilling and vapor ingestion and diffi-
culties in refilling (for a multiple transfer case),

The preliminary configuration should then be evaluated thermally and structurally to
assess any changes which may be required. These changes, for example, revisions
in allowable surface area to permit cooling or revisions in surface shape to permit
reduction in structural loading, must then be evaluated from a hydrodynamic stand-
point.

22



Table 2-1. Fluid Analysis Flow Diagram

MISSION CONDITIONS

PRELIMINARY CONFIGURATION

Retention

Volume Requirements
Minimum Surface/Volume

STRUCTURAL
FABRICATION
& MANUFACTURING
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Refilling and Spilling
Considerations

L

REVISED CONFIGURATION AND
SUBSYSTEM REQUIREMENTS

¥

STRUCTURAL,

) y
THERMAL

DESIGN &
ANALYSES

I

Optimum configuration
for spilling, refilling &
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Wicking to aid thermal
design

Suppression of pullthrough
using screens or baffles

Deflecting ingested vapor,
if any with screens or
baffles

Requirements defined for:
sloshing & settling, in-
cluding baffle placement
venting & liquid collection
for vent system, pressuriza-

) tion system

THERMAL

FABRICATION
& MANUFACTURING
DESIGN & ANALYSIS

)

FINAL CONFIGURATION

{

FLUID DESIGN VERIFICATION TESTING
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An evaluation of the effect of thermal and structural requirements upon hydrodynamic
performance will indicate necessary changes in fluid design. At this time it is also
efficient to optimize the location, size and type of capillary control surfaces based
on gpilling, refilling and residual performance as evaluated by the INGASP and
DREGS?2 programs. Pullthrough suppression, wicking and vapor deflection considera-
tions should be incorporated into this degign. Subsystem reguirements should be
defined so that eapillary device operation will not be jeopardized. The use of baffles
for controlling sloshing and settling, a thermodynamic vent system for controlling
tank pressure and cooling the capillary device, pressurization with low temperature
pressurant and collector tubes or channels to provide liquid inlet to a thermodynamic
vent device are the major subsystem items which influence capillary device perfor-
mance.

The results of the fluid design effort will be a final configuration which will also re-
flect thermal, strucfural, fabrication and manufacturing design effort. For design
verification, a test program should be developed at this time to prove that the cap-
illary device will satisfactorily perform under mission conditions.

SUMMARY OF FLUID DESIGN SECTION

Retention

The criteria for surface tension induced interface stability and support for screens,
tubes and perforated plates are presented, Surface tension support is considered in
the context of resisting hydrostatic forces, dynamic impingement forces and flow pres-
sure drop. Results are presented parametrically in a series of graphs and tables.

Screen Flow

Pressure drop correlations are presented for dutch twill and square weave screens
which are applicable to both ecryogenic and non cryogenic fluids. Tables are presented
which give pertinent screen geometry and flow coefficients for dutch twill and square
weave screens.

A discussion of calculation of vapor penetration into a propellant transfer capillary
device is presented.



Wickin
Results of screen wicking tests run at Convair are presented in empirical form since
theoretical models studied proved inadequate for predicting screen wicking. Com-

parisons between parallel plates and duich fwill screens are given.

Settling and Sloshing

A technique is suggested for determining settling time by dividing the fluid motion into
four phases; liquid motion from the low gravity orientation to the aft end of the tank,
turbulence and recirculation subsequent to striking the aff bulkhead, slosh wave decay,
and rise of entrained vapor from the collected fluid. Technigues are briefly described
for shortening the settling period for the purpose of refilling a capillary device.

Spalling and Vapor Ingestion

A technique for detecting and evaluating spilling and vapor ingestion is presented., The
INGASP program, presented in Appendix A, is a computer model for predicting spilling,
vapor ingestion and refilling. Use of the program for selecting screen areas on the
S-1VC 1L.O 5 start basket is described.

Refilling (Capillary Device)

Equations for evaluating refilling are presented and methods of hastening start basket

refill and minimizing trapped vapor such as use of a standpipe or refill valve are dis-
cussed.

Tank Filling

Filling of a tank containing a capillary device on the ground and in orbit is considered.
It is likely that settling of the liquid will be required to efficiently fill the tank in orbit.

Residuals

Pulithrough and interface shape correlations are presented along with methods of re-
ducing residuals in tanks containing capillary devices. Discussion centers around use
of screens to resist pullt'hrough and flow through capillary restart devices and pro-
pellant transfer devices during tank draining. The DREGS2 program equation develop-
ment is briefly described with a listing of the program presented in Appendix B.



Entrained Vapor Impingement

This section discusses the use of hydrophilic screens in deflecting vapor which has
entered the capillary device away from the feedline.

Ventin

The hazards of tank blowdown are discussed with equations presented for predicting
tank pressures during a large pressure drop as requirement for an ullaging-blowdown
sequence. The consequent bulk boiling can be eliminated with a relatively constant
pressure thermodynamic vent system.

Pressure Collapse

Equations are developed which may be used to compute the collapse of a hot ullage due
to mixing or circulation upon restarting the engine. Bulk boiling due to ullage pres-
sure decay can be estimated and adjustments made to the pressurant system design

to permit less ullage stratification if necessary.

2.1 RETENTION

The primary purpose of a capillary device for controlling propellants is to retain
liquid in a given position when subjected to adverse forces. Retention against adverse
accelerations is governed by both stability and support criteria.

2
For a liquid-vapor interface to be stable, the Bond number, Bo = Bg% <K
where K is a constant depending upon the type of capillary barrier 4
and the contact angle between the fluid and the type of capillary barrier used. The
contact angle is zero for propellants and confainment materials currently of interest.
For zero contact angle, with a circular cylinder, the value of K is 0,842 as deter-
mined experimentally by Masica, Petrash and Otto in Reference 2-1. This regult
verified the findings of Bretherton, Reference 2-2 who obtained this constant using
both theoretical and experimental methods. For a circular hole, as in a perforated
plate, Martin, Refereqce 2-3, showed experimentally that K = 0.84. Other experi-
ments, Reference 2-3, showed that K = 0,45 for a square weave screen where D is
the open width of the square weave screen. No information is currently available on
the value of X for dutch twill sereens. Typical stability curves are given for screens
and plates in Figure 2-1,
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Surface tension support is defined by

= 4o _ where Dpp is the bubble point. The bubble point is normally

¢ Dgp

determined by submerging a box, with one side containing the screen to be tested and
the other side containing a pressurizing means, 3/8ths of an inch below the surface of
an isopropyl alcohol bath., This box, illustrated schematically below, is then pres-
surized until an air bubble breaks through the screen. The bubble point is thus a
measure of the largest pore in the screen.

) m
PRESSURIZING

———— MEANS

WATER
MANOMETER - | / CAPILLARY BARRIER

S S

3/8"

ISOPROPYL ALCOHOL

Figure 2-2, Bubble Point Test Set Up.

Normally the support criteria are more stringent than the stability criteria. For
example, if the support requirement is to retain a given head of fluid against an ad-
verse acceleration,

pgDh
AP = 40 pgh or BP <~1_ (support criteria)
BP h

and for interface stability

PgDy . K
40 DBP
1
Thus for stability criteria to be controlling 5 < 1: , which is only the case for

BP
extremely large pores and small liguid heights. Evidently, for practical situations,
stability criteria are satisfied more easily than support criteria.



For liguid propellants, which are good wetters, surface tension devices must be de-
signed to keep vapor out rather than keep liquid in. This is because liquid will wet
a screen or perforated plate so that surface tension forces holding the liquid in are
very small. This is illustrated by the sketch below, where no appreciable liguid
depth would be supported by the bottom screen if the top screen were removed. With
the top screen in place, the liquid cannot leave the enclosure through the bottom
screen, unless vapor enters through the top sereen. This will occur only if the pres-
sure difference across the top screen exceeds surface tension pressure. Support of
liquid columns is illustrated by the plots shown in Figure 2-3.
TOP SCREEN
Surface tension support pressure must
also be balanced against fluid inertia
forces and fluid flowing pressure drop.

LIQUID —¢ Imertial forces are given by
—-— 2
/WQ'J-.“—". pv
2¢
BOTTOM RADIUS OF CURVATURE ) o .
SCREEN LARGE Fluid momentum is important in slosh-

ing and settling problems where vapor

can enter the basket if impinging at a
high enough velocity. Fluid velocities can be obtained by using the MAC model tech~
nique (Reference 2-~4) described in Section 2.4, Figure 2-4 illustrates the case where
vapor is impinging on the surface and the case where vapor entrained in liquid is im~
pinging on the capillary device. If it is not possible or practical to prevent vapor from
enfering the start basket it may still be possible to ensure sucecessiul system operation
by deflecting vapor from the outlet as described in Section 2.10,

In many cases a primary retention criteria is whether fluid flowing through a screen
will produce a pressure drop exceeding that of the surface tension retention pressure
of the screen. In this case AP, = AP flow" Flow pressure drops for square weave
and dutch twill screens were obtained in a Convair IRAD test program and are pre-
sented in Section 2.2, along with bubble point data for dutch twill screens tested.
Bubble point for square weave screens was assumed equal to the open width of the
screen. The equation AP, = AP was solved, for fluids and screens of interest in
order to obtain fluid velocity which satisfies this equation. Results are presented in
Tables 2~2 and 2-3. These results are important in minimizing vapor penetration in-
to a capillary device during draining as discussed in Section 2,86,

The 200 X 600 screen allowed maximum duteh twill screen fluid velocity while a 400 X
400 screen allowed maximum velocity for a square weave screen. In geneval, square
weave screens, although they have large pores with resultant low surface tension pres-
sure, have low pressure drops compared to the tortuous path of the dutch twill screen
and thus allow bigher flow velocities through the screen before exceeding the surface
tension retention pressure.
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Characteristically the bubble point diameter is lower than the average capillary diam-

eter used in calculating screen flow losses.

This apparently anomalous fact is be-

cause the average capillary diameter is measured by forcing mercury into the screen
sample and determining the average diameter on a volume basis, Pores in screens
generally have minimum diameter in the middle of the screen while porosimeter
measurements include the larger diameters downstream and upstream,
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Figure 2-3, Liquid Head or Trapped Vapor Head Contained by
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Table 2-2. Maximum Screen Velocity for Dutch Weave Screen Before

Surface Tension Pressure is Exceeded

Maximum Screen Maximum Screen Maximum Screen

Velocity Mesh Liguid Velocity Mesh Liquid | Velocity Mesh Liquid
.468 200 x 1400 Oxygen .193 150 x 700 Fluorine . 802 30 x 250 Water
. 487 165 x 1400 Oxygen .410 80 x 700 Fluorine 730 20 x 250 Water

1.414 200 x 600 Oxygen .153 50 x 250 Fluorine » 543 200 x 1400 Pentane
.219 165 x 800 Oxygen +308 30 x 250 Fluorine .589 165 x 1400 Pentane
. 225 150 x 700 Oxygen 270 20 x 250 Fluorine | 1,810 200 x 600 Pentane
. 481 80 x 700 Oxygen .419 200 x 1400 Nitrogen . 297 165 x 800  Pentane
176 50 x 250 Oxygen 441 185 x 1400 Nitrogen .291 150 x 700 Pentane
» 358 30 x 250 Oxygen 1.324 200 x 600 Nitrogen 604 80 x 700  Pentane
. 312 20 x 250 Oxygen . 210 165 x 800 Nitrogen .239 50 x 250 Pentane
. 765 200 x 1400 Hydrogen .211 150 x 700 Nitrogen .463 30 x 250  Pentane
. 785 165 x 1400 Hydrogen . 448 80 x 700 Nitrogen .413 20 x 250 Pentane

2.238 200 x 600 Hydrogen .169 50 x 250 Nitrogen L771 200 x 1400 Methane
. 340 165 x 800 Hydrogen . 337 30 x 250 Nitrogen . 806 165 x 1400 Methane
. 354 150 % 700 Hydrogen . 296 20 x 250 Nitrogen | 2,357 200 x 600 Methane
« 273 50 x 250 Hydrogen . 848 200 x 1400 Water . 367 165 x 800  Methane
. 465 30 x 250 Hydrogen . 956 165 x 1400 Water .375 150 x 700  Methane
.488 20 x 250 Hydrogen { 3.099 200 x 600 Water .799 80 % 700 Methane
. 391 200 x 1400 Fluorine .538 165 x 800 Water .295 50 x 250 Methane
411 165 x 1400 Fluorine . 503 150 x 700 Water . 597 30 x 250 Methane

1.213 200 x 600 Fluorine 1,016 80 x 700 * Water .522 20 x 250 Methane
. 190 165 x 800 Fluorine 434 50 x 250 Water




8T~3

Table 2=-3. Maximum Screen Velocity for Square Weave Screen Before

Surface Tension Pressure is Exceeded

Maximum Screen Maximum Sereen Maximum Screen
Velocity Mesh Liquid Velocity Mesh Liquid Velocity Mesh Liquid
1.060 10 x 10  Methane 5.990 100 x 100 Nitrogen 3.286 325 x 325 Fluorine
2,122 20 x 20 Methane 7.045 200 x 200 Nitrogen 8. 000 400 x 400  Fluorine
4,529 40 x 40  Methane 3.632 325 x 325 Nitrogen 0.861 10 x 10 Pentane
7.452 50 X 50 Methane 8,844 400 x 400 Nitrogen 1.724 20 x 20 Pentane
10.439 100 x 100 Methane 0.978 10 x 10 Hydrogen 3.680 40 x 40 Pentane
12,276 200 x 200 Methane 1.958 20 x 20 Hydrogen 6. 056 50 x 50 Pentane
6.330 32H x 325 Methane 4,179 40 x 40 Hydrogen 7.071 80 x 80 Pentane
15.411 400 x 400 Methane 4,179 40 x 40 Hydrogen 8,482 100 x 100  Pentane
1.571 10 x 10 Water 6.876 50 x 50 Hydrogen 9.976 200 x 200  Pentane
3.147 20 x 20 Water 8.030 80 x 80 Hydrogen 5.144 325 X 3256  Pentane
6.716 40 x 40 Water 9,632 100 x 100 Hydrogen 12,524 400 x 400 Pentane
11,050 50 x 50 Water 11,328 200 x 200 Hydrogen 0.631 10 x 10 Oxygen
15.479 100 x 100 Water 5.841 325 x 325 Hydrogen 1.264 20 x 20 Oxygen
18.204 200 x 200 Water 14,221 400 x 400 Hydrogen 2.698 40 x 40 Oxygen
9,387 325 x 325 Water 0.550 10 x 10 Fluorine 4,440 50 x 50 Oxygen
22,853 400 x 400 Water 1.102 20 x 20 Fluorine 5.185 80 x 80 Oxygen
0.608 10 x 10  Nitrogen 2.351 40 x 40 Fluorine 6.219 100 x 100  Oxygen
1.218 20 x 20  Nitrogen 3.868 50 x 50 Fluorine 7.314 200 x 200  Oxygen
2.599 40 x 40  Nitrogen 4,517 80 x 80 Fluorine 3.771 325 x 325  Oxygen
4,276 50 x 50  Nitrogen 5.418 100 x 100 Fluorine 9.182 400 x 400  Oxygen
6.372 200 x 200 Fluorine




Screen bubble point may be increased by «calendering screens which involves passing
the screen through rollers, flattening the high points and forcing the wires closer
together. The process increases the bubble point of a screen, however, it also
increases fluid pressure drop and impedes wicking along the screen,

2.2 SCREEN FLOW - PRESSURE DROP

Considerable effort has been expended in obtaining accurate flow data for dutch twill
and square weaves for uging cryogenic and noncryogenic fluids, The work, performed
in a Convair IRAD program, is presented in detail in References 2.4 and 2.5 and
summarized in References 2,6 and 2.7. Results will be summarized here to the extent
required to analyze and design capillary devices.

Screen flow is characterized by two flow regimes which are dependent upon screen
Reynolds number. In the high Reynolds number inertial regime, the Euler number,
(2 APfgc)/ (p sz) is a constant which can be used to predict sereen pressure drop and
in the viscous regime the Poiseuille number (APsge Daz)/ (Ly Vg) can be used in a
similar manner,

For the square weave screens, a correlation, Eu =[S/ (1-S)]2 can be used in the inertial
regime. This regime persists to velocities leas than 0.1 fps so that it can be used for
the full range of normally anticipated flow conditions for square weave screens. Table
2-4 gives geometric properties for several square weave screens. Several investi-
gations have attempted to correlate dutch twill screen data with theoretical and semi-
empirical models. These investigators, notably Armour and Cannon (Ref. 8) developed
flow equations using bubble point diameter and other dubious geometric properties.
Also, their flow setup was inherently less accurate than the one used at Convair,
described in Reference 2.4, Convair data did not agree with either Armour and Cannon's
model, or Tucker's model described in Reference 2—-4., The Convair data did not
conveniently collapse to a single equation for all screens; however, data for the many
fluids run was self consistent for each screen tested. It was concluded that the manner
of presentation which best suited the data was an equation of the form:

2
_ Ale,Vf+ Ay LoV

AP
£ 2
Da gc Da gC

where A, and Ay are empirical constants for a particular dutch twill screen.

The average capillary diameter, D,, was obtained from mercury porosimeter testing
described in the Appendix of Reference 2~4. Values of Ay, Ay, L and D, for the nine
screens tested are presented in Table 2-5. These sc¢reens should include any dutch
twill gereens which might be used for propellant control applications, thus no
additional testing should be required in order to design a capillary device.
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Table 2.4. Screen Geometry, Square Weave Screens

Mesh (Microns) Solidity
DBP s

400 X 400 38 0,64
325 X 325 44 0.44
200 x 200 T4 0.66
150 x 150 104 0.63
100 > 100 140 0.698
80 x 80 180 0.686
50 X 50 280 0.700
40 x 40 440 0.640
20 x 20 860 0.538

Table 2-5. Screen Geometry, Flow and Wicking Data, Dutch Twill Screens
Dpp Dy L Dimensionless

Bubble Pt.| Avg.Capil-{ Thick~| Por~ AlL A 21

Diameter |lary Dia. ness osity . A B

Screen Mesh|(Microns) |(Microns) (in.) | (Meas.) A A Wfkmg D38 Dat

1j72] “w %/it2) [se ¥/t

200 x 1400 13.4 22,.8% 0.0058| 0.256 |190]| 18 509637 3.€

185 X 1400 18.6 28.8% 0.0060{ 0.301 | 150/ 16 580 270185 2.6

200 % 600 19,05 36.7% 0.00b5| 0.347 21 3 368 51053 0.3

165 X 800 22.7 48.5%¥ 0. 0065 0.310 43 1135 28568 14.3

150 X 700 22.7 60,8 ** 0.0070( 0.171 {500(133 227642 12.C

80 x 700 29,7 139,8%* 0.0098| 0.416 [L000| 34 6230 121427 1.8

50 X 250 33.9 129, 5%* 0.0127] 0.325 | 115|191 20938 14.%

30 x 250 48,5 112, 2%* 0.0265[ 0.276 | 130| 12| 1120 65795 2.2

20 %X 250 52.8 155, 3%% 0.0280f 0.325 {150 20 41869 2.8
*Microporosimeter
**Macroporogimeter
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2.3 PRESSURE DROP IN A CAPILLARY DEVICE

For propellant transfer applications it is necessary to consider pressure drops within
the annular passages of a screen liner or channel reservoir configuration. Collector
tube design for providing liquid flow to a vent device also must consider the pressure
drop of a long capillary tube or channel and entrance and bend losses occurring within
the system. A typical configuration of inferest is shown in Figure 2-5.

Figure 2-5. Total Orientation Device Draining

PL -P 1 = screen pressure drop described in the previous paragraphs.

P ~-P =AP + AP
i 2 hydrostatic channel or liner

where AP channel or liner is a function of channel geometry, friction in the channel,
contractions and expansions or bending caused by system shape in supports and suction
in the channel causing increased pressure drop due to mass addition.

Frictional pressure drop and logses due to bends and expansion and contraction Iosses
can be evaluated using sources such as Reference 2«9 Chapter 7 for friction and
Reference 2-10 for K factors so that

2 2
L PV v _
APfr = Dh 28 and ZX 2g z.'*Pb
Another factor of AP is the effect of suction or introduction of fluid through a

channel
porous wall on increasing the pressure drop in the channel where the fluid is comingling

and flowing. For channels this has been handled by several investigators including
Acrivos, et al (Ref. 2-11) and Terrill (Ref. 2-12), Terrill examined the pressure
losses in a porous annulus.
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The point at which vapor breaks through the screen initially will depend on the direc-
tion of the acceleration and corresponding hydrostatfic head. In general, if the accelera-
tion is small, or the fluid is oriented opposite to the outlet by the acceration, the pres-
sure difference across the screen will be greatest near the outlet. Thus vapor break
through will generally occur near the outlet.

The surface tension pressure, AE, = , must exceed the pressure drop Pu~P

Dpp 2
to prevent vapor breakthrough.

Pu~P_=AP_+ AP _+ AP + AP + AP
" 2 fr b hydrostatie A suction A screen

The surface area available for flow and screen weave determine the screen pressure
drop. Increased surface tension pressure camnot generally be obtained without a
corresponding increase in screen pressure drop. If the APg creeniS 2 large percen-
tage of the total pressure drop care should be faken in increasing AF, to retard vapor
breakthrough, since the increase in APg .00, may completely offset any increase in
APg. For a given mesh screen and working fluid APgopeep is completely dependent
on screen velocity. Screen velocity can be held to 2 minimum ¢ the surface area
avajlable for flow is maximized.

Channel flow area, length and hydraulic diameter are the principle variables in
channel frictional pressure drop. Widening of the channels will reduce pressure drop;
however, it will also increase sysiem weight, Pressure drop due to bends and changes
in area can be minimized by spacing support members and shaping obstructions in the
flow channel in order to minimize area changes and abrupiness of flow disturbances.
The pressure drop increase due to suction depends upon the friction and momentum
effects in the channel and across the screen.

The numerous variables affecting the total system pressure drop are indicative of
the difficulty in establishing generalized optimization techniques. Parametric plots
that will lead to the selection of an optimum capillary system design cannot be pre—
sented, even for a narrow requirement range. The strucfural requirements imposed
upon a channel design (such as fype and numbers of supports) can have an important
effect upon system pressure losses. Thus it has been possible only to present a
general discussion relative to this subject.

2.4 WICKING
Wicking is of interest because flow wicking through a screen can be used to replace
liquid evaporated from that surface. 'This can assure that no liquid will be evaporated

from the capillary device, as would occur in a propellant transfer or liguid collection
application,
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Wicking was examined in a manner similar fo sereen flow with the driving pressure
equal to the surface tension pressure. Several models were postulated Ref. 2-14),
and computer programs developed for their numerical solution. Test results were
obtained for a horizontal screen (Ref. 2-7) in order to simulate low gravity wicking.
Results were in the form of Equation 2-1 however, because of the low pressure drop
and flow rates, the inertial term was negligible. An equation of the form,

A L
4
AP = DCr = =% Dzw © Vg, represented the data where (2-2)
BP gc a

LW = distance along the screen from liquid vapor front.

The constant, A , for the four dutch twill screens tested was greater than A_ by a
factor which var?ed from 4 to 8.5, as shown in Table 2-5, Thusthe wicking velocity
along the screen is less than the veloeity perpendicular to the sereen for an edual
pressure drop indicating the more restrictive nature of the path taken by the wicking
fluid, Tests were conducted with flow perpendicular to the warp wires since this
gives minimum wicking velocities which can be used for design purposes. One fest
was run for wicking rates paraliel to the warp wires using 30 x 250 screen and Dow
Corning 200 silicone oil. For this case the wicking rates are slightly higher with
Aw = 733. Even though this is a less restrictive path than the other direction if may
serve as the design value since L is usually longer in the direction of the warp wires
due to the way screen mesh is fabricated.* Wicking is a property which is not desir-
able from a refilling standpoint, This is discussed in Section 2.7.

For screens not tested, order of magnitude wicking velocities may be obtained by
multiplying A_ by a factor 4 to 8.5 depending upon the mesh being considered. Rela-
tively cimple ]ﬁests could be run to obtain A empirically for the screen of interest if
more accurate confirmation is required.

In order fo determine how much wicking flow will contribute to preventing vapor form-
ation we can set ®X V. X (L X W) X £_ X A =Q where L is the screen thickness, ¢
¢ is the porosity and Wvgs the width of screen perpendicular fo flow. V is computed
from Equation 2-2 where L. is the distance from the incipient vapor towthe main pool
of liquid. ) is the heat of vaporization of the liquid.

Solving Equation 2-~2 for Vy; for each of the four screens tested indicates that the 30 x

250 screen has the highest wicking velocity. This indicates that the thicker screens such
as 50 x 250, 20 x 250 and 30 x 250 present a less restrictive path in the direction of
wicking flow than do the thinner screens. Tests on a 400 X 400 mesh square weave
screen indicated no wicking, confirming the non wicking property of square weave screen.

*Screen cloth is normally made in widths of four feet and lengths of 30 feet with the
four foot dimension parallel to the shute wires.
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If wicking velocities in excess of dutch twill screen velocities are required,
parallel screens or perforated plates closely spaced can be used. The volumetric
flow rate of liquid between parallel plates was derived by Newman, Journal of
Colloid Science, 1968, Volume 26 fo be:

3
Q = AP B Wgc _ 2 BZ ap Aflow gc
w 3 pL

o [bo

L
where B is one half the distance between plates, W is the plate width or 2BW = Ap

(Flow area). For horizontal or zero g wicking AP = AR,

Expressing the wicking equation for screens in a similar manner we find

2
¢Da APO_ gc Ap

sereen - Vw AF - A UL
W
thus
2 2
= P
leate _ _3 B A o Be
= 52
screen b2 A pc g,
W

2 2 4o
For the screen AP =cr(—- + —-) = where D, and D_ are orthogonal radii of

D D D 1 2
1 2 BP
curvature and for the parallel plates
1 1 o . .
AP, =0'("" + ""‘) = since one of the radii is very large.
B B B
1 2
2 2
= o 8
Q lnte 3 B /B i} B/
Qscreen Daz, Di
A B A
w P WDBP

Figure 2-6 illustrates that more flow can be realized utilizing plates than screens of
an equivalent thickness (assuming the plates have negligible thickness. More signifi-
cant ig the fact that plate spacing can be increased without bound fo achieve increased
wicking flow while the physical limitations of dutch twill screen mesh severely bounds
single screen wicking capability.

Single square weave screensg do not wick, at least in the meshes commercially obtain-
able, This was evidenced by testing several square weave screen samples including
400 X 400 mesh screens.
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Figure 2«6, Comparison of Wicking Rates in Screen and Parallel Plates
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2.5 PROPELLANT SETTLING AND SLOSHING

Design of passive propellant control systems is critically dependent upon proper con-
sideration of the phenomenon of liquid propellant settling, Confidence in a flight-ready
propellant control system will utilimately depend upon knowledge of the liquid motion
under impulsively applied body forces and upon the design methods used fo compensate
for uncertainties. In the following paragraphs the setfling problem is examined in de-
tail, and analytical procedures to be used for obtaining design information are outlined.

Influence of Settling on Capillary System Design ~ An essential capillary system design
concept is to provide a liguid retention system capable of furnishing liquid to the engine
feed line for engine starts independent of orientation of the bulk of the liquid propellant.
As thrust develops during this initial engine firing period, the bulk propellant begins

to flow toward an equilibrium position at the aft end of the tank., For smooth, con-
tinuous operation, the propellant must be "settled' and be capable of refilling the
capillary retention device as the liquid in the device is being depleted.

Before the settling thrust is applied, the propellant generally occupies a position as
shown in Figure 2-7.

As thrust is applied, the fluid near the tank
LIQUID PROPELIANT walls moves aft. The curved interface

may become unstable and form a jet of liguid.

A high intensity of turbulence is created as

the liquid impacts the tank bottom and the

P START BASKET start basket, and a considerable quantity of
l LIQUID RETENTION vapor {in the form of tiny bubbles) can be
SYSTEM entrained. In addition to the turbulence,
large-amplitude surface motions are
Figure 2-7, Typical Position Prior usually present which could alternately
to Engine Restart. cover and uncover the start basket. Dis-

sipation of the fluid kinetic energy ultima-
tely will occur (by decay of the turbulence and viscous dissipation of the sloshing motions)
until the surface motions are small and the trapped vapor can escape. Ounly then can
the liguid be considered settled sufficiently for start basket refill,

Normally, the two methods available for an investigation such as the one needed for
settling are: analytical (theoretical and empirical) and experimental. The marker and
cell (MAC) method provides a third basic tool. Because the MAC method solves the
complete Navier-Stokes equations of fluid motion (including viscous and nonlinear
terms) and because its accuracy has been verified many times References 2-4, 2-15,
2~16), it can be used as a pseudo-experimental tool.

2=-21



The advantage of running 'computer experiments' over actual laboratory experiments
is that the "test" conditions can be regulated at will on the computer. Variable gravity
levels, surface tension, slip or no-slip at tank walls, heat transfer, in— and outflow,

all can be imposed on or removed from the computer simulation as desired. This very
versatile tool, when combined with complementary analytical and experimental methods,
provides an excellent technique for predicting the effects of settling on operation of the
passive retention/ expulsion system. .

Several empirical investigations have been accomplished fo evaluate settling. Most
notably, Masica and Petrash (Ref. 2-17) ran a series of drop fower tests and corre-
lated fluid velocities, before impingement on the aft bulkhead, based on the Bond num-
ber. Using the basic results of this study another drop tower correlation program was
conducted at NASA LeRC to predict liguid accumulation rates in a Centaur scale model
tank. This study by Salzman and Masica (Ref. 2-18) gives geysering regimes as a
function of Weber number, The equations given in this report have been arranged into
a short computer program which will compute screen sizes to resist impingement
forces, settling velocities, collection velocities and settling time. A listing of this
program is given in Ref, 2-4.. Results of this program wevre compared with results
of the MAC model for settling in the S-IVB LH2 tank shown in Figure 2-8.

An acceleration of 0.337 g's will be applied to the S-IVB vehicle in order to settle the
propellants, According to both NASA correlations and the MAC model, fluid impinges
on the aft bulkhead after 1.27 seconds. Discrepancies exist between the models in the
collection and recirculation period following impingement., The NASA correlation
predicts a fairly rapid collection period while the MAC model predicts violent recivcu-
lation and indicates that collection will take considerably longer. This indicates that the
NASA correlations donot hold for the high Bond and Weber numbers occurring in the
recirculation and collection period. Unless the Bond number is less than 66, the Weber
number less than 200, and the tank similar in shape to a Centaur tank, the LeRC cor-
relation should not be used for this period.

Motion of the liquid from its low-g stable configuration toward the aft end of the tank
may be predicted by the MAC method and by the results of Reference 2-4 and 2-19,
An'expression for the time required for the center of mass of the liguid to move a

distance L is approximated by

~1
0.84

Bo/4.7
)

At=1.5 (L/g)1/2 1- (

2
where g is the vehicle acceleration and Bo =p gR /o, the Bond number. This expres-
sion has been amply verified experimentally for the approximate range 2 <Bo< 2,000
and by the MAC model for the single case mentioned, where Bo ~105,
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FLUID SIMULATION OF S-IVB LIQUID HYDROGEN TANK SETTLING
0.337 G'S, 60% FULL, R =10.82 FT
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Figure 2-8, MAC method simulation of S~IVB LH, tank settling.
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The character of ligquid motion changes completely when the advancing liguid strikes
the tank bottom. Decay of turbulence can be treated theoretically by an analogy with
laminar wave motion decay Ref. 2-~19) or with the similarity and self-preservation
concepts of isotropic turbulence Ref. 2-20). These theoretical models should he sub-
stantiated by experimental data for the particular cases under consideration.

Slosh wave decay rates may be predicted using the relationships of Reference 2-21.
If an analytical investigation shows that axisymmetric slosh modes exist, the MAC
method can be used to verify the results of Reference 2-21.

Bubble rise may be accurately predicted through use of a sophisticated numberical
method which computes the interaction and dynamics of bubbles in a very geaeral
fluid field, Any gravity vector in a tank can be used, and the liguid can have
pressure and temperature gradients as desired. Quiescent fluid is assumed;
however, the wakes of adjacent rising bubbles are taken into consideration. Also
considered is bubble agglomeration and wall inferaction, Reference 2=4 gives a
good account of this method embodied in the EVOLVE program.

Times reqguired for all four of these processes may then be summed. Since it is
conceivable that some overlap will occur, such a procedure is conservative. The
resulting sum is the time required for complete setitling.

If the time required for complete settling appears to be excessively long, methods may
be investigated to avoid this problem. Corrective measures can take three basic
forms (or combinations of all three):

1. Use the settling characteristics to advantage, i.e., momentum refill, etc.

2. Test the settling process details to determine if complete settling is really
necessary for refill.

3. TUse dual thrust level to reduce the settling time.

In the momentum refill approach it may be possible to baffle the flow so that it im-
pinges directly on the capillary device, Efficient refilling by this procedure appears
extremely difficult to accomplish.

In tI_le partial settling approach, the fluid may have established a level above the
bottom of the start basket screened area which will initiate the refilling process before
the seitled liguid completely covers the start basket.

In the dual thrust approach, a gentle initial thrust would allow a flow of fluid to the
tank bottom at a relatively low velocity. Because of the low velocity, turbulence and
sloshing will occur at lower intensity. When most of the liquid has collected aft, a
stronger acceleration will dampen the sloshing and cause faster bubble rise as the

turbulence decays.
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A problem directly related to settling is the impact force on the start basket from the
advancing liquid. These forces may be estimated both analytically and with the MAC
method. Since pressure contours are a normal part of MAC output, such a prediction
is a straight-forward application of the program.

As described, propellant settling is important only for restart devices. Propellant
gloshing should be considered for both restart and propellant transfer capillary device
applications. Sloshing is a problem only when slosh velocities become high enough

1o exceed the surface tension pressure of the screen. Specific configurations can be
analyzed by order of magnitude calculations to indicate if potential sloshing problems
exist. Problems of mterest can be input on the MAC model to accurately determine
velocities. These velocities can then be compared with surface tension pressure as
shown in Figure 2-4 to determine if vapor will enter the capillary device and displace
liquid.

2,6 SPILLING AND VAPOR INGESTION

When fluid retention capability of a capillary device breaks down, liquid or vapor can
flow across the conirol surfaces of the device. It is essential to determine the quantity
of liquid spilled or vapor ingested in order to adequately predict restart and draining
behavior. There are several ways in which the retention capability of the sereen can
be exceeded. Applicafion of high acceleration such as during restart, vaporization of
liguid from the surface of a capillary device and flow losses in propellant flow can all
cause spillage or vapor ingestion. The spillage and vapor ingestion of most interest

is that occurring during propellant outflow since this will occur normally and must be
accounted for in the capillary device design. The other causes of spillage should not
occur if the capillary device design is adequate.

By making the top screen have a slightly higher micron rating than the side screens
vapor will initially break at the top screen. If the pressure drop across the top screen
exceeds the liquid head by greater than the surface tension pressure, vapor will be
ingested at all points of the screen. If on the other hand the surface tension pressure
is great enough, vapor can be prevented from penetrating the basket gsides.

If the liquid head exceeds the pressure drop {HG)across the top screen, the pressure
inside the basket will exceed the pressure outside and liquid will spill from the basket
Surface tension will not appreciably aid in preventing spilling since the wetting liquid
will spread over the outer surface of the screen with a large radius of curvature.

The ideal way to prevent spilling and vapor ingestion is to make the top screen HG
greater or equal to the liguid head and use the surface tension pressure to prevent
vapor ingestion. Since liquid head will be dropping as the basket is drained it is
desirable to initially make HG essentially equal to the lquid head.
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A computer program has been developed to predict spilling, vapor ingestion, refilling,
vapor pullthrough and vapor motion. This has been correlated successfully with scale
model 8-IVC data. The program consists basically of the following analyses, which are
described in more detail in Reference 2-14,

Vapor will break through the top screen initially when a restart occurs. The magnitude
of the pressure drop is critical in determining the flow across the screen surfaces on
the side of the capillary device. Looking at one case, the pressure drop APL =P —PL
at the top of the side screen, with no liguid collected outside the basket is,

SOLID MATERIAL QGA | g Py
AP =HG - HT \ } -
—-A/ ‘-A_‘..*..f:.‘_‘"‘..c;:.‘:.‘.;f.ﬁ-“'
if AP_ < 0, liquid will spill from ]
L . . HT
from the capillary device i
T Gy . HO
it AP_ > 0, and > HS (surface tension DH [ s & -~ .40 | Py
L g “-1 L
pressure head) vapor will B agaly o R
be ingested info the cap~ gpprNED REGION %
illary device
Q
if AP_ > 0, and < HS no flow will occur Figure 2-9. Fluid Configuration for

Spilling and Vapor
Analyses.

at this point.

At the bottom of the screen APy=HG-HO and the same inspection of APy, is made to
determine the direction of the flow. For illustration, assume APy, >0 and > HS at the
top of the screen and APy, <0 at the bottom of the screen. The vapor will be ingested
over the top portion of the screen at a volume flow rate

] HG-HS-HT
Q= f

0

2g p
s 2 L 3/2
Q, =3 x V o . (HG-HS-HT)

o -

HS

}

——HT
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dQ,, » which as explained in Reference 2«22 yields

No flow will oceur over a region
HS wide,

Liquid flow will be

--——X\/Z &/(CSL) (HO-HG)3/2

where CSL and CSV are flow
constant defined in the appendix in
the INGASP listing.



Using triangle diagrams, such ag shown above, the pressure drops and flow equations
for all possible cases were considered and coded into the INGASP program. These
cases included liguid level in the capillary device below the screened area and liquid
present outside the capillary device due to collection, with consequent refilling calcu-
lations, Initially the program made calculations fo determine motion of ingested bubbles
based on drag between liquid and vapor flowing in the capillary device., This calcula-
tion is not present in the current listing because the change in velocity due to drag was
found to be negligible for all cases run with that option included, The problem case

is terminated when the liquid level in the start basket falls below the pullthrough height.

Pullthrough,as input in the listing,is determined from S-IVC data correlation; however,
a pullthrough correlation which best suits the problem configuration being run can easily
be substituted for this.

The program has been used for several cases under Contract NAS8-21465. An example
analysis performed to maximize available liquid flow for the S-TVC LO_ capillary
device is illustrated in Figure 2-10. The curve shows the amount of liquid which can
be transferred without refilling before the volume inside the capillary device reaches
5.00 £t3. This can be directly translated into fluid quantity by multiplying the time by
5.88 ft3/sec. The curve is influenced by spilling when the standpipe area is greater than
0,50 ft2, The increased pressure drop below 0.2 ft2 standpipe area would cause vapor
ingestion which may not jeopardize restart but creates a possible problem of vapor
entering the outlet. The standpipe area chosen for the S-IVC was thus chosen to be
0.50 ft2, Tradeoffs between spilling, vapor ingestion and residual requirements are
presented in Reference 2-22 for the S-IVC LOy and LH, tank start basket.

STANDPIPE AREA SHOULD BE 50 FT* Several principles should be kept in mind to
il reduce spilling while not impairing refilling
- or residual minimization. First the pressure
Q_ =5.68 PI"/8EC drop across the top of the capillary device
should be high to reduce spilling and residuals;
at least equivalent to the liquid head in the
o \ device. Secondly, side screen flow area

should be large to promote refill and low

\ residuals. Thirdly, the surface tension

i pressure of the side sereen should be high to

B \ resist vapor ingestion and the surface tension
pressure of the top screen should be relatively

i \\ low to limit trapped vapor during filling,

: T

o 1 2 8 4 5 6 7 8 95 10 Spilling from a propellant transfer device
STANDPIPE AREA (FT) such as a screen liner can be predicted by
using the basic equations previously illustra-
Figure 2-10. Standpipe Area Vs Avail~ ted. This type of analysis is useful for
able Engine Flow S-IVC 64 Ft3 LOX predicting propellant transfer residuals,
Tank Start Basket

TIME AT VOL = 6,00 T'T® (SEC)
w0
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2.7 REFILLING WITH SETTLED FLUID

Refilling of a capillary restart device is essential to maintain continuous liquid flow and
to provide a full device for a subsequent restart, The discussion in the settling section
indicated that, generally, the liquid does not collect on the aff bulkhead without consider-

able turbulence and recirculation first oceurring,

We can promote refilling passively by effective start basket design, and actively by intro-
ducing refill valves. Passive refilling is desirable from the standpoint of simplicity.
However, for complete and quick refilling a refill valve has definite advantages partic-
ularly under severe restart duty cycle conditions where refill time is critical.

Start basket refill depends upon the driving

AP_ + AP +AP = p_gH pressure, AP = pgH, and the resistance o vapo
L g o L removal such as screen pressure losses due to
ALy V. A Lp v2 liquid flow into and vapor flow out of the basket,
where ap. = 2 L, 2 L L Anadditional and critical parameter is surface
L 2 D g tension pressure, pPg, that must be overcome

before vapor can penetrate the screen. Refill
will commence shortly after liquid begins to
collect at the aft end of the tank, Since driving

pressure is proportional to the vapor head,
refill rate will decrease as basket fill appro-

aches completion,

The considerations expressed in Figure 2-11
are embodied in the refilling calculations of
the INGASP. Final vapor head trapped is

simply equal to 4g/p L8 DB P

AP =40/Dgp  QLO=QG + QL

The use of a screened standpipe at the top of
the capillary device can be used to reduce the
trapped vapor volume. This reduction in
trapped vapor volume will require more time if the standpipe flow area is smaller than
the screen flow area originally present at the top of the screen.

Figure 2-11, Refilling Configuration

The considerations for effective refilling tend to promote spilling since low surface
tension retention pressure is condueive to low trapped vapor head. Use of a standpipe
with increased pressure losses may tend to promote vapor ingestion into the start
basket because of the low pressures which would occur inside the capillary device.

Another approach to promote refilling is to replace the standpipe with a vent tube and
solenoid-operated valve. The advantage of a vent tube is that refill can go to comple-
tion in a shorter time period, and surface tension effects will be eliminated. It will,

of course, be necessary to trade off the passive approach of a screened standpipe
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with the more complex alternative of a vent tube, which should guarantee. refill for a
broader range of conditions. Vent tube complexity can be minimized by installing the
solenoid at the tank wall where critical components, including electrical leads, can be
located external to the tank, in a less hostile environment. A poppet attached to a
plunger will seat against the tube inlet to prevent flow. During restart the plunger will
be actuated, unseating the poppet and permitting vapor expulsion. A sketch of the vent
tube modification to the design is given below. This approach is applicable for severe
refilling requirements where the added complexity of the solenoid valve cannot be
avoided.

HCR=40'/PLD g

=0
QL Ly
Q =0 CR
g -
Figure 2-12. TUse of a Standpipe to Reduce Trapped Vapor Volume.
Qg
It is to be noted from Figure 2-13 that if
refill is not completed prior to engine [T [""' EOhaiattateni
shutdown, vapor becomes positioned J
over the tank outlet for subsequent starts. r—' T T TTTTY
Pure liquid flow to the engine cannot be | L“‘ F":‘PP'_T:
assured unless a2 second screened com-~ | PLUMNLE
partment is placed over the tank outlet, _ r' M O
y ! - L
The significant difficulty in predicting start - e .

basket refill is determining the liquid/vapor [ b sorenoID
configuration external to the capillary device

during the settling and collection period. This Figure 2-13. Use of a Refill Valve fo
information may be obtained in a manner Eliminate Trapped Vapor
described in Section 2, 5.

2.8 TANK REFILLING

Ground Filling Methods. Ground filling of a tank containing a capillary device requires
procedures for minimizing the possibility of trapping vapor within the device. This ean
occur if filling is too rapid as illustrated by Figure 2-14.
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Because of the high gas pressure drop
across the fop screen of the typical capit-
lary device shown it will be easier to fill
the tank region outside the capillary de-
vice than the capillary device itself. If
the filling process occurs at too high a
flow rate the top of the capillary device
will be covered before the inside is filled,
effectively trapping an undesirable quan-
tity of vapor in the capillary device. If
filling is performed intermitlently at a
preprogrammed rate and schedule,the
level inside the capillary device will
catch up to the liquid level outside the
Figure 2-14, Capillary Device capillary device so that no vapor will be
Filling, trapped.

Another means of providing a capillary device completely filled with liquid is the usge
of a fill valve, which can be solenoid operated at the top of the capillary device. This
additional hardware may be useful in reducing complex filling requirements since, by
leaving the valve open, filling can be accomplished at a high flow rate without trapping
any vapor. Closing the valve then assures a capillary seal. The valve would also aid
in refilling the capillary device during propellant settling and reorientation.

LIQUID Orbital Filling. Filling of a tank with a capii-
lary device in orbit can cause significant
amounts of vapor to be trapped inside the device
if necessary precautions are nof taken. For
example, if the acceleration in the receiver tank
is such that liguid will tend to be positioned at
the forward end of the tank, then fluid introduced
into the tank at low gravity levels will tend to
migrate along the walls toward this end of the
tank, In transit the fluid will tend £o wet the
capillary device and, if wetted completely,
vapor will be trapped inside the capillary device.
The use of fill valves as mentioned for ground
filling might not provide much advantage because,
as shown in Figure 2-15, the presence of liquid
over the valve is a possibility., A possible
operational method of filling a tank with a capil-
Figure 2-15, Possible Undesirable lary device would obviously be to induce an
Fluid Orientation During acceleration so that filling procedures will be
Orbital Filling similar to those on the ground.
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2.9 RESIDUALS

To obtain maximum volumetric efficiency in fluid transfer and restart it is necessary
to minimize residuals by effective capillary device design. Residuals can be mini-
mized by suppressing pullthrough and by designing the capillary device to retain liquid
over the outlet during draining.,

Pullthrough. The concept of vapor pullthrough or suction dip was discussed in Refer-
ence 2-14 with two equations culled from the literature presented. Referring to the
flow diagram of Figure 2-16, when

2
Q
hc> >, = = 6.5 (2~3)
ghc
and for
2
hoKr,, 5~ 1.8 (2-4)
r ghc
G ]
/, ™~ hc
/ 65 N h
/ \ o
: )| |

r
l o
Q@

Figure 2-16. Suction Dip Model Terminology.

These two expressions are shown graphically in Figure 2-17. Tests were run to deter-
mine the pullthrough expression for h,~r, by employing a scale model S-IVC tank which
was pressurized up to 70 psi. Test results for water and pentane were used to obtain
an empirical equation which is good for the entire range of h; vs o « This expression,
equivalent to Equation 2-3 for ha>>r, and equivalent to Equatlon 2-4 for h <<, i8

Q /gh” roﬁ) = C, where Q is the volume flow rate, g the gravity level, hg is the
height of the surface at the tank wall at inception of pullthrough and ry is the outlet
radius. o, 8 and C are empirical factors defined by, 0t=3 + (h /rW10, ¢ 5, B =
2=, /r )3/10 B =0, and C =11,8-2.65 G /)10 .
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(1) LINE IS BASED ON Q2/(ghi) =g.5, FOR r=,25" Q=1.51 (hc/r)5/ 2

where r=
(2) LINE 18 BASED ON Qzl(rz g‘ns) =11.8, FOR r=.25" Q=2.11 (hc/r)3 ro

/2

4 SIVC MODEL PENTANE TIST (NO CAPILLARY DEVICE)
= o SIVC MODEL WATER TEST (NO CAPILLARY DEVICE)
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™
(=3
.
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-4

DIMLNSIONLESS PULLTHROUGH HEIGHT, h /r

1 | | S I | ] | S T 1 1
10. 100,
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Figure 2-17. Vapor Pullthrough Correlations for
S-IVC Scale Model Testing.

Interface Shape, For the case whereh ~1,an empirical equation was derived which
represents S-IVC scale model outlfow tests using both pentane and water, This expres-
gion is

0.137
y/a = (xr/r ) - 0.56 (2-5)
¢ o
where hc and ro are as previously defined and v and r are coordinates of the interface.

For h, <<rq, a0 equation which may be used to obiain the interface shape is

2
_.._9_2_. +y=.hc (2~6)
8g 7!'21‘ v

This is obtained from Equation 14, Reference 2-14.

Interface shape for hc>>ro is not available, however this case does not normally occur
inpropellant tanks using capillary devices. A more conventional approach to pull-
through evaluation is shown in Figure 2-18 where data from several investigators is
presented. Saad (Ref. 2-23) and Gluck (Ref. 2-24) data for flat bottomed eylindrical
tank ghow some disagreement. There is a gource of possible difference in consgidera-~
tion of the meniscus of the draining fluid on the tank wall. Easton and Catton indicate
some theoretical agreement with the treatment of Gluck, Saad also examined flat
botiom cylindrical tanks with offset outlets as shown. Saad’'s data for hemispherical
tanks with center positioned outlets indicates that pullthrough will occur at lower
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Figure 2~18. Pullthrough Correlation

levels than predicted for the cylindrical flat bottomed cases with similar volumes.
This is because the hemispherical tank allows a greater depth at the center for the
same volume of contained fluid in a container of a given radius.

These equations and correlations may be used to predict pullthrough when the outlet
is unbaffled or unscreened.

Low gravity pullthrough empirical correlations are not currently available however
Bernoulli's equation leads to an expression; for h << rg,

2 2
pc; = 23.6 as derived in Reference 2«25, where R is the tank radius
I'o hc g 2_2
PR e R
and =13 for h >> rge
153 c
hc o

Pullthrough Suppression. One obvious method of reducing residuals is to reduce pull-
through height. This can be accomplished as indicated by the previous equations by
increasing drain radius, increasing g level during draining or decreasing outflow rate.
Another approach which does not alter overall configuration and mission parameters
is to suppress pullthrough by using screens or baffles strategieally placed over the
outlet. The use of baffles has been considered in Reference 2-25. Using screens to
resist pullthrough is easily accomplished with a eapillary device by placing a screen
over the outlet of the tank, The presence of the screen has a twofold advantage in
reducing pullthrough. The screen tends to smooth out the veloeity gradients in the
flow, effectively making a bigger outlet and the small pores of the screen fend to re-
sist vapor penetration in a manner similar to a baffle. It is the smoothing of the flow
pattern over the outlet which potentially gives the screens an advantage over baffles.
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Screen sizing can be accomplished by considering the amnalytical and graphical pro~
cedures discussed in References 2-14 and 2-27.

The initial step in sizing screens is to determine the wetted flow area which must exist
if the surface tension pressure drop is not to be exceeded by the liguid flowing from

the tank, Maximum screen velocity can be found in Tables 2«2 and 2=3. In most cases
a 400 mesh screen is likely to be optimum for reducing pullthrough height. Taking the
velocity corresponding to the fluid faeing considered, determine fthe flow area from A ¢
=Q/Vyax . Determine tank cross sectional area versus height and by subtracting Ag
find the allowable unwetted area vs height. Plot this area vs height on a scale drawing
of the tank outlet region.

Fluid interface shape during draining may be approximated using Equation 2-5 or 2-6,
Actually interface shape will be somewhat flatter than predicted since the screen affects
the interface shape during draining. Interface shape may then be plotied to scale and
put on a template to superimpose on the tank drawing. Placing the interface shape tem-~
plate at different pogitions along the tank and on the tank drawmg indicates the residual
volume if the pullthrough screen were placed at this position. This procedure is illus-
trated in Figure 2-19, The height which gives minimum residual volume is then selecte

SCREEN AREA

— ]

\
/SCREEN [}EEN AREA

TN

START RESERVOIR WITH

START RESERVOIR
COLLECTOR CHANNELS

Figure 2-20. Typiecal Capillary Device Configurations.
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The illustration shown was an initial attempt to minimize residuals before it was
realized that a 200 X 600 screen was optimum for dutch twill screens for reducing
residuals. Using a2 200 X 600 or 400 X 400 screen would allow placement of the scree;x
at progressively lower levels.

Residual Prediction With a Capillary Device. In order to design a capillary device for
minimum residuals during draining it is necessary to drain as much fluid as possible
from the tank before the capillary device over the outlet is drained. Several typical
configurations shown below illustrate this principle.

The typical start reservoir configuration should employ a small top screen area
to inhibit reservoir draining, The following sequence illustrates how to minimize
residuals in a start basket configuration.

VAPOR

e i ——r —

s ————LIGUID

‘"““‘“‘E;I‘“‘" p A

I DRADNING SEQUENCE

Initially, when the level is above the start basket, liguid flows through the standpipe
and through the side screen. When the liquid level outside the basket drops to the top
of the standpipe, no flow will occur directly from the basket if the pressure drop of
the flowing liquid through the side screen does not exceed the surface tension of the
top screen. Thus we want 2 screen with high surface tension retention pressure for
the standpipe. As the level ouiside the tank falls, the area for liquid flow through the
side screen decreases with a corresponding increase in pressure drop. When the
flow pressure drop across the side screen exceeds the surface tension pressure of the
fop screen. vapor will flow across the standpipe.

It is important to minimize vapor flow across the side screen. If the screen mesh
utilized for the side screen has too low a surface tension retention pressure vapor may
break through this screen before the top screen. This will allow more vapor flow area
with lower vapor pressure drop than is desirable for minimizing liquid flow directly
from the start basket. One method of inhibiting vapor flow across the start basket
side screen is fo give it a screen with equal or greater surface tension pressure than
the top screen. Making the upper portion of side of the start basket from solid sheet
material is another way of inhibiting vapor flow. The height of the solid portion, in
this case should exceed the difference between top sereen and side screen surface
tension pressure head. This is the best approach generally because it allows side
screen selection based on velocity considerations rather than retention requirements.
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Assuming the fop and side screens are sized properly from a retention standpoint,
vapor pressure drop through the fop screen should be high o inhibit draining of the
start basket. More flow will come from the tank than from the start basket and resid-
uals will be held to a minimum. K pressure drop across the side screen could be mini-
mized by utilizing coarser screens such as square weave screens draining would be
more efficient. Unfortunately, surface tension retention pressure and screen wicking
properties are important in reducing spilling and increasing surface tension stability

of screens subjected to heating.

A computer program was developed to predict residuals in a capillary device based on
flow, volume and screen properties of the tank-capillary device configui‘ation. Thig
program, for high Bond number draining, is applicable to most propellant transfer
and restart residual problems. The technique embodied in DREGS 2 is discussed at
the end of this section.

Considering a propellant transfer application using a channel reservoir configuration
is depicted in Figure 2-21. The principles for minimizing residuals are influenced
by the dual function of the top screen., The

top screen ig designed so that the vapor SCREENS TO RETAIN
pressure drop across it will be low enough LIQUID OVER THE
to prevent vapor from entering one of the OUTLET

channels during a vehicle disturbance

which causes the main body of liquid to be-
come digconnected from the capillary device,
Because of this requirement it is necessary
that the reservoir have less pressure drop
than the screen chamnels, Since the flow
area of the reservoir is small compared

to the flow area of the channels the screen Figure 2-21. Intermediate Screen Place-
mesh across the reservoir must be less ment in Propellant Trans-
restrictive than the mesh applied to the fer Capillary Device.

channels, This would allow liquid inside

the basket to partially drain before the channel. Several square weave screeuns placed at
different heights in the resexrvoir would allow some liquid fo remain over the outlet,

When the main bulk of liquid recovers the channels the liquid flow through the reservoir
will be stopped by the surface tension pressure of the screen just below the surface.
These screens should also have higher bubble point diameters than the channel screens

so that vapor will break through them if the channels become uncovered during subsequent
adverse vehicle disturbances.

For a liner or channel reservoir propellant transfer reservoir system it is possible to
have significant regsiduals if the propellant is not scavenged by seitling it over the outlet
during the final stage of draining, ‘This final stage hegins when no fluid remains out-
side the capillary device which can be transferred through the capillary device to the
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outlet, At this point, if the acceleration on the tank is such as to position the propel-
lants directly opposite the outlet, it is possible that vapor will be ingested through the
capillary device into the outlet. This would result in one capillary device volume of
residuals. Prevention of these residuals is best accomplished, if feasible, by
scavenging the propeliants with linear acceleration imparted during the final stages

of draining,

The settled channel reservoir configuration is shown in Figure 2-22, Liqguid will
drain through the channel sereens with no liquid being drained directly from the
reservoir until reduction in channel flow area causes the channel pressure drop to

---------------------

Figure 2-22,

Settled Liquid
Configuration

exceed the surface tension pressure of the
reservoir screen, Fluid will then drain more
rapidly from the reservoir. Available flow area
can usually be arranged so that the tank can be
drained almost to the junction of the channel and
reservoir before the reservoir screen surface
tension is broken,

Once the liquid level inside the reservoir drops
below the junction draining will proceed until
pullthrough occurs at the screen over the outlet.
Residuals will be somewhat greater than in a
tank without a capillary device since small
quantities of additional liquid may remain
between the capillary device and the wall, and
between the top of the collector channels and
side of the reservoir, This liquid is not trapped
by surface tension., The small head difference
driving the flow across the screens in these two

regions relative fo the high outlet rate is what causes these additional residuals. The
difference in levels can be determined by iteration as shown below.
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Reservolr
Screen

= +
Q0 Qc Ql
The pressure drop in the channel is small relative to the screen pressure drop, thus
Q1 = f(AH, AS)

AH ={(VOL 1, VOL C, Q1, QC) where VOL 1 and VOL C are the fluid volume
in the tank and channel respectively.

This may be solved iteratively for the liquid levels. When AH exceeds APy of the
reservoir screen, vapor breaks through the reservoir screens and the tank and reser-
voir drain simultaneously as indicated. Flow from the reservoir can then be included

in the flow analysis

Qo = @ C+ QR + Ql where Q’R is the volume flow from the reservoir

AH = f(VOL 1, VOL C, Q1, QC) where H 1m0 is the difference in ligquid
level-%etween 1and C.

AHC-R =f(VOL C, VOL R, QR, QC) where VOL R is the volume in R and
AH Co-R ig the difference in liquid level between C and R.
For the screen liner system, scavenging is necessary as indicated in previous para-
graphs, to minimize residuals. The flow analysis Auring draining is similar fo that
discussed for a channel reservoir configuration. Relative liquid levels can be defer-

mined by iteration using the equations presented above.
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DREGS Program. A computer program was written to predict residuals in capillary
devices during draining., The program, a coding of the following flow analysis, is
listed in Appendix B. The equations were formulated based on the following schematic

and analysis.

oY TOP SCREEN The problem is trivial until the liquid level
\ - / recedes to the top of the capillary device.
X Tk ; At this point the liquid pressure drop through
\ QoA : the side screen is evaluated to see if the

' surface tension pressure of the top sereen
u Tl is exceeded, If it is, vapor flow through the
top screen is computed by equating pressure

— ’l[ b drop across the top screen to pressure drop
\ Qo \ he sid A criteria which al
TANK QUTLET SIDE across the side screen. A criteria which als

SCREEN must be satisfied is QGA + QL1 = QLO.
These two equations are solved to obtain the

Figure 2=23, DREGS Model Terminology flow rates and pressure drops.

The other initial possibility is that the surface tension pressure of the top screen is
not exceeded by the liquid pressure drop through the gide sereen. The liguid volume
outside the capillary device is then reduced until either the side or top screen pressure
drop is exceeded. The calculation at this point relates the pressure drops and flow

rates as indicated below.

The program calculates the flow rates and
pressure drops in the system. This is
_py-HG done by iteration. The pressure drop across
+HLI -DpH the top screen is caleulated to determine
the direction of the flow, i.e., if HG< HII
QV OR QL2 ~HTL.O liguid would flow from the capillary
HIO  device to the tank and if HG> HLI-HLO flow
L would occur into the capillary device.
Flows are compufed using the pressure
drops referenced against the common ull-
age pressure. For example if HG< HLI-HLO
flow across the top portion of the side screen would be from liguid to vapor, designated

by QL2 and would be found by integrating the expression
DH

2
QL2 = —=— [— AL + AL” + 4BL [HLI-—HG])l/z an
HLO

HILI

Py - HG + HLI - HLO

2BL

which is obtained by inverting the screen flow pressure drop equation. BL and AL
are screen flow pressure drop constants, X is the width of the screen, and DH, HLI,
HLO, and HG are head terms shown in the figure above,
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Proceeding from these two initial states; for each time step the flow rates and relative
volume changes are compuied. New liquid levels are computed for the new time steps
and calculations of flow rates are repeated. The general procedure is iteration {o
satisfy both pressure drop and volume conservation considerations. Computations are
congidered for all possible variations in liguid level, Pullthrough terminates each
cage when the liquid level ingide the capillary device falls below the pullthrough height
as computed by using the flow from the free surface inside the start basket or QLO~-
QL1~-QL2. -

A complete listing of the program in the appendix indicates the equations’used to evaluate
the Haquid level cases not discussed in detail here.

2.10 VAPOR IMPINGEMENT

A problem encountered during periods of violent fluid motion, such as experienced
during settling or high amplitude sloshing, is the passage of entrained vapor into the
capillary device. Retardation of the anirance vapor has been discussed in Section 2.1.
The exposition here will be concerned with means of controlling the motion of vapor
once it has entered the capillary device.

The basic objective of the effort is to keep vapor from entering the outlet. This can be
accomplished by directing the flow of vapor by means of screens and/or performated
plates.

Vapor motion is controlled mainly by buoyancy and drag forces and the initial inertia

of the vapor imparted by the pressure gradient across the capillary device which allowed
the vapor to enter. In the presence of large buoyancy forces as would occur with large
bubbles or in high gravity, the problem can be eliminated if the orientation of the accel-
eration tends fo position liquid over fhe outlet. Tn general, however, bubble inertia will
tend to be the dominant consideration if the vapor quantities are worthy of interest. In
any case the solution to the prevention of vapor into the outlet can be accomplished in

the same manner,

The hydrophilic properties of all secreens with commonly used liguid propellants can be
used fo advantage in preventing the passage of vapor and deflecting vapor away to a
"safe region" of the capillary device. If a refill valve is employed, vapor can then be
expelled from the device. The application of a screen of this type is illustrated below.

The sereen deflects the vapor so that
it is collected away from the liguid out-

let. The motion of the vapor depends o A eI U TN
directly on the angle between the screen VAPOT { _V—r ,_;_.“ NNy

and impacting vapor. The bubble will be LIQUIT: — —- ‘;' .

held up by the normal component of vel- N

ocity and foreed up by the tangential Figure 2-24. Use of a Hydrophilic
component and buoyancy forces (which are Sereen Deflector.
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are usually negligible for the small bubbles encountered with small micron rating
screens),

Passage of the vapor through the screen is prevented if the vapor velocify does not cause
the impingement foreces to exceed the screen surface tension pressure. As vapor coll-
ects on the screen shown in Figure 2-24 it must be removed or else the liquid flow-

area will be reduced below that required to maintain the liquid pressure drop below

the surface fension pressure. If APy, exceeds APg the vapor will be contained in the
liquid breaking through the screen. If the case of a valve is not practical as shown
above, vapor breakthrough can be delayed with a series of parallel screens which de-
flect vapor, however it may be difficult to discharge this vapor from between the screens
during refill,

If vapor impingement cannot be successfully controlled it may be necessary to alter the
fluid reorientation during settling by revising the baifle configuration or, in the ex-
treme case, the thrust level.

2.11 VENTING

Use of a capillary device with cryogenic fluids requires consideration of the vent cycle.
A blowdown sequence normally associated with ullaging of the propellants will cause
tank pressure to fall below liquid vapor pressure. The conseduent bulk boiling could

be appreciable and could cause large amounts of vapor {o be generated and {rapped with-
in a capillary device. An analyses which should be performed to evaluate the serious-
ness of bulk boiling is illustrated in the following exposition.

Consider a capillary device of volume, Vi, immersed in liquid at temperature Ty

and corresponding vapor pressure P1. Liquid contained within the device will be un—-
affected by blowdown until tank pressure becomes less than Py. At this time boiling
will commence, and the generated vapor will expell liquid from the device.

The boiling proecess will cool the remaining fluid, with a corresponding reduction in
liquid vapor pressure. It is emphasized that saturation properties of liguid and vapor
are implicit in the equation development that follows because the physical process
involves that of a’'saturated fluid. The First Law of Thermodynamics applicable to the
conditions described above and in the sketch below is given as:

dEL + dEg =0Q - §W-hy 8m, J where vapor only is vented (2~7)
where
dEL = change in liquid internal energy contained within fixed volume, Btu
dEg = change in vapor internal energy contained within fixed volume, Btu
&Q = heat transfer across boundaries (assumed zero)
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Il

SW work done by fluid on surroundings (equals zero)

b z = enthalpy of liquid flowing across boundaries, Btu/lb
BmLO = mass of liquid flowing across boundaries, Ib
LIQUID VAPOR
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Integrating Equation 2-7 (and recognizing that §Q = 8W = 0) results in
-— + - = -—
®p," Bp)* @8 ~Eep = By mpg
Buf, E=mu

where
u = specific internal energy of fluid, Btu/1b

m = fluid mass, 1b

Therefore Eq. 2-8 becomes, [(mu) 9~ (mu) 1] + [(mu)2 - (mu)l] = "T]LmLO
L g

where

EL = average enthalpy of liquid crossing boundaries hetween the state 1
and state 2 conditions.

my 5 mass of quuiﬂ expelled from fixed volume during the change from
state 1 to state 2.
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Add and subtract (mg uL) , U (m 0) and set m = 0 in Equafion 2-9 and rearrange
2 -

Ly L &
to obtain
.6 -u,) +m u_, =(h_+u. )m (2-10)
M " 2 1 g, E 5 L L, Lo
where
u_. =( -u_) =internal energy of evaporation, Btu/lb.
E g L
2 2
If states 1 and 2 are specified along with the system volume, only m Oa:ad mg
remain unknown. However m can be determined explicitly using 2
the following relations: 2
= +
., mg_ m.
VT - Vg " VL Simultaneous solution of these four equations
provides
m, = p V
g g g pgz
_ m =(V_p_ - m,, ) — (2-11)
m. = pLVL =5 T L2 T2 PL pg
2 2
sz
Substitutingm _, =m__ -m  and letting A = —— results in
TZ Tl LO PL -p
2 B
m = (V__p -m__ +m ) (2-12)
gy T L2 'I‘1 LO
Cominging Equations 2=12 and 2-10 and rearranging terms gives
m[(u W) Au )]-I-v o, AL
_ T2 1 Eg T "L,"E, 2-13)
L.O -k -
by +Aug, “Lz)

Now, it is of interest to determine the volume of liquid expelled normalized {o the
fixed system volume or

VLO n}Lolle ==?III.LO

v e /P71, e Thus it is seen that Equation 2-13 should be divided by
T L 1
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Mo, . This results in

1

Y10 Pro_ 1 Ly

Voo = my, = By + X ug, - ur,) [(uz-ul)L - XU, ] + g, oLy (2-14)
But the bracketed term of equation 2-14 can be reduced to

(ug=uq)y, = Aug, (1~ pLz/pL )~ (p=uy)y  (because o1, ~pL,)
Consequently equation 2=14 becomes

v -

'\71"9 — (u2 ul)L (2-15)

Equation 2-15 provides the normalized volume of liquid expelled from the fixed volume.
The normalized volume of vapor remaining within the system can be accounted for in
the following manner.

ng + VL2 = VT, VI"Z = VT - VLO

therefore Vg, * (Vp =~ Vi0) = Vrp or ng = V1o

Consequently
Ve _ V1o
VT VT

The quantity of vapor generated within the capillary device can be approximated from
the data of Figure 2-25. @ is obvious, of course, that the dimensionless volume ratio
cannot exceed 1.0 because at this point all liquid has been expelled and there is no
capacity for further vapor generation. However, the volume ratio range from zero

to one provides useful data.

In order to minimize large pressure reductions inherent with ullaging and blowdown a
thermodynamic vent system may be used. This system, discussed in detail in Refer-
ences 2~28 and 2-29, can control pressure within a narrow band of less than one psi.
This system also provides cooling capacity for preventing vapor formation due to
incident heating, Thus for a tank containing a capillary device subjected to long orbital
stay times and lockup periods the use of a thermodynamic vent system is essential.
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VOLUME OF VAPOR GENERATED/CAPILLARY DEVICE VOLUME

NOTES:

1. Capillary device initially filled with liquid.

2. Liguid commences boiling at 25 psia.

3. Liquid only is expelled from control volume.

4, Liquid and vapor at saturation throughout blowdown.,
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Figure 2-25. GHy Vapor Generated Within Capillary Device
During Tank Venting Blowdown Sequence
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For short lockup periods where venting will not be required it is possible to operate
without a thermodynamic vent system if the quantity of vapor formed within the cap~
illary device during this period is within acceptable limits.

Use of 2 thermodynamic vent system requires that liquid be supplied to the inlet of the
throftle valve in order to assure sufficient cooling capacity for maintaining liquid in the
capillary device. Providing all liguid to a vent system requires that a capillary collec-
tion system be designed either in the form of collector tubes or channels or as a por-
tion of a liner type propellant transfer configuration. For a multiple restart mission
channels or tubes will be difficult to refill and the compartment type provellant trans-
fer concept is likely to appear more suitable for supplying liquid.

2,12 PROPELLANT TANK ULLAGE PRESSURE COLLAPSE

Another source of vapor generation within the start basket may occur following an engine
shutdown. Should the propellant tank ullage at engine shutdown be substantially warmer
than liquid temperature, a severe ullage pressure decay will result due to propellant
mixing. I decay proceeds to below liquid vapor pressure, boiling may occur within the
start basket.

Equations to evaluate tank pressure collapse may be developed from the First Law of
Thermodynamics for a closed system as given below:

o]
dE|, + dEg = 6Q -5 yc/ (2=16)

where dEy, = Change in liquid internal energy contained within system boundaries, Btu
dEg = Change in vapor internal energy contained within system boundaries, Btu
8 Q@ = Heat transfer across boundaries, Btu
& W = Work done by fluid on surroundings = 0

Integrating equation 2=16 results in

o + _ _ _
E1, ELI) (Egz Eg,)=Q (2-17)
But, E = mnu
where u = specific internal energy of fluid, Btu/lb
m = fluid mass , Ib

Therefore (2«17) becomes
)y - Gy |+ | e, - ] =@ 2-18)

In general, the ullage will be superheated at engine shutdown (condition 1 of this
analysis), whereas the liquid is saturated at a vapor pressure corresponding to its
temperature., After propeliant mixing has occurred, (condition 2) it is assumed that
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both liguid and gas are saturated at the final tank pressure. For the purposes of
clarification the subscript (sL) will represent saturated liquid, subscript (sg) will
represent saturated vapor, and subscript (g) will represent superheated vapor. Thus
equation 2-18 becomes

(mu), - (mu)1]S i +I {(mu) - (mu), g] =Q (2-19)

2sg

Adding and subtracting (mgusg)]_ » (Mge ugy)1, and (Mg Ugy)g

and rearranging ferms, equation 2-19 becomes

[(mer, + mgg) v, ~[ Mgy, + mg) 1]y +[meg tog ~ 5]y -

{ mg (usg - “sL)] 1 —[mg (ug. - usg)] 1 = Q (2-20)

Recognizing that mp = (mgy, + msg)‘2 = (mgy, + mg) 1 and (usg - Ugy,) = Upy (internal

energy of evaporation, equation 2-20 is simplified to

mep (i - Upgy, * (Mgg Uy )y - Mgy| gy * (g - uggl] , =Q (-21)
Since mgg, = Vp pst - mT)z(E:_:g‘_EFE)Z from equation 2-11, equation 2-21 can
be re-~written as
_Psg _
me (ap - Up)gy, * (Vo b1, = mpy( Fp, = Pog /2 UEv, " Mg |UEv Vg - usg)]l -9
(2-22)

Inspection of equation 2-22 reveals that the only unknowns are fluid properties after
mixing has occurred (condition 2) and @, the heat {ransferred to propellants during
mixing, The PRISM program computes Q on the basis of stored energy in the tank
walls as defined by tank wall temperatures. The fluid properties can be determined
as a function of saturation pressure. Consequently the PRISM program is able to
solve equation 2-22 for a final tank pressure. If one assumes that propellant mixing
occurs without quenching the tank walls, @ = 0 and 2 minimum final ullage pressure
results. When wall quenching is accounted for, an upper limit final ullage pressure
is computed. The PRISM Program is described in detail in Reference 2-31).

Pressurization system design should minimize the possibility of ullage collapse
during engine start up by use of low temperature pressurant gas.
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2,13 BUBBLE DYNAMICS

An application where the motion of liquid vapor interfaces is of importance is the
determination of bubble motion within a capillary device and bubble growth or
collapse due {o heat transfer effects.

Heat transfer to the propellant is defined by the liquid level, its orientation, and energy
transport mechanisms at the tank wall. The latter necessitates a specification of boiling
parameters, e.g. number of sites, radiug of each site, and frequency of production at
each site.

The propellant moments of inertia and the liquid location are determined by the spatial
distribution of voids, heat transfer and void generation, surface orientation, and pres-
sure transient of the tank contents. Additional requirements for void distribution

specification are generated by propeliant venting and ocutflow problems, e.g. vapor
entfrainment,

An investigation and computer program development has been undertaken fo provide
the prediction and pre-design definition of the previously mentioned variables. The
resulting computer program (EVOLVE) describes the temporal and spatial evolution of
a bubble society. The phenomenological considerations which are embodied in the
program are:

1, Bubble generation with time and spatial dependent radii and frequencies.

2. Kinematics and energetics of a single bubble moving in temperature and inertial
acceleration fields in three dimensions.

3. Time and spatial dependent temperature and inertial acceleration fields,

4, The effect of wake behind a bubble on following bubbles.

5. Bubble agglomeration (collision absorption).

6. Slip or no-slip interaction with tank walls.

'7. Interaction of a single bubble with porous walls (screens).

8. Vaporization (2 ways).

a. Nucleate boiling as mentioned.
b. '"Bulk" boiling due to change in state of liquid (pressure decay) - this vapor

generation is divided between the liquid-ullage interface and the existing
bubble population in proportion to relative surface aveas.
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9. Liquid energy conservation, outflow, and level determination.
10. Convective heat transfer to liguid phase which is dependent on liquid level.

The program is designed to consider populations of up to 1, 000 bubbles, three dimen-
sional transport, bubble generation from up to 100 sites at varying radii and frequen-
cies, time dependent surface orientation mot necessarily normal to inertial accelera-
tion vector), and time dependent ullage pressure history. Analytical treatments of

the above phenomena which are incorporated in the program are described in references
2.4 and 2.5 with a listing of the program given in reference 2.30.
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3

THERMAL CONTROL SYSTEMS DESIGN AND ANALYSIS

The basic purpose of the thermal control systems is to prevent vapor formation within
the liguid containment systems and associated feed lines. In order to provide some
design conservatism and since it would be extremely difficult to determine the total
amount of vapor generated over a complete mission it is recommended that the system
be designed to eliminate all vapor formation, even though in actual operation a small
amount may be tolerated.

In the case of a perfectly mixed tank fluid (no superheated gas) at constant pressure
with no direct contact of the collected liquid with warm tank walls no adverse vaporiza-
tion would occur. However, under actual conditions basket supports are required,

tank mixing is not complete, and the tank pressure does change.

The basic design approach is to use normally vented fluid to cool potential hot spots,
and to provide mechanical tank fluid mixing to minimize the magnitude of these hot
spots or temperature gradients, Cooling must also be accomplished to the extent
necessary to prevent anticipated tank pressure decay cycles from causing evaporation
within the collection device. Initially the elimination of vaporization was investigated
with the idea of reducing temperature differences between the collected fluid and any
contact surfaces to below the incipient boiling point. However, based on Convair test
results (Ref. 3-1) the incipient point was found to be likely to occur at extremely low
AT for normal spacecraft surfaces. The design criteria thus recommended is to pro-
vide cooling as necegsary to maintain all surfaces in direct contact with the collected
fluid at a temperature no greater than its saturation temperature, thereby eliminating
the possibility of local boiling. Typical thermal conirol elements and corresponding
thermodynamic states are illustrated in Figures 3~1 and 3-2, System operation is
discussed below.

As shown in Figures 3-1 and 3-2 liquid is collected from the main storage tank,
throttled to a lower pressure and temperature and used to cool the main collection
system surface, supports and feed lines as necessary {o maintain the collected fluid
below its saturation temperature. Supplemental heat exchange is then accomplished
with the bulk tank fluid in oxder to insure that superheated vapor exits the system for
maximum overall energy removal, Significant variations in the thermodynamic con-~
ditions at states 4, 5 and 6 can occur due to variations in heat transfer caused by
changes in external heating or vehicle orientation and the difference in heat transfer
coefficients between gas and liquid, either or both of which may be in contact with the

cooling system., Thus it is not feasible to assure cooling throughout the flow path
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together with a 100% gas exit condition without supplemental heat exchange. The heat
exchanger operating between states 6 and 7 is designed such that the outlet (state 7) is
always close to the bulk fluid temperature, which is the heat source, over the full
range of possible inlet (state 6) conditions.

The bagic system of Figure 3-1 shows a flow control device downstream of the final
heat exchanger with subsequent discharge to space. An alternate system, where
applicable, is to use the discharge from one system to cool another. A typical situation
is where both Hg and Og tanks are present and thus the hydrogen may be used to cool the
Oy system, In this case the main flow control would be downstream of the Op heat
exchanger and the state path would correspond to 8'and 9 of Figure 3-2.

Reference to the fluid state diagram shows that in order to provide any reasonable
amount of cooling the vent or cooling fluid must be supplied as a liguid. The basic
cooling system design thus incorporates liquid collection channels to provide such
liguid. This device is a low flow, low pressure drop surface fension system designed
to operate continuously. In this application some vapor formation is allowed within the
device resulting in an increase of the initial quality of the cooling fluid with a corres-
ponding loss in cooling capacity. This must be accounted for in the overall design.

The throttling device can be either a figed restriction or a regulator controlling down-
stream pressure at state 3. The choice depends on whether a constant or variable
cooling flow is desired. This is discussed further in Section 3.1 and the final choice
depends on an evaluation of overall heat balances for a particular application.

The thermal control configuration for cooling the main collection system surface is
based on a combination of mixing to prevent vaporization and vent fluid cooling, The
final determination of the optimum ratio of cooling fo mixing is primarily dependent

on the location and configuration of the collection device and the availability of cooling
fluid. Por a liquid collection surface located within the bulk tank fluid the only sources
of adverse vaporization are convection heat fransfer from a superheated gas and a
reduction in pressure or saturation temperature below that of the collected fluid. The
exigience of superheated gas can be minimized by proper mixing, and analysis has show
that only a small amount of cooling is required to prevent evaporation from tank pressux
changes that are normally expected. Cooling requirements are thus a maximum in area;
where good fluid mixing is difficult such as where a collector surface is close to a tank
wall, For cases where liquid collection devices are employed which are always in con-
tact with some bulk ligquid in the tank, evaporation at the sereen surface could be
allowed. This assumes the use of a wetting screen such that wicking is sufficient to
keep up with any evaporation. In any case, where supports exist between the collection
device and the tank walls or the collected liquid is in direct contact with externally heate
surfaces, such as the tank ox feed line, active cooling of these surfaces would be requir«

The detailed placement of the cooling coils and whether they are external or internal
to the tank involves detailed design analysis and depends on the particular vehicle and
collection configurations involved. This is further discussed in the following sections.
A typical overall cooling configuration is shown in Figure 4-9 for a start basket

feed system. Figure 4~12 shows a {ypical LO, collection device configuration

32



which uses hydrogen from the Figure 4«9 system for cooling, In all cases the
amount of cooling fluid available is assumed to be limited to the vent flow fequired to
maintain a constant tank pressure under the minimum predicted external tank heating
conditions. This prevents a potential drop in tank pressure below the desired minimum.
For the case where hydrogen is used to cool an oxygen system the available LO, tank
cooling is of course limited by hydrogen tank heafing. Overall heat balances and the
effects on system design are discussed further in Sectfion 3.1,

A summary of the tasks involved in a complete analysis and design of a thermal control
system and how these tasks fit in with the overall collection system design is pre-
sented in Table 3-1. The performance of these tasks is detailed in the following sections.

3.1 PRELIMINARY DESIGN ANALYSIS

In order to define system feasibility, type(s) of thermal control systems required and
a general flow configuration a preliminary design analysis is performed, as described
in this section.

Initially the locations and magnitudes, including expected ranges, of all sources of
fluid heating are determined. Typical sources of heating which must be accounted for
are:

1. Tank wall heating from the external environment; usually of a fairly uniform
nature coming from radiation through a protective insulation. Significant varia-
tions of heating around the tank should be defined.

2. Local tank wall heating through external insulation penetrations. It is important
that intermal collection device supports not be located in conjunction with such
external penetrations in order to prevent direct conduction of heat from the vehicle
external surface fo the contained fluid. If this condition must exist, then special
cooling provisions need fo be provided at these locations.

3. Heating from an adjacent propellant such as 02 heating Hs.

4, Radiation and wa:ll and fluid conduction from the hot end of a fluid line, such as
the feed line, which is connected directly info the collected fluid.

5. Heat from internal or external auxiliary power such as an electric motor operating
2 fluid mixing device.

Potential variations in the above heating rates throughout 2 mission are primarily due
to changes in vehicle orientation and location with respect to the sun and/or other
bodies in space. Changes or degradations in the surface emissivities of the vehicle
and its insulation can also occur, thus changing the various heat loads. It is also
important that any cooling, such as of an Hyp tank by radiation to space, be accounted
for, since the net tank heating is required to determine the vent requirements,
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Table 3-1, Thermal Control Systems Design and Analysis Tasks

Definition of Whether Continuous (Collection Channels) or Short Term
(Start Basket) Feed Systems Are to be Used.

%

Preliminary Design Analysis to Define a General Collection
System Configuration.

Structural Fluid

Thermal

1. Define locations and magnitudes, including expected ranges, of all
sources of fluid heating.

2. Determine vent flow rates available for cooling and whether use of
H2 to cool LO, is practical.

3. On the basis of general heat balances define cooling system flow

schematics.
- Y
Detail Definition of Collection Development of Heat Transfer,
System Configuration Based on » Mixing and Cooling Flow Data Over
Structural and Fluid Considera- the Full Range of Geometric and Fluid
tions. Conditions Expected.

r 1

Complete Thermal Analysis of the Selected Collection System Configuration
to Determine Cooling Tube Locations, Attachments, Spacing, and Sizing,
Throttling Pressures, Mixing Flow and Mixer Location(s) and Final Vent Path(s).

:

Detailed Design Integration of the Thermal Control System With the
Basie Collection System.
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The above data are needed in order to determine realistic locations of the collection
devices and the availability of cooling fluid. As mentioned previously the amount of
cooling fluid is limited to the vent flow required to maintain a minimum tank pressure
under minimum external heating conditions. In this regard, when designing the thermal
control system, potential variations in analytical predictions must be considered as well
as normal environmental variations. Figure 3«2 of Ref. 3=4 presents vent flow versus
energy input data for hydrogen at 25 psi. The applicable equation is presented below.

. Q=?
My h, +eA/(l-e) - h

(3-1)
L PT = Constant

where
i, is the vent flow rate

h, 18 the exit enthalpy

h; is the tank liguid enthalpy

L

e is the vapor density/liquid density ratio

A is the heat of vaporization
Q is the heat input rate
P is any power input

For a eryogenic fuel-oxidizer system the next step is to determine, based on the heating
data obtained, overall energy balances to ascerfain if LO, (oxidizer) cooling with

H, (fuel) is practical and to define an overall flow schematic. The two major con-
straints which must be met in defining the flow configuration are:

1. The availability of cooling fluid, which is limited to the minimum vent requirement.
2. The requirement to maintain all collected fluid at a temperature below saturation.

Purely on the basis of an overall heat balance it is obvious that prevention of vapor
formation within a collection device by using the venting fluid is feasible since it is
theoretically possible to prevent any heat from entering the tank at constant pressure
by a proper balance of vent flow {o external heating. Practically, however, difficulty
arises in the distribution of the vent cooling to all parts of the tank in proportion to

the heat entering. Variations in heat transfer to the tank and cooling fluid and problems
in accurate prediction of heat transfer coefficients within the fank fluid due to unknowns
such as the fluid state, mixing and acceleration levels add fo this difficulty.
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Definition of the basic flow configuration includes a determination of the minimum and
maximum energy conditions at the state points illustrated in Figures 3-1 and 3-2 as
well as flow rates and flow control requirements. Determination of state points and
flow rates are based on the energy data and design constraints described above. Defi-
nition of flow control requirements is discussed below.

A primary consideration is whether the cooling flow should be constant or variable,
In eifher case it must be continuous in order to prevent vapor formation at any time
during the mission, Figures 3«3 and 3~4 illustrate typical variable and constant
flow systems respectively. The system shown in Figure 3~4 hag a bulk heat
exchanger in series with the collection device cooling system. Overall tank pressure
conirol and collection device cooling are accomplished with this single system. In
order to provide a continuous flow over the full range of possible heating conditions
a modulating or continuous flow regulator would be required at the vent outlet of the
bulk exchanger. Also, since the flow rate is now a variable, the throttling device as
shown in Figure 3-1 would likely need to be a pressure regulator in order to control
the cooling fluid temperature within reasonable limits.

The system shown in Figure 5-2 of Reference 3~4 utilizes a bulk exchanger vent system
operating independent of the start basket cooling system to provide final tank pressure
control through on~off regulation. The cooling system flow and inlet throttling device
can thus be fixed and any difference in vent flow required to control the tank pressure
is made up by the bulk unit. This further provides a constant vent flow for cooling of

the oxygen tank.

In either case a bypass control system will likely be required for a system using Ho
for.Og tank cooling, in order to allow for potential variations in the net O, tank heating.
In this system a continuous hydrogen cooling flow is used at a rate corresponding to
that required to cool the 1.0y start basket and maintain a constant 1.0y tank pressure
under minimum net tank heating conditions. A by-pass flow control valve is incorporated
to divert the remaining Ho flow from the Hg tank to either provide additional LOg tank
cooling or be vented directly overboard. This control is maintained as a function of
L0, tank pressure, i.e., when the LOg fank pressure reaches an upper limit the total
hydrogen flow available is used for cooling and the tank pressure will drop until the
lower tank pressure limit is reached at which time the minimum cooling flow is used
with the remainder bypassing the LOg tank. This assumes that the total hydrogen
cooling heat sink available is somewhat in excess of the maximum net X.09 tank heating
which.can oceur, which is of course the primary factor in determining the desirability
of using hydrogen to cool a LO, tank,

Development of the detfailed analytical data required to perform a final thermal control
system analysis and design Is discussed in the following section.
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3.2 DEVELOPMENT OF DETAILED ANALYTICAL DATA

The development of applicable mixing, heat transfer and flow data is discussed in this
section. Such data should be generated over the full range of expected geometric and
fluid conditions, as defined by the preliminary design analysis. An overall flow chart
is presented in 'Table 3-1, showing the relationship of this thermal analysis task to
other collection system definition tasks. It is seen that configuration details which
depend solely on structural and fluid dynamic considerations will be used as a

guide for thermal data development. As an example, screen mesh, material and
mounting information are needed in order to determine an expected range of collection
surface heat conductances.

Details are presented in the following paragraphs.

3.2.1 MIXING. The basic purpose of mixing the tank fluids is to minimize thermal
gradients at the collection device surfaces such that vapor will not be generated within
the capillary device in these areas. Mixing also effects the magnitude of the heat
transfer coefficients and thus the heat transfer at a surface being actively cooled.

In order to determine heat transfer coefficients and approximate temperature gradients
throughout a fluid tank, velocities and mixer induced flow rates must be determined as

a function of distance from the mixer. Potential variables which effect mixer operation
and over which data should be generated are vehicle acceleration and the state of the
fluid being mixed., Also, in order to make final design trade-offs, the above data

should be determined as a function of mixer power, size, weight and efficiency. Jet
mixing using an axial flow constant speed pump is the primary mixing method considered.
With an axial flow pump the volume flow rate is essentially independent of the fluid

phase being pumped.

Mixing analyses performed in the present study are based on data generated by the
Fort Worth division of General Dynamics imder Contract NAS8~20330 (Reference 3-3).
Minimum mixing velocities required to provide an essentially homogeneous liquid are
based on penetrating the warm layer of liguid at a vapor/liquid interface. This assures
low temperature gradients in the capillary device area as well as sufficient mixing to
assure adequate tank pressure control. The time to accomplish such mixing must also
be considered in order to compare intermittent and continuous mixing schemes. The
applicable equations are presented below.

3 1/2
[ B BTy %2 P /
(Vo Do)y = 9 . Vax 2 (3-1)
[ (V'ma.x) | @r1y@+3)
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. _ 0 t
VZ . 456 B (3=2)
o
A, =m 52 (3-3) Ve T Veg,
V, =AYV (3-4) R I
= e - ' f
2 'z 7z \ ~——~ INCLUDES
5 =b 7 35 7 \\3)‘ ! ) ENTRAINED
= (3-5) J\ / FLUID
N, b2 Voo
6 = Pt (3=6) Vg
!
.456 V Dy \\ Vo
where __jog:f)__?_______
AXIAL FLOW
Vo = yelocity at mixer exit A PUMP
di : ¢ mixer exit Figure 3-3. Geometric Mixing
D, = dlameter © Parameters
(VoPo)i = veloeity~diameter product required to penetrate warm
liquid layer at vapor/liquid interface
B = goefficient of volumetrie expansion for the liguid
ATm ax = maximum temperature difference between bulk liquid and
liquid/vapor interface usually assumed to be 1°F
Z = distance from mixer to liquid/vapor interface
a = local aceceleration
P = exponential constant usually faken as 1.0
Viax = maximum centerline velocity with a temperature gradient
V'max = maximum centerline velocity without a temperature gradient
Vmax/v'max is taken to be 0.9
Vg = yvolume flow rate at the distance Z from the mixer,
Includes entrained flow.
{Io = volume flow at mixer exit
AZ = total flow area at the distance Z from the mixer
8 = rvadius of flow at distance Z from the mixer
b = proportionality factor determining the spreading rate of
flow from the mixer faken to be 0.25 for the present case
em = bulk mixing time
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Np = dimensionless mixing time constant approximating 6.0 for
present conditiong

Dt = tank diameter

The geometric significance of the major variables is illustrated in Figure 3-3.

Figure 3-3 indicates conditions as a general function of distance, Z, from the pump
outlet. Specific conditions associated with the liquid vapor interface are designated by
the subscripti. (V,Dy); is the velocity diameter product at the jet exit which is
required to penetrate the warm liquid layer at the vapor/liquid interface. 6y, 1is the
time from pump actuation required to obtain complete mixing.

Combining Equations 3-1 through 3-5 the velocity required to mix at the vapor/liquid
interface (Vy); is determined below.

1/2
. 067 ma.,
V), =3 X 12 7 (3-T7)
b Vmax 2
[1—(V, )} (p+1)(P+3)
max

Based on the general definitions of the above terms, typical interface velocities required
for hydrogen mixing are illustrated in Figure 3-5 of Reference 3.4. The data are
presented as a function of interface distance and vehicle acceleration level.

A further combination of Equations 3-2 through 3-5 results in fluid velocity as a
function of mixer size and flow rafe and distance from the mixer, as presented below.

(V,/D,, cfm/in.)
Vg Tps =260 T T (5-8)

This allows a determination of velocities and thus heat transfer coefficients at various
points in the tank as a function of distance and mixer properties. Typical data are
plotted in Figure 3-7 of Reference 3=4 for hydrogen.

When considering intermittent mixer operation the mixing time, as determined by
Equation 3-6, is an important parameter. In most applications intermittent mixer
operation minimizes fotal power requirements. However, fairly rapid response is
required in order to prevent an adverse amount of temperature stratification buildup
during non-operating periods. It is anticipated that in most applications more than one
mixer will be required in order to provide a reasonably uniform fluid mixing. In this
case, alternate operation of the mixers may be optimum and should be considered. Also
temperature sensing devices could be provided to determine when mixer operations
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are redquired. Anticipated liquid/vapor orientations as well as collection device loca~
tions will be important factors in defermining mixer locations and operating cycles.
Such trade-offs must be made for each individual design case using the overall data
presented above.

3.2.2 HEAT TRANSFER. This section is concerned with heat transfer to the collected
fluid and the thermal control cooling fluid. As discussed in Section 3.1 the two major
constraints in defining a suifable thermal control system are the availability of cooling
fluid and the requirement to contain all collected fluid at a temperature below satura-
tion,

The basic heat transfer processes affecting the design of such a system and for which
data must be generated are heat transfer between the bulk tank fluid and the collection
device and/or cooling tubes, heat conduction at the collection device and cooling tubes
and heat transfer between the cooling tubes and the cooling fluid.

In general, data for both continuous and point attachment of cooling tubes must be
obtained. The applicable equations, derived from the data of Reference 3.5 are
presented below. In each case maximum temperatures on the cooled structure,
temperatures at attachment points and total heat transfer to the cooling fluid are
required. The use of continuous versus point attachment cooling will depend on the
particular collection device and tank geometry under consideration as well as the
available cooling capacity.

For continuous cooling attachment the equations presented below are used. Geometric
representation of the major variables is found in Figure 3-4.

x
T_ -T._ cosh [N (a/2) (1 -_a_/z)]
TX - TH - cosh N a/2 (3-2)
c H
(T - 7o)
T =Ty - o, (3-3)
(a/2) "H cosh Na/2
. K t N Tanh N a/2
Q __we (3-4)
- a/2
ATy = Ty
Ty =T
T T = cosh N a/2 (3-5)
H M
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where:

N =VE/Eyte)

K t =effective conductivity - conduction thickness of the structure to which

W€ the cooling coils are attached.
. Ab = total surface area of basket
Tc = ¢oolant temperature
a/2 = half the distance between the coils

ENVIRONMENT TEMP., COOLING TUBE

o
=T ?
Y5272 (OLLECTION
rte , SURFACE
=0 @ a/2
| COLLECTED <
LIQUID -
T —— a/2 Ta/z m
L4

Figure 3~4, Continuous Cooling Configuration

|
These equations are for steady-state heat transfer where the collected fluid is com-
pletely cooled by surrounding coils. In this case the steady-state or equilibrium
condition is when there is no net heat transfer out of ox into the collected liguid.
Therefore, as illustrated in Equations 3-2 through 3-5 and Figure 3-4, only heat
transfer from the bulk tank fluid or external environment is included. The equations
are generally applicable to feed line cooling and start basket cases where complete
surface cooling is to be accomplished. It is further assumed that the heat {ransfer
coefficients between the cooling fluid and the tube surface are high in relation to
those external to the collection device. This is normally the case since cooling flow
heat transfer is generally by boiling and/or highly turbulent forced convection flow,
while the external heat transfer is through a high performance insulation, by natural
" convection or by only slightly turbulent forced flow such as produced by a mixer.
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The temperature at the tube attach point may thus reasonably be taken as the cooling
fluid temperature. Heat transfer coefficient data are presented in lafer discussions in
this section. The conductivity of the structure to be cooled is an important parameter,
as illustrated by Equation 3-2 thru 3-5. In the case of a solid structure such as a feed
line the evaluation of this parameter is straightforward. For screen surfaces, the task
is more difficult and equivalent or effective values must be determined. In the present
analyses an effective conductivity-conduction thickness, Ky tes was used. This is
based on the actual material conductivity and an equivalent structure thickness equal

to the total structure solid volume divided by the structure surface area. Surface
supports and stiffeners are included.

From Equation 3-4 data on heat transfer as a function of collection device or feed line
surface area, environment and cooling fluid temperature difference, heat transfer
coefficient and tube spacing can be generated. This data will be used in the overall
tradeoffs to determine final tube spacings and required cooling fluid temperatures.
Typical data generated for the S-1VB start basket are presented in Figure 3-18 of
Reference 3-4. Feedline data are presented in Figure 3-24 of this same reference

Corresponding data on maximum surface temperatures obtained from Equation 3-5
will also be required, Such typical information is presented in Figure 3-19 of
Reference 3-4,

The next type of heat transfer {o be considered is that occurring at a point ox local
support area where no direct cooling of the support itself is involved. A typieal
application is where liquid collection channels are used to supply the cooling fluid as
discussed in Section 3.0. In this case some heat transfer to the collected fluid can be
allowed, buf the magnitude must be known and accounted for in any overall heat
balances. The applicable equation is presented below with definifions of terms found
in Figure 3-5.

K1 (€ rs)

Q0=(Tn-g)21'rkwﬁers w (3-6)

where:

QO = heat transfer at each support assuming the support path between the wall
and channel does not restrict the heat flow.

8§ = tank wall thickness

€ =Vl thy) i S

hfl = heat transfer coefficient external to the tank wall.

hfz = heat transfer coefficient between the wall and tank fluid.
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rs = the radius of the channel support at the tank wall.

£ =wall temperature at an infinite distance from the support =
T, + T e + .
By Tey * P, Tl (g *By)

T = temperature external to the insulation.

81

T . = tank fluid temperature.

89

Ii‘n = temperature at the support, taken to be the same as the tank fluid or
collector temperature.

Iﬂv = wall thermal conductivity.

K. = first order modified Bessel function.

1

Ko = gero order modified Bessel function.

SUPER-
INSUTLATION

[ ] Tgl

TANK WALL

conduction
in wall

e

external Qinterna.l'f

Heat Transfer

For cases where cooling is accomplished
by tubes attached at discrete points rather
than continuously the following equations
apply. A representation of the nomencla-
ture is found in Figure 3-6.

This type of configuration is useful in
limiting cooling of a capillary device
region to prevent overcooling with conse-
quent loss of cooling capacity or to elimi-
nate possible freezing due to overcooling as
ina LO2 capillary device cooled by LI—I2
boiloff.

.- K1 (€ rs)
=@ -T)2nk_6&_ecr,——— (3-7
in (g n w oW S KO (E rs) .
Qp, = 2L(T _ - Tv)\/ktw 8 hf'+ b A; (3-8

1

where Qn = heat transfer rate to the attach-
1 ment point from the tank fluid
taking account of conduction in
the tank wall.
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+
- Bey Tgy * Bey Tgy

By * Py

e = .Jog, + b )/l By

énz = heat transfer rate from the attachment to the cooling fluid
L = tube circumference

A; = tube area in intimate contact with the fube support

Ty = cooling fluid temperature

hfi = cooling tube internal heat transfer coefficient

Otherwise the terms are defined the same as for Equation 3-6 with the subscript t here
referring to the cooling tube.

Assuming that in = an and solving for T, in Equation 3-8 results in

Q

n
T, =T, *+ (3-9)

2L f Kty bpy he + by A,

Substituting into Equation 3-7 and solving for é?n'

L= T
Q= v (3-10)
nl Ko (€ I's) 1

+
27 kW by €Tg K (€ry) oI, h/aw ey hfi T hfi Ai

Further, from Equation 3-7 the tank wall temperature (Tr) as a function of radial
distance from the support is,

o QnKo(er)
- 6 znkwawerSKl(&‘rS)

(3-11)

where Qn is determined from Equation 3-10.
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Figure 3=6. Local Cooling Tube Attachment Configuration

In this case, heat transfer coefficients inside the cooling tube and conduction along
the tube are taken into aceount. This is important in the present case because of the
small amount of cooling surface which is actually in direct contact with the suxface
to be cooled and thus the attachment temperafure cannot generally be assumed to be
equal fo the cooling fluid temperature. Also, heat transfer from the collected fluid
as well as external heat iransfer is accounted for; since typical applications of point
cooling do not compleiely enclose the collected fluid. Heat {ransfer to surfaces
other than those being cooled dirvectly must therefore be removed by the cooling fluid
by way of heat transfer from the collected fluid,

From Equation 3-10, heat transfer fo the cooling fluid per attachment point can be
determined as a function of heat transfer coefficients, temperatures and wall and
attachment physical characteristics to be expected. Wall temperatures as a function
of radial distance from the cooling point are determined from Equation 3-11. From
this data cooling attachment spacing and contact areas can be determined which satisfy
the basic temperature and heat transfer constraints as discussed previously.

A major parameter in all of the above heat transfer equations is the fluid to surface
heat transfer coefficients. In general, data on boiling, gas and liguid forced con-
vection in tubes, gas and liquid forced convection over large surfaces, gas and

liguid natural comvection and condensing heat transfer must be determined. Egquations
used in the present program are illustrated below.

Cooling tube, cold side heat transfer to an initially boiling fluid is computed by
considering the process to consist of three phases (x indicates quality - % vapor):

3~16



1. Nucleate boiling, 0 £x £0.90.

2. Fully developed turbulent flow at constant temperature (saturation)
0.90<x=1.0.

3. Fully developed turbulent gas flow with increasing temperature T > TS AT

Phase 1 calculations are made using the Kutateladze correlations as reported in
Reference 3=6.

Turbulent gas flow heat transfer is calculated from Reynold Analogy Ref. 3 =7)
where,

—  f f m
hfi— 5 AV cpf-2 X cpf (3-12)

For bulk fluid heat transfer the following equations from Reference 3=8 were used.

Forced Convection, Laminar Flow ReX £ 5x10°

- 1/2

hg = . 664 (Pr)1/3 (RBX) / ( % ) (3-13)
Natural Convection, Laminar Flow GrX<109

_ i Prl/2 (GrX)1/4

_ K -1

b= 952 + Py 2 (%) (3-14)
Condensation, Laminar Flow

- _ 4. 14 K

where:

hf = average film heat transfer coefficient

X =length from start of temperature boundary layer at a flat plate

Rex = (p Vy)/ 1

3 9
AT X
Gry= E.ﬂ_PE__J
p =Cpk

ok
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2 3
Ep 1, AX
N = = Sherwood Number
SH 4 p.L KL (TS - TW)
AT = temperature difference between bulk fluid and heated or heating surface
TS = gaturation temperature
Tw = wall temperature

Typical parametric data generated for the S-IVC design application are presented in
Figures 3-10 through 3-17 of Reference 34. It is seen that, in general, condensing
heat transfer represents the maximum to be expected for a given temperature differ—
ence between the bulk tank fluid and the collection or cooling surface. It is noted,
however, that such heat transfer can never raise the surface above the saturation
temperature since condensation goes to zero as the saturation temperature is
approached. The main consideration of condensing heat transfer is in determining
the maximum heat transfer to be expected into the cooling fluid. From comparisons
of Equations 3-13 and 3-15 allowable mixing velocities can be determined such that
condensing heat transfer is still the limiting case., If velocities must be greater,
then resulting higher heat transfer rates must be taken into account in defining final
overall heat balances.

Heat transfer from superheated vapor is the only bulk fluid heat transfer which can
cause vaporization of the collected fluid. Therefore, cooling requirements for main~
taining surface temperatures below saturation must be predicated on this limiting
condition. Tank areas where significant amounts of superheat can exist must there—
fore be defined and corresponding cooling requirements established.

3.2,3 COQLING FLOW DATA. In order to define a complete thermal control system,
cooling flow pressure drop and thermodynamic fluid properties data must be obtained.
This allows a final sizing of the cooling coils in conjunction with the various heat
transfer design requirements., Development of such data is discussed in this section.

Two phase flow pressure drop calculations are made using the methods and data pre-
sented in Reference 3-~6, From Reference 3-8 the two phase flow pressure drop
A Prpy) is taken as

2
b Pppyp =AP 4 Byyp) (3-16)
where,
AP, = single component frictional pressure drop assuming only the vapor
faction is flowing.
& = function obtained experimentally.
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Substituting for APV where, 9

V.

L v
AP, = O Py e (8-17)

a si m =
and since mV pVA Vv
and

v= avg T

2 .2
AP iL Ta 3-18
TPF D 2 2 ( )

2g A, A

where X is the quallty, mv is the vapor mass flow rate, Vy is the vapor velocity.
Substituting A =vD /4 into Equation 3-19 and simplifying.

16 2

: 2
AP rpy = "%( mc)( plv) Xave i (291t) (3-19)

UH’:

Putting Eqguation 3~20 in a convenient parametric form results in

2
2

%
AP pp PSI _ 4.2x 10"9(Xavg)( Vtt)

[L, in./(D, in)5](1i1T, 1b/Hr)2 (p - 1b/£t3)

(3-20)

Data obtained from the above equation for hydrogen are plotted in Figure 3-20 of Ref, 3-
as a function of vent pressure for several exit qualities. The average quality is an
arithmetic average of inlet and outlet quality. Values of &, are found from data pre-
sented in Reference -6,

In order to determine the quality at various points in the cooling system as a function
of energy absorbed, enthalpy values are presented in Figure 3-7 for H, for various vent
pressures. These data are used in the detailed heat balances and cooling system
analyses described in the following section.

3.3 DEFINITION OF DETAILED THERMAL CONTROL CONFIGURATION

Using the analytical methods and parametric data generated in the previous analyses
a detailed thermal control configuration will be defined. This section presents a step
by step procedure for such a design definition. Under this task the following informa-
tion will be obfained:
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1. Cooling tube locations. The major choices are between locations inside and out-
side the tank and whether or not local cooling of supports is reguired.

2. Types of cocling tube attachments, such as continuous versus point.
3. Spacing of cooling tubes and/or cooling tube attachment points.

4. Cooling tube sizing as to lengths and diameters.

5. Throttling pressures or cooling fluid temperatures and pressures,
6. Mixer locations within the bulk tank fluid.

7. Mixer sizing as to flow rates and velocitfies.

8. Complete flow paths including by-pass flow requirements and the resolution of
parallel versus series flow for certain cooling areas.

It is noted that prior to performing the detailed configuration analysis outlined below
general system {low schematics and fluid cooling requirements, as illustrated by
Figures 3-1 and 3-2 and discussed in Section 3.1, have been defined. Furthermore,
all potential heat sources have been determined as well as a detailed collection device
configuration based on structural and fluid dynamic considerations.

The first step is to determine the likely cooling tube locations and what type of mixing
would be desirable, The main considerations are whether start basket or collection
channel systems are involved and whether the collected fluid is in direct contact with
a potentially warm wall or the bulk tank fluid. The detailed analysis outlined below
is divided into that to be performed on compact capillary devices and collection
channels with cooling coils located either inside the tank or outside the tank., Feed
line cooling is also considered.

Compact Capillary Device - Internal Cooling Coils

A typical configuration to be analyzed is shown in Figure 4-2, The step by step
analysis is presented below,

1. Determine the maximum heat transfer which can exist between any superheated
gas and the basket surface. This is a combination of the maximum heat transfer
coefficient and superheated gas temperature which can be expected. For the
present case this is estimated from a consideration of wall to fluid heat transfer
and fluid mixing which can reasonably be accomplished. Mixing and heat transfer
data discussed in Sections 3.2.1 and 3.2.2 respectively are used. As an example,
for the configuration of Figure 4-2 it is estimated that the critical area will be
between the common bulkhead and the start basket surface since mixing would be

3-21



7.

SOMewnat (UICULE In ThIS area Uniess a MIXer were 10 pe employed primaruy 1or
mixing only in thig local area.

It is noted that for the internally located coils continuously attached cooling coils
surrounding the basket would be the first configuration to be considered. Equa-
tions 3-4 and 3-56 would therefore apply to the heat transfer analyses, This allows
direct cooling protection of the collected fluid with only-nominal reliance on mixing
to minimize temperature stratification, 1

Assume a value for cooling fluid temperature or throttling pressure and calculate
a value for (Ty - TC)/ (T = T ) where Ty, is the maximum allowable tempera-
ture at the start basket, taken as the saturation temperature at the minimum tank
pressure expected. Ty is of course the maximum superheated gas femperature
determined in step 1 above.

From Equation 3-5 find the tube spacing required to meet the above conditions.

|
Steps 1 thru 3 are then repeated for each basket surface and an overall tube
spacing determined, ‘

For the spacing determined above calculate the total heat transfer which may
occur between the tank fluid and the cooling fluid under maximum heat transfer
conditions. In general this will be for condensing heat transfer as defined by
Equation 3~15, however, this will need to be verified for each particular case
by comparisons with data obtained from Equations 3-13 and 3-14.

Determine the required cooling flow rate from a fluid energy balance. The pri~
mary limitation is that the cooling fluid exit the basket cooling area with no
greater energy than that corresponding to saturated liquid at the cooling fluid
pressure. Allowance must also be made for any energy pickups in the cooling
liquid collection device and any additional cooling requirements such as that of
a feed line. Fluid energy data as a function of saturation pressure and quality
is discussed in Section 3.2.3. :

i
Check that the cooling flow required above is not greater than the vent rate
reguired to control the tank pressure to the minimum allowable value under
minimum external tank heating conditions. If the required cooling flow is higher
than the minimum vent rate the cooling tempevrature or throttling pressure must
be increased and steps 2 thru 7 repeated. If the cooling flow is significantly less
than the minimum vent rate the cooling temperature or throttling pressure should
be decreased and steps 2 through 7 repeated. It is recommended that some
margin of safety be provided such that the final cooling flow is somewhat less
than the minimum vent flow. There is, of course, a limitation on the range of
throttling pressures which can be allowed. The lower limit is controlled
by minimum back pressures which present potential fluid freezing problems,
The upper limit is controlled by the tank supply pressure and reasonable throttling
pressure conirol tolerances. 3-22



8. If the required cooling flow cannot be brought to a value lower than the minimum
vent rate based on the initial conditions determined in step 1 then increased mixing
must be postulated and steps 1 thru 7 and possibly 8 repeated.

9. If the above analysis does not result in a satisfactory solution to the problem then

use of cooling fubes attached at discrete points rather than continuously and cooling

only the support points at locations external fo the fank must be considered. In
the latter case, good fluid mixing must be accomplished to ensure minimum
temperature gradients at the basket surfaces where direct cooling is not accom~-
plished. Discrete point cooling is described by Equations 3-7 thru 3-11,

10. The tube size is now estimated and the overall pressure drop calculated. The
methods of Section 3.2.3 are used. An iteration on tube size is made until
pressure drop requirements are met. In order to minimize pressure drop
parallel flow arrangements can be considered. In the case of two phase flow,
however, a significant distribution problem can exisi. As an example, for
saturated liquid hydrogen throttling from 25 psia to 16 psia the vapor to liguid
volume ratio was found fo be 1.89. This would result in the potential of starving
certain cooling passages with all gas and thus providing insufficient cooling in
these areas. Therefore a series flow arrangement is generally recommended
where two phase fluid is involved. FEach case must of course be analyzed
individually.

Feed Line Cooling

A typical feed line cooling application is illustrated in Figure 3-23 of Ref, 3-4. In
general, Equations 3-4 and 3-5 are applicable to the analysis and the procedure is
basically as described for the start basket case. In the feed line case external heat
transfer is likely through some type of high performance insulation. The main con~
sideration here which requires design ingenuity is the cooling of the areas at the end
of the line which see direct heat conduction from hot engine surfaces. Also, areas
such as an exposed elbow which receive direct radiation from such hot surfaces must
be adequately protected. The screen shown in Figure 3-23 of Ref. 3-4 is utilized to
isolate the liquid from the engine with the area at the screen and slightly downstream
cooled sufficiently to prevent vaporization in the line upstream of the screen.

Compact Start Basket-External Cooling Coils

Again the analytical procedure is basically the same as described for the internal
start basket case, except that cooling at the wall, where the collected liquid is located,
is now a specific requirement. Trade-offs still exist between temperature control of
basket surfaces internal to the tank directly by cooling or by significant mixing and
indivect cooling. A t{ypical configuration with external cooling only is shown in

Figure 4:-12 .
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Collector Channel Cooling - (Large Surface Area Cooling)

The main difference between this type of capillary device and those previously.
discussed is that wicking takes place such that evaporation at the channel surface may -
not cause vapor generation within the chamel,

The actual coniribution of wicking to the prevention of infernal channel vapor generation
must be evaluated for each individual case; i.e., the rate of wicking must be such as
to keep the channel surface covered with liquid over the range of bulk fluid to channel
heat transfer rates to be expected. Wicking data required for such an evaluation are
presented in Section 2.4. One factor is that areas significantly removed from the
bulk liquid source wick at a fairly low rate and thus mixing will also likely be required
in order to minimize temperature gradients at the channel surfaces. Therefore, local
cooling of the channel supports is a likely cooling method, A trade-off exists between
cooling at the supports internal to the tank and cooling external to the tank, Where a
significant number of supports are distributed throughout the tank and cooling capacity
is limited external cooling is generally recommended. Tt is harder to control the total
heat load to cooling tubes located in the tank where various fluid conditions can exist
than it is for those external to the fank where a uniform high performance (low heat
leak) insulation is employed. Also, due to the widely distributed cooling areas, it
may be desirable to use a number of individual fixed flow throttling devices and
corresponding cooling loops. These cooling loops would be located and designed fo
minimize the {fotal cooling tube routing lengths in order to minimize total extraneous
heat transfer to the cooling fluid. Each system requirement must be analyzed on an
individual basis. The main limitation is on the minimum reasonable size of the
restriction. This restricts individual flow rate to a certain minimum and in conjunction
with the total vent limitation thus limits the number of restrictions or cooling loops.

A typical system is lustrated in Figure 5-49 of Reference 3-4,

General Design Considerations

It is noted that where a fluid such as hydrogen is used to cool another fluid such as
oxygen certfain special design considerations are involved. As an example, when
determining cooling tube spacing and attachment conditions the temperature of the coolin
fluid will generally be changing from point to point, since the hydrogen cooling fluid
will likely be in gaseous form. The design procedure is basically as described
previously except a point by point analysis will need to be made and a uniform tube
attachment spacing may not be optimum. Another consideration is the potential
freezing of the oxygen by the cold hydrogen. Any proposed cooling system design

must be analyzed for this possibility and adjusted as necessary to prevent any LO,
freezing. Also, external cooling would be desirable where possible in order to
minimize any potential hazards associated with possible mixing of the hydrogen and
oxygen fluids. Use of the design philosophies and analytical procedures outlined in this
design manual, plus free reference to the analyses described in Reference 3=4

should result in the generation of optimum thermal control systems for any particular

application,
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Following the system definitions as described throughout the present section, it is
further recommended that a thermal network be set~-up for the final system
configuration, especially where indirect cooling is involved, to verify satisfactory
temperature control under transient tank pressure changes, A typical analysis is
described in Section 3.1.8 of Reference 3~4, This analysis showed that where
potential tank pressure change rates are low only a small amount of cooling is required
to maintain internal tank surfaces below saturation assuming complete mizing is

accomplished.
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4

STRUCTURAL AND MANUFACTURING CONSIDERATIONS

The success of capillary propellant retention devices is related to structural design
and manufacturing. Design of the device, in many ways, is uniquely dependent upon
mission requirements and will utilize special procedures in many areas. The purpose
of this section is o outline design approaches, identify the problem areas, outline
solutions, and make recommendations for future activities. The areas considered are:

Loads

Materials

Sereen Attachments

Heat Exchanger Attachments

Configurations for Minimum Weight and Area
Design Approach

Screen Clogging

Loads:

Fluid impingement, pressure gradients due to flow, vibration, acceleration, and
deflections between support points are factors affecting loading conditions. The
restraints imposed by fluid dynamics and vehicle tank geometry generally dictate the
use of flat surfaces and large radius profiles which in furn require an extensive
stiffener system. Back up support systems may be required for screen elements
used in high load areas. Flat surfaces should be avoided. A change in the screen
absolute micron rating when exposed to major loads is a possible problem area
which can be minimized by proper spacing of screen attachments and supports.

Material:

Applicable structural materials include honeycomb, waffle, monocoque, and skin
stringer frame materials. These can be further expanded with the use of diffusion
bonding (using filaments) coupled with several material combinations within a single
assembly., The use of a gkin stringer frame, for example, uging 2219 aluminum

alloy may be applicable in several cases due to simplicity and versatility, Compati-
bility with the propellant, strength characteristics, fabricability, repairability and
thermal conductivity are factors that should be considered when selecting a material.
Problems associated with sealing and venting closed compariments may be encountered
with closed cell type structures such as honeycombs.
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Screen Attachments:

The preservation of the reservoir absolute micron rating during fabrication, assembly
and under various load environments affect attachment methods. Buit welding,
mechanical fasteners, brazing, soldering, and seam welding are some possible

approaches. Seam welding using back up strips appears attractive due to
simplicity., A shift in micron rating af the attachment zones may be encountered

with some fastening technigues.

Heat Exchanger Attachments:

Heat transfer path, structural integrity, relation to the overall structural system,
repairability and inspection are the prime factors influencing heat exchanger attach-
ments. Methods involving brazing, soldering, mechanical, and welding are available.
A tube equipped with a web which in furn is seam welded to the supporting siructure
or screen appears promising . Problems relating to base material property changes,
heat transier path, and inspection may be encountered for some applications using
mechanical, brazing and soldering.

Configurations for Minimum Weight:

Surface areas and weights are basically controlled by the degree of restraint imposed
by the vehicle tank profiles and the fluid dynamics. For example an appreciable
difference of weight per unit volume exists when comparing a cylindrical {ype reser-
voir with an annulus type unit. However, hydrodynamics may dictate use of an annulus
rather than a lower weight cylindrical configuration, Some additional influences are
expected from the internal structural arrangement and material selection. The
avoidance of flat surfaces and the use of profiles which offer stability when exposed

to loads is recommended.

Design Approach:

The type of structural approach and component arrangement influences the weights,
check out, inspection, cleaning and fabrication. The ability to check out is especially
important when considering a unit which is assembled ingide a vehicle tank. Where
possible use symmetrical structural members, provide access to blind compartments,
avoid varying surfaces and arrange the components such that simple fabrication and
inspection procedures can be used. Combinations may develop where the optimum
structural configuration is incompatible with performance parameters. This latter
combination of events can frequently be solved by reviewing the gpecifications of the
conflicting areas, adjusting those items which are not detrimental to performance and
revising the design to meet the adjustments.
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Table 4~1. Design Activity Flow Chart
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Scereen Clogeing:

Particle collection on screened surfaces may influence the hydraulic performance and
impose burdens upon other systems. A typical example for the latter is a gas liguid
interface screen installed in a feed duct. Filling and draining operations thru screen
assemblies should be avoided in those cases where a potential for high particle popu-
lation release into other circuits is present. Requirements for standard cleaning
procedures should be compared with the reservoir micron rating, and the designs,
including the specifications, adjusted until the related areas are compatible.

De sigg:

A complete design of a capillary device will require trade offs between hydrodynamic
analysis, thermal analysis, structural analysis, verification testing, and component
details. A diagram showing the flow of events is shown in Table 4-1. A typical
design program is initiated by using inputs from the fluid and thermal analysis, and
vehicle tank areas to establish an approach. This first level of activity ouflines the
overall profiles, structural arrangements, basic support systems and establishes
the level of propellant cleanliness. The second phase identifies the external loads,
internal forces on primary structural members, and reactions at the support points
by using outputs from the design approach and hydrodynamic sections. The basic
structural layout consisting of primary member sizing, material selection and the
selection of minimum gages is periormed in phase three using load analysis data and
inputs from a structural analysis section. A feed back of activities occurs between
the outputs of phase three and the structural analysis section for verification of
initial design assumptions. The final phase of the program consisis of detailed
component designs involving screen attachments, heat exchangers, external supports
and stiffener systems. The detailed design level is supporied by the structural and
thermal analysis and design verification testing.

4.1 STRUCTURAL, FABRICATION & MFG. CONSIDERATIONS
(Propellant Retention Devices)

Toads:

Propellant retention devices are subject to external and internal loading conditions

due to fluid impingement; fluid flow pressure gradients; static heads; vibrational

modes, and deflections between interfaces. Attention must also be given to combina-

tions of the above and the affects upon the capillary screen micron rating which in
turn influence the hydraulic characteristics of the system.

Under a zero gravity environment, the propellant mass (outside the reservoir) may
be remotely located from the screen assembly and in the presence of an acceleration
field, the mass may move aft impinging upon the capillary device structure which in
turn causes external loads. The direction of these dynamic forces can be normal or

44



obligque to the surfaces depending upon capillary device shapes and the propellant
slosh modes. Since the loads are applied externally, the structural analysis must
consider general and local instabilities including factors for sudden force application.
The influence of external loading varies between configurations and in some cases can
be minimized with relatively small changes to the basic configuration. A cylindrical
assembly with a flat diaphragm type forward head for example is more forgiving on
the cylindrical portion than on the flat section. If the diaphragm is replaced with a
spherical or elliptical bulkhead, the loads on the ring at the perimeter are reduced
and the general stability improved (usually without a weight penaliy). Some cases,
however, cannot be readily changed such as rectangular shaped collector channels
(Figure 4-1) and amnulus type assemblies with large surface radii and flat secfions
(see Figure 4~2), Frequently the type of surfaces for these latter configurations

are controlled by the hydraulic requirements and therefore a system of stiffeners

or waffle types must be employed to resist the external loads within reasonable
deflection limits.

SPH, TANK

INTERNAL
SCREENS

EQUATOR CHANNEL
INTERCONNECTS
THE COLLECTORS

CHANNEL
SUPPORTS

RECTANGULAR
CROSS SECTION
CHANNELS

SCREEN COVERED
CY1L, RESERVIOR

Figure 4-1. Channel Type Collector System
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The load analysis must also include the contributions of pressure gradients across
the screens during flow periods which in turn can be additive to the above impinge—
ment conditions. The magnitude of these pressure drops are outlined in the fluid
analysig section of this report.

For some arrangements, a large portion of the capillary device surface area is
equipped with capillary screens which are exposed to the loading behavior previously
outlined. For flat surfaces, high interval stresses can develop causing a displace-
ment between the warp and shute directions which in turn may alter the absolute
micron rating., If the wire cloth is cylindrical or spherical shaped, buckling may
occur causing a change in fluid retention qualities, therefore the unsupported area of
a screen element should be limited or a continuous back up method employed. The use
of a perforated sheet metal back up skin or a support mesh appears attractive when
considering a minimum number of attachment joints (see Figures 4-3 and 4-4). For
most applications the structural contribution of the screen is negligible. For cases
involving large diaphragms, deflection of the back up members may be sufficiently
large to affect the wire cloth, therefore special attention is requived in the attach-
ment details to allow the screen to deflect with the perforated member without
degradation of the micron rating (see Figure 4-5). Future investigations are recom-
mended to determine the sensitivity of the screen micron rating to loads.

During outflow or tanking operations, static heads can develop which may load the
screen members externally or internally. These conditions must be included in the
overall load analysis.

In many cases the hydraulic parameters and the storage tank configurations require
reservoir surfaces which have flat or large radius profiles. These surfaces are
sensitive to certain vibrational modes and must be considered in the load histories.
The use of stiffener networks, the reduction of ring spacings, a change in minimum
gage or some combination of these can be employed.

When external loads are applied to a capillary device, the resultant forces are reacted
thru the supports which in turn are attached to the tank wall. Deflections occur at the

interfaces due to tank wall breathing (pressurization and temperature gradients) and
load reactions. These are locally applied loads which can produce internal siresses
on the reservoir assembly above those expected from normal loading. An annulus
unit for example has several support interfaces which must accommodate the external
loads while compensating for radial deflections, fangential movements, and mis-
alignmenis (see Figure 4-6). Special attention must also be given to propellant outlets
to avoid the distribution of major loads thru sealed connections.

Some systems (such as the S-IVC apnulus fuel unit) are equipped with heat exchanger
collector tubes which originate near the reservoir and route to the forward end of the
tank (see Figure 4-7). A typical assembly is a perforated tube covered with capillary
screen, and incorporating fittings for mounting to the tank wall. The sections between
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supports are basically simply supported beams subject to vibrational modes, accelera-
tions and propellant slosh., A complete design analysis should include detailed trade-
offs reflecting tube diameter, wall gages, and span.

For preliminary reservoir designs, a minimum gage can be selected, a simplified
structural analysis conducted (hard calculations), and the results of the stress data
used to re-estimate any gages outside the basic requirements. For some cases the
minimum gage for skin type panels may be found sufficient or can be made adequate
with 2 modest adjustment of the stiffener pattern. However for large flat surfaces
(found in annulus reservoirs) excessive deflections may be experienced when sizing

the members for strength, therefore it may be reduired to base the designs upon
limited deflections, The amount of deflection depends upon the type of surface and
the influence upon the overall structural make-up. Allowable deflections for surfaces
equipped with screens, heat exchanger tubes or both should be less than for plain
surfaces.

Materials:

Compatibility with the propellant, strength characteristics, fabricability, repaira-
bility, thermal conductivity, and configuration thoneycomb, waffle, monocoque, skin
stiffener, etc.) should be considered when selecting a material. Compatibility with
the propellant (especially in LOX applications) is a prime item since some materials
gupport ignition with a relatively low energy input. The strength characteristics
should also be congidered since appreciable reduction in toughness at cryogenic
temperatures is inherent in some materialg., Can the material be fabricated within
the present ''state of the art' or are special developments required ? Repairing of
screen surface is a consideration particularly important for designs involving large
surfaces. Installations such as complete tank liners can be sensitive even to normal
shop practices and material quality control, therefore the ability to make local repairs
without removing the fotal assembly appears advantageous.

Some propellant refention assemblies require non metals for low conductive supports
and pressure seals. A trade-off analysis shown {n Reference 4«1 compared teflon

and 321 CRES support struts. Heat path lengths, structural capability and general
complexity were considered. Plastics such as "teflon," "Kel F'" or "Mylar'" are usually
required for seals at outlets, access openings and at removable baffle or gore sections,

Several frame material configurations are available such as honeycomb, waffle, and

skin stringer. Variations for each of the above can also be generated using composites
involving filaments. A detailed analysis may also show that an optimum design
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requires a combination of the above such as waffle plus honeycomb. The gkin stringer
frame combination (using 2219 aluminum alloy) is an attractive approach due to the
simplicity and adaptability to current manufacturing techniques. Trade off studies
involving other combinations should be part of a complete design analysis,

Sereen Attachments:

Capillary screens are metal cloth members consisting of fine wires woven into a
variety of patterns. The ability of the screen to act as a gas liquid interface depends
upon the openings between the wires and the type of weave. If the thread elements are
displaced from their initial position, the micron rating of the screen can be changed.
It therefore appears that standard fabricating procedures used for sheet metal will
require revisions when using wire cloth. Off the shelf components in the form of
filters, diaphragms, liners, etc., are commercially available but these items
generally involve small surface areas and are packaged such that the total unit'can

be ecoromically replaced in event.of damage. Small unifs are also more adaptable

to special shop practices when compared to surface areas of 220 inch diameter tanks
such as shown in Figure 4-8. Large reservoirs having complex shapes (such as
annulus types) coupled with a heat exchanger system and internal baffles will require
many parts which in turn complicate the handling operations (see Figures 4-9 and 4-10).
A completed unit can fail the final bubble test due fo a small flaw in a wire mesh or an
inadequate sezl beftween the basic frame work and a screen element. It is important
to design attachment methods which are reliable and easily re—-worked in event local
damage or deficiencies occurs.
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LINER AND
TANK
WALL

PRIMARY
TUBULAR

/FRAME 220
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» TANK
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Figure 4~8. Full Liner Concept
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Available methods for attaching screens to the structural frame work involving butt
welding, seam welding, mechanical fastening, braze, and soldering are available.
Due to weight, many screen selections will involve aluminum and small gages which
will eliminate the butt weld approach shown as an alternate. Attachment method in
Figure 4~10 is not recommended due to the alignment problems, warpage, and the
tendency for material '"fall thru'" during welding operations. Buft welding could be
employed however for heavy gages using nickel and CRES, The advantage of this
approach is at the inspection level where any attachment leaks during the bubble test

are readily located. A reduction in faying surfaces is also realized but this is a
relatively minor percentage of the fotal area.

The seam welding approach shown at view KK of Figure 4-10 is one attractive method
of joining screens. GD/C has successfully seam welded aluminum screen with no
back-up strips. Contacts with vendors, howevey indicate that back-up strips are
preferred since the wire mesh threads sometimes adhere to the welding wheel.

Many designs may require heat exchanger coils fo be located on or at the seam
perimeters. For heat exchanger coils having attachment webs, these webs can be
conveniently used as coil supports and as the back-up strip for the screen attachment,

Warpage, wicking, cleaning of fluxes from the screens, and holding the wire cloth
elements in position during aftachment are problems associated with brazing. ILocal
repairs are also difficult without disturbing adjacent areas.
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Low temperature attachments (450°F) using solder (50% lead + 50% indium) were
investigated. A conmection of this type is made by gold plating the overlapping sur~
faces on the screen and the supporting structure prior to the solder application. The
method is not readily adaptable fo positive temperature control of the base material.
If a gun or torch is used, the operator (unknowingly) may over heat some areas which
could affect the base materials. The process is also complex and costly due to the
local plating of the joining surfaces.

Mechanical fype connections should be limited fo dissimilar metal applications, non-
structural type attachments (retaining screens against support members) or for access
openings that involve the interface of rings or flanges which in turn are welded to the
screen. The method shown in Figure 41 of Reference 4-2 uses rivets equipped with
teflon washers or strips and a channel shaped back-up member for distributing loads,
The teflon member prevents coining of the screen and provides coverage of local
mesh deformations adjacent to the holes. When dissimilar metals are involved (CRES
screen attached to an aluminum frame) it is possible to delete mechanical connections
by using a fransition joint which is currently manufactured by the Dupont Corporation,
The two materials are joined by a process (similar fo the diffusion bonding) using a
thin layer of interface material. Recent tests at GD/C using this couple for oxidizer
feed duct applications have shown promising results. For capillary device applica-
tions, the couple furnished as strips may be used with one side welded to the suppori
structure and the opposite side seam welded to the screen. A second method uses
dissimilar metal frames (fabricated from the couple strips) which are welded to the
screen elements and the frame screens assembly in turn welded to the supporting
structure. Detailed design trade offs should include studies of dissimilar metal
applications and the behavior of seam welded attachments when applied to complex

shapes.

Heat Exchanger Attachmenis:

Past investigations revealed the need for heat exchanger circuits on reservoir surfaces,
tank walls, at support areas, and on feed ducts (see Figures 4-11 and 4-12), The
attachments for heat exchanger tubes vary from continuous to intermittent and include
cases where the structural support pins are part of the flow path (see Figure 4-13),

In Reference 4-1, a series of heat exchanger attachments involving brazing, soldering,
mechanical fasteners, integral types (using siructural members as tubes) and welding
were presented. One method which appears promising uses an aluminum extrusion
consisting of a tube attached to a web which in turn is seam welded to the structure or
Screen. An alternate econstruciion would replace the special extrusion with an
assembly consisting of a web brazed to a tube. The design provides 2 positive con~
duction path, adequate support, adaptability to standard inspection procedures, and
can be applied without strength changes to the base material beyond the weld zones.
Contributions to discontinuity stresses (tank wall applications) are considered
negligible due to the small sectional area of the tube web combinations, and low

yield point of the material. The web sections can also serve as back-up strips for
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capillary screen attachments. Stresses from thermal gradients are not considered a

problem due to the small temperature, differences between the fluid in the tubes and
the support structure.
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Repairability is an important factor since the tubes become an integral part of the fank
walls or reservoir structure. Should a tube become damaged during fabrication, the
total assembly can be salvaged by locally repairing the tube. Scrapping a near com-
pleted agsembly can be costly. Several repair techniques are available. For example,
assume thaf an area in a tube web section is buckled (reducing the flow path), torn, or
punciured. Repair is possible by locally severing the tube from the web, removing

the damaged section, the cut tube ends formed away from the support structure

(using a standard bend radius tool) to provide tool clearances, and a new jumper tube
section welded in place using a portable oxbit arc process. If loss of the conductive
path at the repair area is critical, the jumper section can incorporate a web section
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which is fillet welded to the original web member. Usually the heat transfer path
areas exceed the requirements which would delete the need for heat path replacement.

4,2 CONFIGURATIONS FOR MINIMUM WEIGHT AND AREA

Minimum weight and surface area are basically controlled by the fluid mechanics and
the vehicle tank parameters. A typical example is shown in Reference 4-1 where a
series of fuel reservoir configurations involving cylinders, complete annulus, sections
of an ammulus, and complete bulkheads were outlined for the S-IVC tankage system.
The eifort included a detailed weight analysis (similar {o that shown in Figure 4-14)
and the data plotted against reservoir volumes. The results show an appreciable
change of weight per unit volume between basic configurations. A 400 £t3 unit for
example weighs 300 1bs for a cylindrical profile compared to 600 Ibs for an annulus
type. This weight difference is related to structural arrangements, surface area
and the type of surface exposed to fluid impingement. The basic geomefry in turn is
influenced by the hydraulic requirements and the vehicle tank restraints,

Configurations involving symmetrical surfaces (such as cylinders or spheres) are

more acceptable to simple structural elements than that experienced for an annulus
section, The load paths and the external supportis for the annulus become complex.
Due to the severe vehicle tank restraints coupled with hydraulic requirements, the
surfaces of the annulus consist of flat and large radius profiles which are sensitive
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to pressure. To resist the external forces a system of bulkheads interconnected with
stringers, skins, and a matrix of stiffeners are required which increase the weight
penalties.

If the tank geometry restraints are relaxed such as shown for the S-IVC oxidizer
application (Figure 4-12), the reservoir is more receptive to symmetrical elements
such as cylinders, spherical sections, cones, and elliptical bulkheads. In most cases
the fluid mechanics control the reservoir height and diameter such that a complefe
spherical or elliptical surface cannot be used, therefore combinations of cones,

small sections of spheres, and cylinders must he employed, An exception is shown
in Figure 4=8 for the oxidizer tank which uses a complete spherical liner.

Severe limits from both the hydrodynamic analysis and the vehicle tank profiles can
be applied to some cases (with small external loads) without large weight penalties
since minimum material gages are usually involved. In such arrangements, the
weight is more direcily related to the surface area. Typical examples are the
channel type collectors used for the oxidizer tanker as discussed in Ref. 4=1 thru 4=3,

Design Approach:

It was previously stated that the general configuration of a reservoir is usually
dictated by fluid dynamics and the vehicle tank requirements. Within the basic pro-
file, however, the type of structural approach and component arrangement can have
major influences upon weights, check out, inspection, cleaning, and fabrication.
Should the unit be designed to permit complete assembly and check out prior to
installation inside a finished tank or shall the reservoir be installed as a permanent
fixture during vehicle tank construction ? The former question may require tank
access openings larger than feasible, in which case the reservoir would have to be
fabricated into two or more sections that are intercomnected inside the tank, The
capillary device is thus exposed to considerable activity which increases the possi-
bility of screen damage. A complete unit cleaned and checked out on the bench prior
to installation is attractive,however, many cases arise where the reservoir size does
not permit this (especially for liners and amnulus types. A compromise is therefore
the use of subassemblies. The disadvantages of interconnecting the sections inside
tanks can be partially offset by including design features which simplify the installa-
tion operations.

The arrangement of components (such as rings, stiffeners, heat exchanger coils, ete.
and the method of inferconnecting influences fabrication, For example, if tubes are
attached to a cylinder, a continuous spiral type pattern may be more difficult {depend-
ing upon shop capability) than applying a series of tube rings with jumpers. Inter-
connections between components should provide self alignment features including
access for fooling.
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The design should also reflect methods which are receptive to easy and positive
inspections. Any internal baffling or blind compartments should be removable or
equipped with access openings in event inspections are required after assembly.

A wire mesh cloth is a continuous series of faying surfaces which are difficult to
clean especially for LOX applications. The problem is further amplified when
considering the attachment areas which have overlapping surfaces between supports,
screens, and back-up strips. Access to all reservoir compartments is a cleaning
aid and can usually be provided without degrading the design. Little can be done,
however, for the inherent faying surfaces of the screen, therefore cleaning and
passivating procedures should reflect above average surveillance. Some past GD/C
designs for oxidizer service used the following guides which may provide partial
solutions to the above problems:

1. Choose a wire material that exhibits the highest compatibility with the propellant.
2. Avoid thin gages. Use the maximum permissible wire diameter.
3. Avoid mesh sizes smaller than what is required.

4, Avoid faying surfaces in the structural frame work providing there are no
penalties to the design.

Screen Clogging':

Specifications for propellant cleanliness levels limit the size and population of
particles in the fluid. If the hydrodynamic data dictates a screen which has pore
sizes less than what is permitted by the specifications, the screen becomes a filter.
This filtering action causes pressure drop changes across the wire cloth which can
impair the function of the capillary device. Adjustments must therefore be made
in the propellant cleanliness specifications, the hydrodynamic requirements, the
overall designs, or a combination of these, If a set of conditions exist where the
screen micron rating or the propellant cleaning requirements cannot be relaxed,
configuration changes should be considered which would provide a surplus screen
area. The areas selected should be verified with tests'involving pressure drop vs.
time.

Particle collections on capillary device screen surfaces affect the operations of
other systems. Some arrangements require filling and draining thru the screened
surfaces which may amplify the problems. For example, assume that a gas liquid
interface screen is installed in an engine inlet duct. Since the screen surface area
is limited (due to the duct restraints) the change in pressure drop thru the screen
can become appreciable which in turn can alter the engine inlet conditions. If fill
and drain operations are conducted thru the screen, particles collected during the
filling operations are suddenly released thru the engine systems. Should a capillary
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reservoir be installed in the tank (upstream of the screen) with filling and draining
thru the reservoir, a high population of particles can be released from the reservoir
surfaces during out flow which would augment the gas liguid interface screen problems.
For large surface areas located inside storage tanks, the sensitivity to pressure
gradients may be reduced, however, the basic function of the assembly can be impaired
if excessive particle build up is allowed. If filling and draining is done outside the
reservoir and several outflows conducted, the particle population collected on the
screens may become intolerable, Each design analysis should therefore include
investigations relating o propellant cleaning specifications, affects of pﬁrticle
retention upon the hydraulic characteristics of a reservoir, and special problems
associated with screens located inside engine feed ducts.
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APPENDIX A
OUTFLOW COMPUTER PROGRAM LISTING

INGASP

This program predicts spilling, vapor ingestion pullthrough and refilling of a capillary
propellant confrol device during restart under high Bond number conditions. ILiquid
levels inside and outside the capillary device as a function of time, out{llow rate,

liquid reorientation, gravity level and capillary device and tank geometry are computed.
Results of a Convair IRAD program which developed screen flow and pullthrough
correlations are used as the basis of the computer model. A modified Regula~Falsi
technique is used to numerically solve the resulting equations.

Inputs to the program are given in the input section of the program with the format
statements. All variables are defined in the comment cards with the exception of CSL
which is a liquid pressure drop constant, CSV, which 1s a vapor pressure drop constant,
KO which is the number of entries in the flow rate vs time table, QOO a factor to
multiply the steady state flow rate QOX by to obtain Q@O and TI the time corresponding to
QO00,

Outputs statements are dispersed throughout the program and are underlined for
convenience,

A sample input is shown after the Fortran listing. The way the cards are arranged, if
more than one case is to be input, the card containing the input flags need only be input
once if all the tables lengths do not change from case to case.



> 1]
b = - 0
Lnd - W ]
O - I e =
<L Q - —t
- b o I o ; ¥ s
Z ud o T S | pd > —
- i [ < O i3]
- u Ll Y b O 18
Z 0 ] S I L o &)
o = i b w L el
— 2D 5] 1] ') d
- & rad z I ud Wwhk— < wuj
Ul e > b Zz 2ul = TEIY I >
w4 .t = - —_l o W = =t
w L) = i) - — =40 O b
Zz X = ZX El - oxnm — <<t
- — W o Wie. Q0 (o) e L Wl
b - al—  Z 24 n B = ukn
r =~ <L oz © s L - ot PrAN
-~ Z Z ETTY S D wT > 9-=2 N 3
o O oD nu <« w - ZI0 > (Vs
D = ) oY W z o P HT %
o> —_2 We - o o b TE PO Ty o= T I O —
- 751 2] O < o A o T TS ub—Y ks J950 L
o Fou SRR TV = 0 el L 73] > e T (Ol <L x
o U < vl = <01 QO FO~T b < L
Ht = o W o W M- - on =z - 20
ja) ] O Vd Jo0U gl — = 7] >ul = “alrt
L} — | Lz Tx W iV e et - <= I s B
WL Tvd = X T <LOP'N D Yul Jh. g a0 LD =0 VW
E&{slel b & o s o TEIR™-Y it L U Y Tt Xt o~ o allid
— a0 o TS - Zmoulnpxr O —NOY Ul YNyt <€ i-~NZL NN
TSRS L > i _iNG [ e DSmE W 2 ol MTULLWIE NS
fori b T WY =0 GEQD W <hSaowW 4> Woakn oM
0.0 N =z O - KX w QULZUt MOoFW=C <€ no~—x x *
LW st - —t DU #OL T LHat =7 O Zulm— I % #
= o N« D R e T Y WY 0 nde o= ONY. =
- 0 % =4 b Z2=ZlLn D LOTI—Y QL YOR.JuJh ~2Dux= I uil
O % WL O us IO ettt &G z L= RO I aXyd A5 0DZ
P DT O - T+ Ml —~ o 0 Ml VT, 175 I o QWX 2203 iy}
Ttmle e ] Il > Lt LU O WVl QO —HONO X WA W It -
A ~D e dul ¥ 2 NEOZ 0y oD S Yl <L -2 D VY O _KOR o=
I LR < << XTLEZE LA 0o DM Wy, <3 wd Pl {8 o Yo
-1 =7 1 ~ LYy D2 A D7 —_ - D AT D=3 A4 DDD
- Ouxun J | OQbepmiyit] =2 O AT o TR W _Jrm U 33
DT« mded Wil - AD ol e 200> rHlilErzZuan O Z2ZZ L O 0
IO ALFAXY>IYXY —0D00 WJiE- DA uDREYOuUH 0D Xid e x I %
x> Ju ZI# A LEFZT N0 N0 =Y e k- OD—1 S0 O o T TR T TS
- i SELLON A NN-O ) oMz —oulc Vi~ U= oo i -
SNt v L MO NG YO0 Tl EZMNA~ATZE ZIZZ-lgbbinl g
Dul- O ZOWO O JOOIWIORLWOOU S d- HEZOWIWEr DO HHH-DID<CSOIF N
- e I IO F R Lot o i ol = T | AT JDO=iuby D~ T ITY ~—=m N
—gOu] < WA=l v A B LIS JTLATTmudilh, WA = D0 |
DAY T YL LA AMZT 22 Z=Y =1 >O-JIT0 D~ 1T UMl 1 32wz 2 .
00 <SWUoUUUIOOUDOCT SUWEww D w00 M0 VIZ 4 bt O iy >
Z 3L JE=XO>UHIl YD UoUmNo o> ZAag 0 > O, i~ X-UinY Yul— A< e
Y COAOOZ0OUL Wy 12 U Oz »ad SO F O kX i—OOr N e
ot O AU YOO — L) J L7 JWOT 10T NuID L ZUNZE 2 Nyl D=0
NOESYid OZ wl SOZU WOXZOWFFOWUEO © ZOor—und <hibgoiblel>D D0 5=
;) N W NN Za d0Z A T TUHOZL-OY ZulZL T X0 bt O Z =2 )
Wb JXOX A DMLY YR L =0 T T g OO RS T A 0
OTUBLOZALA SN E=Y D D~ L DT T et Ol D2D0Xx - 131 0
Siv 2 AL Ol WD 0 D s o S SunOug [} [Ty S o

D=0, >UNN.AN AN IIDCDZ— D AFWWMHZ S U-ZTX YD Yy ddr-e—-23 10

Oy, QO] HH OO RS> OO Qi 0l 1D e 0 <ol idd 10l e <on
S OAZODE iU I (] - D000 =210, O B = 00 -0, =10 2
L0 RO L OCLO N HOGW . IO OO FLEWrt ] X == E 02 S T 00 L7 LU=

Y A= N NN L= L A D0 LD ) D~ = DITESD DN 2.0 011
DN A>T Ny O e D O e S O ul J O I N ZF I ZEDZZ ZHH U ZmEE 2O
DA A HOO NNt N =3NA ) _J I I i <=3 i =D DU <O R 1 st Qe <2 XX O
YOO UDOLC<OLOOO LW WT LAy N-X <000t LUNE > = PO O J ITO JOouIT
AL OOT00ANDDN I N DO DD D LI T T IITI T N——ZZZ EIDIT I I 3L

SISIS NS SIS S ISYSISISISISISISISISISISNSISTSISGISTSINIE B EISIEIN & I8 15181 S IS E L0 LR IS At B At Jn L A Lo



=
o
r—
—
%3]
us
(L]
=
[
X
Q. (o]
o -— [+ 1
| ot O <
W >
tu! 7))
o - -
4 L
= | 0]
[ ULt
i — Lo
lu - (i ]
w ~— (& ]
- =3t
] o) pai]
=z —- > <L
<L N} x | g &)
* Z [¥4]
Z % < -
w e b [T
ul W O
o~ = 9]
La. - e~ <C
wno g s 41
| [ ] et
- = O=—r)
<L)~ - QX%
Z 3 o < %*
-t _f =z oA o
Z A o TN
[ Imie o - -
Ol W Ll
la Ry e [ T g
Wk Y QOlbx
o—7 H] T | A
9 OO0 ) DN T L
* Nl 7y Ol eI
* Ty HER S Ui—r
ol _dnid g n Wl—=ta ) g4 T
= wh>Z ZUNOZ -
N T DO O] -\ 0JAT
O IAOZ = N [t SR AV TSV}
L L] L L B B B Lo 3y
eudN DI SHuul® > =D
>  ZZ D PN Z =0
|l TR TR TR o » el D

bt e g A0 D) 3= ST Dt >
i =150 3 I _ 1o eD

TTub—0200 a3~ |
wiF=Qula. Jg bl (U it <L

X NI0NN uwlN- g3
aiL O3 NNddX >0 0D
DX NI Dol

= DUX 2 Z e T e~ (DL
DANZID =Y &=t Y 4 1]
30 Al —-OORL -0 DOul-0
Het O =7 [ 30 G
O IO T I <L Z )
FEL TH— E Drmebe 1] <Dt > f 't
SE It Z LI X
DHLITZ NS00 _I—_J !}
TOUAHNT T =0 4 100D
T XNt T 2 > T

VOOVLVOOVLVLLOLOLLORO

(20) ¢ TIME W VOLTANY

)« T1(20)+Q0X

-l e> <
SIHOODAL D = =
e e T~
e e 1 7 OGO
=L LT~
DE e E T 2

¥ #¥%

#* ¥* 3

* ¥* ¥

* * %

* ¥*%

* * ¥

% ¥ 3

% E S 2

* #%

* ¥* ¥

* * %

* #¥

* # 3

* #¥

* * ¥

3 _J * ¥

* - 3%

* ) ¥* %

* Q * %

»* a * ¥

3% e} ¥

»* - ¥* %

% (S 3%

E* =4 * ¥

* - * 5%

* 1 ¥

* I 33

* [ *A

* - ¥ 3%

* — *%

% (TR * %

* d %%

* e **

* o< #3#

* [N * %

* > [ld)] * %

* O L& Ju af * ¥

¥ O 2D * ¥ =
¥ WO Q => * ¥ NE
* I DOT> il N3
* ~ Ot =i Hx >
* Y e—Z0 o D=
* O IO - * ¥ ZFd
¥ = L.y * * Houa
¥ U D2 o * ¥ 30
# e m AT O~ —~O0 ** <CiF
¥ SOOI saHrd~p=2Z - ** ad
* YL L 2+ NT Tt o ) * ¥ d
* D afiZOT =« s amedO X o~ *% 1] o
¥ Al earid<lpbredd ad T e % <D .|
%* DOELIL & ol [} s O ¥ OO it
¥ D uN=XZLIIHI & acdli’ o *H NN *3
¥ TFTO u e aT st Jrden el i med ¥k LD AD~
* XZNUOF & o ottt wcd]] *%¥ TT-L D>
-* - aE 1 ;e o o e L T ¥ A
E [ e T PG e T T, T S PR LY R e
W b o b e T e a 3, gl gl oLl e |
¥ D ard DL D) et bt e Ea i VL L R |
#*  ari} o0 WN- L7 Zy e m—~¥1 DOTTIO0
*  JZO e TN _JZUlLL—D O %] 0000 s -

kD e e | L IDOLX I —r4T o oF D o ol L0
XOLZN-OD T L T Db~ T >—30M %) N0 % #DE3
W e o T T L v v vt vt s e et v e LS R OI QL @ e
e e o R T T T RN A P [ I -, P = el - R )
e T R T o o e o S S N o N e b A1 T S i =R A
e L L S S N A A e S Rt T
# F=LCHOWNINDAD W i OO W - %< <o v
DE QOO 220 O QMEE T rea~r XD Z

JL I ENECY 2L X LLLLLL XL LLLALLLLL XY ¥ DL DI
OO HEOF L 1 Z Ouifd it bl Wil ol b OO#.2 QLo UHMLL
SE>HUXOTTYSQY XY X XXX XYy Y Y vl 3 S5 Ded-4l

L0 X 3* %

* — —- %

#* vt ¥ ¥

* *#*

* ¥* ¥

DOV (8] (.8



WRLTE (69 15)
WRITE(6,15)
4RITE(6¢15)
WRATE (He25)
25 FORMAT (¥ INITLAL CONMDITIONGS®)
WRITtsbolb)
WRLIE(69iD)
0 ( bP 5 A
! R 003*\/[-: ElU- Srx DH= E—l e dr ¥ Ak
ctlg.&.* ?2: tlo 3. AG: Eég 2 3rk ALQ Z#E1043r% Qg :*élu 3
| 4
G FORNMAT (kXS #E1Ge71% OELTAC = #EL1447+% DE T OKE1H 70 AQOXTHE
DY TANK=0, DELTA ElH, OXZ*EL1Y7)
15 FORMAT {* * )
WRITE(6+15)
WRITE (6115)
**williib;lg) EFNNE I IV R POE JUS F3 FUS PO SN SNE IOL NS S L P P AR PP P o W K e Kok Ko Kok
L RS e FEE o o R op K * A TR o S o T g I i e e K A e g o Wk R * *
g**EE*E%HUTIME A M S S S A A MR A A A S
ENNZ1
CALL FLOw
WEA=U0
GGA=11,
TF{QGA.EeUa)BU TU 520
CALL VOLUME
CaLl RSFILL
CALL VOLTANK
wRJT;{G.lS)
WRITE(6015)
wRITt(bo;bg
26‘?0§%%+?i3ﬂ““‘ CONDITIUNS AT THE START OF THE TiMg STEP *)
WRITE(6r15)
WRITE(He21) T iMe
21 FOHMA1(* INITIAL TIME 1S*E14.7%SECOMDS *)
A) YOLTA A
1 A Y] Noxb LU, 7k VIANKE=*E14.7)
16 FORMATL ¥  HO = REL14+7*FT¥)
HO=HO=HVOL
17 FORMAT THO=HyOLZ %144 7%k T#)
HT=AO=0H v T
HOB:HO
QZHO=HT AMK

Chuekkee J TERAT

22 FORMAT(* HOZHO=H[IANK=HVOL=%ELlL4 ., 7*FT*)
HSZ « S04 BL+0*S/ {DpF%RHOLXGR) *4,
ASSIoN 411 TO NWIPPY
hRITt(bvlu)

wRiTe( )
?6N LOOP FOR E£aCH TIME STEP*x e 8 K s A 3 oK e S K KR K o o K s ok ook o Kok 0K ok ok KR K


http:DH=*EIO.jp
http:VUL=*E1U.3p

oo o A K oo g M o ko K o s K g o o Kok 3K N S o K g K e K g g o Ko K s oK o K o Rk XK
HT)kx1 , 5/ (3. x5QRT(CSVXRHOG) )

OR) ¥ (HO=HL) x% ] B/ {3 *SGRT(CSL) )

=
w) i
(W] n
— w - W) D o
- o~ N oS 0 o x [F9]
O oG 3] - ‘Dal -t — —
Lt * 0 -~ T - * D -
0 * & N [ e -1 =
= O fon] o QD 4y} _J=0 P~
D < [a i gy =i o F —
o y] * - - — - To -
* o 3 ¥ AN # % D X )
* ¥ s - ] e} xol o ¥ - ™~ Hy
% D T 4 -t “~J o) Lo ToN 3 —f—~ w0
* =L N [=4 - ~— O %< —~ . (Yo - o ol
e R ~ 0 D2Oh N * D0 D dF€eD ON Y L= s BN T2V |
¥ OO NO e L4 Y] AN e DI el dS) AN R UT LN\ 2
D¥IT—~ NN N mtert v ) =N e ] =T = #:90 t= [
¥UHU> I*x1 sa TIF=>T I NL>D J49 TTaw Jdg L1
D Wee— %I DODON e~} wl~ D N U= DDA - D N (6]
= TN NG~ FOQRNIND O DTN God NEx~D A1 T <« ]
~IL DPOLIX NN DO n+ Al d ~QAeay SE U O e+t > = —
QWIOD +300 O e = din-—~wn NI GO AU~ JNED>N~D I I
D3R D —~% DOOD RO U DO Ul L~ =2 D pom}
e @ m gD @ DO R 30 T e e RNX J LT HI—HX LA T - L
o=y BDD DD ¢} DA _INgh- ] DFLi- NG DN LD - 1
T EGUWINL ol SOV W0 ONLAY] OO0 U0 D LV L]
oS A XL L=XS} *Or s ¥ F NUOD oL o #=NONT AR NUOWNI+UID D e
¢ OO ¥ T ET | X AT OO~ NN #X NITOUC~N O T On—NL OO QU OX
fOD I TOWNTW o111 _ OO~ NAZOZ 100 U=l XOL H~N>TZ MOHFZ
- * a2} ¢ LTMONTIHD o0 o ¢ T<T_HNDN L ITLTC IJUHD DT A >NN WNHHZE 2 <
D DN A=Y TLTODIATOD IOy HLAL e O HE L DELDI oL NLDE DDA Db
NN ZZZTS T ZP2ONTITIITHN TSI DL O e N U ] o ] o I T
i =t Dt DD OO A et et ) ] = NN = D e D NN F
T>Jd dd 3t igning u OO J_ 1uiudt VoW L BN inNo > >t oo o o,
BIST AT FIATIIIOOA LTI =L I XN O <D I XU IE I O DO T <D D
*
> DD - Qi L2 2T 2 O o o
Ty} O (3 VI 4 Y] N 0 I~ o
L Do el el | - - > N

Cohxek g


http:F(HJANK.GL

-

)EC(HG=HG Y * %1 ¢ b= {HT=HG ) **1+5) /(34 *5QRT(CSL
G) k%1 .5/ (3, kSURT(CSLY)

2o kAKRSORT (64 o 4 *GRRRHOL )% { (HEGP=HT) #%1 o b (HGP=HO ) ¥%145) /{34 %SGRT(

il -
;N 0
o & T |9
o e~ Lt w O o —_~ o e
-~ - D@D o at ) L s} Tl
£O o = - ) - T - i0
el e ) =) + 3 Es —t 24
=0 od H fn = 0 o2 o L
= - s ¥ ) i3] s ) " ~r
o fult — - » - — . - * =
Ly fos ] % ) 2 * j ¥* % - -
» Lat] o ot o e ) -t ol od 2 vd
* —— D D s P o 4 L Y | iyt 1)~ o I |
- [ I ] T O O%**® - ¥ =T —~ e 0y QO — . % <
N EN L o IS TN D o+ &M 0N AFxEm ond w2
¥ ™~ O & eril)] AN DM e A LN O L adl) <IN Yy o4Ud
D A= - HA>T —3 4 4+ e 4 = It ] F3—=1
= et IO _JL Y T > I WD I T ono=2
T=>N - N D I\ U w00 % N Wi QO i} il D %=
O~ 1 < OTEL-MN O OFN e N O OI<-~NT O - O eI
W il = ~ADEOF Y 4 O mApdlud ~O~T0d 1Y — oo+
o>~ NTG ¥ I~ DO AN~ NI O_JUi—~D © 0d
Ao =1 o 2¥ANZUO Sl 20— L0 NI @xOnkilo gl T =%
R Bt b= ¢ T ek HY L d D~¥py AX L LA 0F sy § AL § DX
* N > e Tl Il 3 N 30— N D DOAN
B 20> _ 4N e Wwi—e JRJNW) MIFN Gndd4n Wiked 20100 I SFVCn
RO D S UOT s e RHUEION—~ e LH RFHAUOW ¢ T o £ AubID Do ~X4T
CTETOO—OLIFO0G L X ¥ M IT00~0HE [ X JTGO—-—IX ¥ XN ITO0O—N ox OxXJI
S ITOLH—NNDTE PFIOZIZ 00 H—-NANTUO % O —ANZOZ o0 - 4+ IT*00L
ToTd>um ZNMHZ ZCIECTICINT | oL ¢ [aIVIN L I T<C_ NN a1 L=
Y TY I Il DD~ LT HLONCTIDDI Al ¥ ULOLOFI—UT I LATD D2 DN I
X g— T mtm ] i ~ UL Z U~ T i L~ I—CILT il << — DTN
N> o> ZXAN ZwDerd il oo Jid—3 =03 =3 11—t
>N SN N0 O < TNO O W MUl oW . ) _J~i g N WO e LI NO > O 1> 0 JulV)
QW.ARCDIC (D T D 1D 1 Lt BEICPA D i <L (I D DT DI O D00 D30 R b AN
e S D N oo 5C b R ol - D Ty}
To =+ O D 0 Ol od o M N N &
N N o N 0N Ny L2 T » B 5 h!



P THE TSR SHE THE L TR I JHE TIHE LN L L UL JUE U L THE UL JHETPRE JUE JHL JVE T T P

B0 3K op o 3K g 7 oK e K o K o oo oK g O o o K e K e o o g o o R e K g o Ko s o K e e R

-
[¥3]
(&
~
[
I
—~ — i X
-J - O 0 - 2}
wn = N I ~N -~ o
(=) o Qe bl o ¢ ~
<o S Fe ] F D * o~ o - O o~
0 —~0 O —~iyd o O r~ - - < I © ©
=) D ) [ 2w ¥+ s] L QT Lp] 0 o * o ul [ uad
- o - - I % M - T3 * ~ ¥ @
— ] o =} Fa > s * X ' = D
D Do o o D [ = =T D zZ un o o
) I T D T e E ¥ F o] ' < O M -~
- - - — O e - 3] * - - )
- H* 3 o . *O ~ % o} . o+ I ~ % <X
O o xro o o -0 o * . ALUES IR R -
X~ o I T~ e D xd T~ L] = o « T " |
L8 sV SFAn O OO In U RN * ~-—.D o ~ D=¥T O >
AN D L el Nt AN, oD eiln  H-d T~ L AN A DU O HETON e e 0D
=4 = T ) OMFDN O | s | Lan LY 4 [a\ e } L b= A0 I
— NMOSD g I O~D A =t > dmx 11 T ¥ 1D -0
i~ 2D e Gyl e I~ A ~ D% H — L #H~U)~ e 22
Ot OL=Nm ) Ckk-mm HN i N WL D~ I Oe N\~ oo
sl QXN+ _ Jtw e« O+ D Jdtul < DO € ~p TIMD+OO -
N NTOO_IN~D QR S0 D0 XD 00 ~XTO <3OV -
Al PxXONXLIO I 2Nz € L1 ¥ O*—~% OQZOT % ~KW 0
<=t o7 e ONY |1 P T L myuiin el L o oD o=+ | [19 [t
Li~d TdpP _INLp=] @ e _J~N\ OJd <S4 NLILEdelwTe) L b= 0N O TN DL -
N WG 304 g0 o Dw 1@ AU ¥ SOUINTI T e IO WAL, +JNG —_
WO o sk R lited o ¢ N o ¥ NWWOODHRH¥ Y LY TN =+ ¢ 6Ol <O D0
QO3 X NN AT OO OO T b= S OO~ T D i Y _I~T % KO OX W~ JO T~ O~
H—UMZ0Z IO H~—-nNMZ 0100 R A0 D H—=UNHRIONTO s~ 1% *TZ2 200 «OOUI~MD1 ~
AU L AL Tl JHD) o oL T o IT2Z D #O0OTMOANSOOET T <A@ TIOHA 206
LN <E DI=L=HE IO =B ODE 4<XOCOR UYL LD T | O C=t=T AL HLDO~DD

=—ZN=TUL NI~ LT Z g LH=S -2 ZH 0 SO WU TN~

e d NN dr e ] ]~ JE ) DO DO A O e DD DD e T
Ll OW. Jb JILHALL B0 W W N O WO O 3 LILgna GO i <<u 3. 0 T WL ool
D) DL X O D et DY (D OO0 O M*RRCDlHHA <L bt L1k i (B et LI T bt LD
*
= n o = | AU 15 ) - Moo
N O~ 0 @ P~ RO o c N
w9 nom K M) %D ~ ~ I~
%* 3%
(&3]


http:IF(OGA.LT
http:IF(QGA.LT

oy xI
~ +
] [
mn X
. 1
- 0]
* I
-— % ]
wn -~ —
s D ¥
- I n i
* ] . .
* & e -t
-~ * *
(D - * *
H e - —
1~ I T
[T I [} 1
LI (1] C
- O I T
* 0N ] t
* [a' — —
—~ O —
Q¥ * *
I = . —_~ —
] - - = —— — —
< F €O w I3 o 0
r v e 'S Nt o o
- 2D ~ 2300 s u
e = Iz —~ o ~ o o
-~ O ~r Z0 T oM & o
i V) O . - <13] T e o V2l w
N * e —t — O 1 * o o o
O . L M~ T+ bad P~ ~ -~
~N ) *Z - + O = - ~ ~ O
X N —t fon) bha o - = x r i
D mn [aV] T s O % 1 3] [ [&o T e ]
%* o< t~ — - o ~ % * 2
=] % - *Z O O % - -3 4 o
oy v K | = X4 »* 4 fan | ] O )
oo T * I o) D_1 - =+ "y o Fo I I -
o~ 0 L4 oz P DN 4 T e P pre MM ¥ *
=+ —0 N —— —~ . A W O~ — P~ e * >
O et 11 o ON € & J073 \ONm oA N & +
O3 1O P NN LN =AY o ¢ O—=—NA <IN QM QO - . %
b NIZ Zomnm = ZOo>DUV =210 =1 el et S S SRR + O
Q. O _NOr %D J e DN X ¥D < ¥al O
D oODO¥—_d~ 34 = T AN s~ ¥ NG Wik OO OO -
T (Db e CGUNILCZN O OLemle~< —~NZTC Od of Ok OO0 = -
[ ~0 VO~ et d 1 N~20+ 1) ¥+ d1ld Z = —~— 2 .
¥ OONOLeNT Il N~ OTN% IV Z JdIin~0 = ITOO0 =nc c o
TZ mTO ~O¥003uj0 1 JDXZLVO < 3WoJdl 3 OO0 OTWV >N 0O
DL wem ®oX Jokpi1ad Lo =i+ = RLIIL & B e ¥ * K K~
W S e OFag NG % INTL ] TNING—] 4+ 00 O —~- >
4T L AoX *OOROOMIIN ¥© GO I +Z0O@MGddl = OIT OTW W S
FO e o ehid ¢+ LOQ +TAHNHOOZ 827 R NONOHMTHNWIOHZD * ¢ e oo™ DI~ ¥
OT OOy sdX+ T T OO~ A i _ I TO-—AT MY TOD— 0O Xl XN o~ S el
P LOZZ SN «ZL 1 ZH0 H~UM-2Z 00 —UI~<TH O =M J3F ZD A # LT 1D >~ONDOW
a1 g NI ALS NN TSI HHNS D G T ¢ «O+ ok oX T¥2ZTM
o O LDt DD = § =T NI i~ 1Y HDLDNNZ HLOLTO N D = OO0 L0 X A0 D~ <X <T
ST W T T EZL I Z L -t N Z L ZH LT = Z 2 A2~ CLT I TL ) ¥ T =8 =il
T e T N N e O S e L T B el I it e LIS L L =Tk
VVOVAOFFFLFFALFESEFSOLFLESFSOLLESEFSOLOF?FVFFV)VOVVOEE
AQGAHGIIIGIIﬂAIRCDICGAIQRCICGAQRCDICGQGIIlAII@OAGAuCRR
o
e o o D = o Ot N o 9~ WIS o, 9O
o B = o i o ooy N T 12 =
M~ o N~ ™~ M~ ™~ o] R L M~ ™~ ~ ~



L*GR/ (CSGHRHOG) ) * { (=HG=HS+DH=HTANK ) %%1 ¢ 5=

%
4*RRHOL*¥GR/ (CSG#RMOG) ) % (=HG=HS+DH=HTANK) *%1,5

i3
-
-t
*
+*
w
I
|
(O]
H —
1 £
— -
-
* ¥*
-—— *
(L) Q
O I
@ o~ T | T -~ !
=2 [ TN« N e o ~ 0D 9 D Lo TN | o <+ o
2] T w =2 * e T w 0 T | o 0 r
~ * ® 0] ~ o~ @~ * T ™~ Iy
I ) ~ & e
o -~ O O W < * O O - O (=] o —-
JI e 0 1 s O e O w
=2 D ¥ 2 X o] A ¥ D ~ ¥ 2 o 2 5
@ ~ (G DO D o N DB _ 0 D e W0 ~
-~ —_ - * [l N =2 o~ Q Z - b g - -
L C U = & - O T et O o = o ~
<T I 1 < QD <t (> I B 4 | S =L DO ) <L, I
- + & - ~ I » - % <L - D - wn~I - - +
- | oD ¥ _l X ¥ - T ¥ 4 r = J 0 3# A D
W i o SR T ~ ¥ L s _J Lt ~ Y ~O%x ¥ > 1 T
T 1 =D < DT & =D0 * =1 o0 -zt < 00 f
Ui e s N I D % e O DUt e X >N e GO O e ~e X U . ~—
g ¥ =T} — o 0wl ~— ] D~ ol Pt =Ox ¥ O 1Ny %
2 B N I | O= o =N | * N2 3 ®0 Z0 o= 5 o
Sl ee o NN es D w> Viee X NNes F NN v DO D~ I~ > N ee D
L~O ¥ A= @ >~ T~ 3 O~ +» ODG~N = O~ -~ D ¥
+ION F O RF_IN o~ XN FON OIXESFIN O EEZ_AN ~NY e T N DN =+
Y AUl oG BUl= # XN I~ D NI~ OO0 I8 1@ M >U)-~ Py
o o W g oD WO e~FZLIL 1 — 241 30 1 OXodN#® TN O o =
IV O YU emdt %~ N OO A - AHXSIU ~—~% O ¥ (¥ Fo~r LN \0
NELY o~ INZD N e2PNTO NTUNCO X INFIO OB~T e~ ¢ g0 -
L+ = @+ GTOGUILO S+ ¢ G J4+ CHRTDw_l+ ITTNO-I0 URD ILOO+ [
HANL DY XK $rNL g o g HLATLONDRANI VTN R —ZTAILD o o o o\ AT KN X
TOOMBR_ATO_Jynew «O—=TOOME T JTO IMRO AT QO _IM-TU ¢ § 001 sL¥D T (30 Oulc %
A —N MAGQOA ~ T TR VIR ~VNX O A~N X TOA SO U | T INNONDOWNN —~ N0
LNO *OTINND +—# TOIUIQ HHICINO 1 HITISND » oL o T THITM<CND ZHO
HO—=OXTXUM =00 3D O DO MNNY H D000 OX | D P XX < i lm—rDmu T
LT <L =T LTI HZZ I = ZZNL 2L U ~LTIT~LT L O~ HL 1] =} ]
gt R I T T B ) e L o T N e O I T e ey [ R | Bl | 11 20 7 YA s B
UVHL U O _ U D O e UL VO XSWie O 3 Junou > > | O>>20uininnn oo Jd. 4
L= DBC O D BTN ,QUARCT.CGQARCQT.CGIIAIIQUGAQCRRCICGCGA
=& L O - o] o o M0 [ O
53] .u.m.w 0 .3 0 @ W @D o O 00
L ~ ~ P~ r~ M~~~ ~ ~ PP~



échG*RHOG))* (=HG=HSH+DH-HTANK) %x1,5

—
b -
0 —
punt .
= 4 [¥4]
* 2
(O] ~—
%3] | =
— o 1.4
g S >
- - (V3]
- n *
»* [« ] -
* v} A0
— * L=
o . ~
I 3 uYy
o~ i — 0 o~ —r - — =
aoo e} o 0 o Q L [} ~ o ~ F o | o
w o 0 r o r w o D o * b N o
T I i~ L I ) * w = - [+ ¢] * a L i
=+ -~ ¥ - ' ey S, -
o O < * o O 4 =2 o * o D-~ O —~0 O
" - o~ 0 oM - o T t Oy -
- | . [&] - a0 Tt Tw
| rul 2 io%x 2 ~  #* 2 DSul D 230 D It 2
IG) 0D \D O o= O -~ - 5] rx<c 9o r+ <& oo &
—_ * £ — ~ 2~ o Z - ¥ - -_—0 - Ty —~
- 0 i L ) ¥ o O I ™ &) _~0 O *¥10 U - L)
s oM =L 5 I B 4 | =) << XM —~ - g o *% <€
= b= W I - * < - DO - (CREI x* o N -
x I PR 1 F *® r #* — * % _J L0 < T |
— [ L - tad o J w ™ | L = T *<t i - O¥< WJ
o *F <€ DO + w07 * =N O Oo4amn Aj¥10 D IE Eealal
=) . Qe e U » O = e X >0 . T%Y) == e U e e O <L o JU] e
~] D DY ~ {0l D -1 | o ds L0 18 ) NG LN e =N
~Dd Z— D8 [ e * ND 1 ¥ DN oH0>D 3~ O
D e « OX—> Nse ¥ MANee F 0N oo I en N T adowd) on O ) e~
A~ OH—— @i~ & Ol~0 * DON~N  eflmd £ Oivd s D el (DL ="M<
¥+ AN —~IXN FON UIXHE AN ¥ FZIN IN+DD E Al =4 _J_t ~De~rodt 1t
(7)) e JTIM 2> ¥ ¥t Al O e AU~ OMOUIY) ~er N1 e NI AN
WO d 9T OO w~ZRJod = ZaulJod —0OkkM) O D @GO DYONSUO0
Gl ¥R~ MO~y b TSIV e %T 1+ IMYHX § 4+ o2 XXX 1+
N O e NA0 NTINAD XCING IO ENILO PSENN L. S DN ]
3304 + Lo LU+ «J SN+ CHRTOe_d+ Q008U M) QWNOL Jun  W—e  DEdun
¥y <LF o T % et 1L P 0ED % - <L QUM # 4 Z T O # =N OO0 T~% ¥ )30 ¢ ¢ F=10OT
70 S0 1 S ~TOODOX T JITOI0 X0 IT—0 0% O TO~OROW~OX I U~ Ci ¥ X NITO~O
O~ WN=TTONC N0 ~NM= X~ O~~~ XLTOL J—NXOML—ND DRI %00 ~ Nz O Z SO0, N0
Ffin O FIXRTODIWNO  HITT N0 HIIT<ESGWU *ITanm 2 201 «ITJIye) < 1T Nm
Yiin o9 P T OO ey DN ~—ON N ] 1. D~O o N <L ODHON_IDNH Nt Or—<L= {1 DLO
flgt<t =T~ 11} BLIN—ZZ NI ZZHIZ LN =N L Y rbpeb=L TH LT T L [T 1} g
k= 3 =D —D ] i) i _drte ] HDDD ] ZHwwA l ter ) = ]
LN o >>unl BXNLUNO Ldul U No LESLFSOVEESOSOQLFLESFSQFLFLESFSO
YOt DL YD == D Gl 1y (O 1D F L0 P40 DT L O DO TR 0 Dt LSOO
O M~ e ] ) i o™ "y =
® @© (7] © o o QO o o
P~ ~ ™~ P~ «Q B o oo} 24

A-10



Ti=V

900 Ax=eLO*HGP/Dh
90 Q RhAiHIgggT(e 4*ORXRHOL ) *HuPx%1 45/ (34 %SQRT (CSG*RHOG) )
1 =g Yy * o ? o 3
RngHHée*OV*uﬁl(vIG*AV*.SOQGEﬁ)
CSGA=ZAPHIB/REG+BSUBSH e
i QABSéCbGQ-QSG}.LE.UELTAL)&U TO 9yg
CSGZABS (CSG+CSGAY /2,
60 TO 901
902 ASSION 9ob TO MAZ
G0 TC 909
264 R RIANK .EQ.gur6u TO 100U
L] L ] [ ]
&LszHTANK*AL8/UH
IF(HTANK 6T UH) AL3=AL0
QL IN=AL 3% SART (64 + 4¥GR* (HG-HO ) /C5L)
REL=RHOL QL IN*DB/ (VIL*ALS* . 3U48E6G)
CSLASAPHIB/REL+BSUBSY
REL:RHOL*GLIN*UB/(VIb*ALS*.5UQBE6)
CSLAZAPHIB/REL+BSUBS
IF(ABS(CSLA=CSL ) ,LELVELTAC)GU TO 1u00
CSL=ABS(CSL+CSLA) /72,
&0 TO 902
950 AV=ALO*HO/DH
HAREAZHTANK
952 ﬁg§§$*x*SQRT(64.4*GR*RHOL)*(HGP**l.s—(HGP-HO)**1.5}/(3.*SQRT(cse*R
cREG:RHOG*GV*DB/(vIG*AV*.aouatb)
CSGAZAPHIB/REG+BSUBSH N
IF{ABS(CSGA=CSG) ,LEL.OELTACIGO TO 951
CSG=ABS{(SG+CSGBA) /2.
G0 _TO 952
a51 ASSIGN 965 TO mMAg
965 CONTINGE®
IF(H%ANK.E@. «)GO TO 1000
AL3=HTANK*ALO/DH
IF(HTANK . GT ,DH) AL3=ALOD
QLINSAL3 *SORT (64 . 4% SR {HG=HO) /CSL)
REL=RHOL*OLIN*DB/(VIL*ALA* . 3U48E6)
CSLASAPHIB/REL+BSUDSE .
IF{ABS(CSLA=CSL ) ,LEJDELTACYGO TO 1000
CSL=ABS(CSL+CSLA) /2,
1000 ggl%E(ES%OUl)
’
1001 FORMAT (% HT I% NEGATIVE =*)
QV=AV+aHT

GC TGO 400
C***************************************************#***************ww**********
E*******************************************************************************

e e o e Ko K o g o o K sk o g e ol 3 o K s b e 3ok s R R sk K g ook oK o a3 ke 6 s ok oo ok ok s oK g o oK sk Kok 8 ok sk KOk Rl K
Chaekigek VAPOR MOTIQN .  medospadosdodgeokor % ok 4o o o 3 st o sk 3 o 3K st o s 3 o 9ok 3 o 38 ofe o o o s o ok o ok 5K e 3 o oK s o B o oK s ool 2t o



¥ st e o o e Fofe B K o K o K s K o T o o g o o K o K o K o o K e K
*
?Eégé*'QXr*&L23*514.7*CFS*r4Xr

ﬁ**EE***********************************************

NGESTED AT *F6.4% FT FROM TOP OF ENGINE FEEpDLIN
V]

*
73]
[T
(8]
*
—Il
e
— AR
* it % oF
o DU
Lt Gelll o oo
(0] RO -t e
¥* -3 ¥ +
~ > P~ Qo
o - — e O =] (Lol as)
s ¥ 4T A i ———
* -4 -1 o B o O
. L *xLl = O o BH
od ¥* -¥% O D N 20
] Nl = w>xXyy - =+ o
2 L F> 7 o - b=
o * T - @D o o g
wad Ll i *%x o et <) = = .
= 1] *C.—N o} = () o - — O
xan -— * > ®» F oF <] ANO o <L
*»T A - TS ~OF ~ F o e »D DD
sil * O Wi - O o . (] n— R
LIt k1 NZ #wo i M=% L O —4 20 0. . . .
<o+l od O % > = = o 10 = <<t o
=n=x ) ] - - XN LFL o] > ot ol LT . ot
DNOT + - %] -0 W OV . < 0\Jed n O ° s &N
N4 ot SO %R St O3 D~ <X DO SO O\ el
Ll i~ * —~0 bl *xJ * Kk~ 1 e~ . DALy J .. *(9
N oM o— (D H D etfDall o o~ D) > . - eyl uw o o >3
ToTon I Mm>Z #% +olopOdSd  —HN (s W o ST T o ouid ww o
[ ol of UXTLD mnd % #ed THO T DD LI LoD M 3 ) F A e N oeed Al
SRRTLIO M=l ek <L ¥ ¥ 3 o] iR LI oGl <THldbert ol o0y sy w0 PO < D> QL)
oIz N O fom D 3 ¥ OROp— * P D DZDOF A It OO SN0 A, F -1}
v ey, e=ACO b=t A%+ it 1| DN+ & sDS Z ¢ HaSOil HOZASOOT AR TH<C
T O FH SUL_ 1O % ¥ 0 JulT<C Z I cdedet 3 1 D440 DB >33 O H 3T H Ot D>
TRV AT L vtims Z = % T =i S el L LT = l=0. DO QL ] =t~ 1] ] et e Dy 3
I = TV 33 5] AL i N Zr O Jwetd ALLUI—L )AL o~ 2y )
ALML L 3= HOYO O## OXiCOTCIL il OOOCOLO LI L MO NS QOO OILIL OOk
LI PO VIV =R U D %O W._W_FF MWDIAII@QGCIGTDIQBGBQAIQ SO D DO
O %
(o ] Ol MERD i) =] i > o - 0 o 0
o MO RO oo -l - - ol o N o o
on O ¥R T =+ = 3 * s F = F

8*

A-12



1000.%)

Y
0
n
Pt
-
*
M~
-
=+ 1o 1N}
- T -
. =g o o
#* | -
1] —
Z oo H]
e ] | aad )
ot % -
3 o0 ~O
* (L 10 .i
- —— i
™~ [al1el} 1&
° o ~LlF
- o 33 el ~
- - LY LD .
o o e
3> 4 A0 104
—— i - w —._.I\E
D AN Lol P |
wd . =0 <L Lo~ »
O QA DD D=t
- QL xTe. ] LD
- 2y - Y - L4 ~ D5
o O ZO Lo [ [on) ~E .
. o+ — e~ L o e o=y .y % L
o * OO (L) P O o~ il .
=g < D3 3 - i<l =4 N e
¥ j ] 24 o | o = #* D *1D 3OO
>3 =S N eyl Ll e R 3 >3 |3
..t o - ANE=C O wio ot Rl — OJUY3D
& M Ddut D = 3 W F i+ N I e o« Qld= ¥ NOWA 0 & HTWN
g o Q=S < b ooHC) vt o et O o Ot I S0l G LG e O
DD ) =IO DT O il O e et OSLD (DO L O A H O OO = O D ) A D (D (DAL
GOEGH HILG OO LT ZIOH JODCOIO nao ZIKeOoO €S ZHEHGW
BT II0»0I 2H OO NHULT D eDHI O3 SFNTO ANt~ NTHTO »D 11T JF O~ {1FD
N - S - 2 T OHD HA AN el - DN -0 G0N =S I OGN H S 1 b= H S i b -
LNLwet L. ILCNT A AUV, AL A e ZA LA L JLNE =t T <
GEOOOORLID OOOO U L Lif 4N L D O D (XD O L1 OO MDD OO =HLIGEO M OO 10L O 1O
IJISDOYI FIS-IDH 2T QOLILINONTIV I TH DO IT I SO =TI IS I OONTSIBE
L e -t o wi M) o e} O o
o 9] ¥) ol ol o ol o o —t
F =+ - d F - - =+ =& =x =+
- - - -y -t -~

A=-13



34 %
%%
* ¥
* ¥
* 9%
* %
* %
%%
%% . -
* ¥ Q E o -~ %
* ¥ - -l ¥ 10
* % =z T3] =
3% % = * [TH
»* % ¥*
%% ~t H in
A*¥ - -
* % =t L a4
* % 0. o -
% # w < w
9% ¥ [ *
e (] o e~
% % it (41 TS
»* % o Q. - i
* < -t U1 xL,
% % e~ wn*
* % % 0O w0
* % #Un = E M
% % -ly < -t o
* % > - - Z+i0
* N T ¥ KD
* % -~ (] *T
w¥ * o I un
»* % o * = =N e
* % et = ]
% Qi x> W ew
%* * * % S O ey
3% * ~H - S
% ¥* el * | o S
3% g W Z 0=
Do *¥* <L L T %
o oo 3* % W, O -
oo I * % * * W ou -
Lo 3 | % * HE ~ T %
Fr O %% L XZ = b= IO
O % E (ST J ¥ o>
oD - *¥ ad o~ - T\
b O *% - <t .3 Uit I — -
ow »% Dl S ¥ el
oo O ¥k RE w1 i * 0O
> DD e~ <= * kst ul Pk ] e
¢~ O o *%k Z+= o W QORI
n R Xl D ¥ ¥ % - — T
o OO e D - O o ¥ AW - o - ¥* «
1 00K b= T 2 *% P~ x x 4 -
< o oeeD— (o B <] *% 1Z =+ (o le) Tatrgls
D 33 +D = ] * % HZ - = = ry =
@ Oull L = o - *¥  ddI * O -
—_ e g (55 > - J H¥ B3 [ O]4% =
= e (3O [ c ¥k +1> Led 1K =
M Ol o » —_ [ ] *% ~AND = D wo
+ D e L=t « O z 2 Z < - ET R L =t * % T
O I e * QD o~ Z Z o~ # OT = Hy
- ees we O . W oW 1D Xl #D ++Z = = .
e N e - .3 ~ N = S 2 Ol b g —~ o~
P ONOO e . - . @) O 4O %ray %< CJAEES WOk 1D wo —
T e e~ WALIO ] T D>ONIZITIORL —IA>D Faq) 4 o
Lo OG- O EORICACOL o+ OOt % # O IO I ol % o o« o ol «
D e dLIE ) o oILL oZ sIONOQLURDLUN] §} NS Sy O HO O ] —~0 e (R
DGO 0 a0 AVOZIZM » 30 GO _IOSORG_I_J #USOAHAXS ) o e ~—
I NADOHDD DDITZUDODO U IDITIOCIININSSORINP>ZZ Owy LSy =g ke Tl
e F—3E ST HHBWHI =Y (i 3 e D=L 3Tl - X -
AL L s e DL vwr Zor A L L Ol ity S Jdb=_F IS O -t
GQOOLOoWLs, LB OOU ZROGOOOMOUO O UMY > _J IOk OO0 > > wiid ¥ boq: 4
1 Bt Dty IIQQl.LIGGbGQG@QGQQQQQGQG*WVVDDCHT . e T~ T o
* [5) 5] &
of 2 N o b} o * RO -t oF (o T
o w0 L ¢ B o) o <o % ¥ 0 o o - O
o = + =+ g 0 %% n 0 Ty
-4 —t »* ¥*
Lo

A-14


http:IF(ENN.Gt
http:A.QGA.GT
http:IF(GGA.LT
http:IF(QG.LT.O..AAI.EU.26
http:F(QG.GE.0..A.AX.EO.26
http:IF(A1.EQ.25
http:QGA=16.94

SI-v

C ok ek K 3K sk deok e K ol sk ok
e UGH *

Cx*

25 FORMAT (xRHOGZ%FLy.

L=x FiO0.4» xVILZ®F10.4y
CxHO=*F10.4r *REGz* L

[ ]
* ook ok & ok ok oK * ok gk
IBETHE B S A I M o 4

o1
RO**BETA) ) %% (1,0/ALPHA)
LT «DelCL)GQ TO 510

) /2.

510
YHOF=HPULLL

B82h1 520

ok o 3 g o g g K K oK g K o o K st Ko K g K e o K s e K ok o g o gk o R o K s K o
e K g T o I o 2 e oK g T e oK i 3K g S g 2 g T o N e oK e K o e TR g 2K ol 3 ol oK e K s R s O g R st K e Ko K s 3 o K o K ofe
1521,700,7460

=

I =OGT O TOO
TOTMOOO NTOOOM

=T XN~ C
¥EN DTS- HHmEI

*

oo Ox %
oo o ¥ %

o POR
* %
G=iti=i oy
O 3%
Z~EZ%

~M—T

—f

KS

* ] H OCCU SINCE HO=%E12,5% WHICH 1S LESS THAN
*AEHE HEIoHRT AT PULLTHROUGH*)

O
lir=2

M~

m TroRfmc H
O ¥w DX DT e 4D |

TeVELTAC)GO 10 602
ME+DT IME

?Mgllo.
LF S TINES 1o 603
VTANK=DVTANL
M%:D1IME*1DM_
L THROUG CCURS BbETWEEN*EL4 o 7T#SECHk*p AND*E 144 7*SEC*)

-

=~ I

o

o

o
=G C < =TG- T
—HOCOMNO 4O ME

= —~—i

M= B 2-mt
—E oo

=

—-—
—

R SO

o
M
o
3 @ Ti® G

U
526)
" PULL THRQUGH IS5 IMMINENT HOFZHU *)

o o F e o K o K o K o R ok K kK o o S Tk g o e o S ok R s Kok Ok e o R e K R ok 3K o o oK o ST g e o R o 0 ok K sl B e o o R ol K

L(20)y TIME,VOLTAN,

4

2U},IT,NO
EFILL.(20)
s NIy DVTAN 0YeTI(20) Q0¥

noo

MO, TANKY
HSTART ¢ K
p Q0P QO


http:ALPHA3.0+(HOX/RO)**.1U
http:C*Hbo*FO.41
http:VIL=*Fl0.4p

o b=

| ol -

~— - - 1

~ = - =z —~
— <L -~ <L -4
-~ - - = —r
x P | L =) x
-t [& T4 ~ [ T 4 =

~— > QO o > O <

-~ - X A - |

- W = o bl - -

— = o~ -3 = - —
IR - O [ ] [ = ~
(Y} - - | ] ~
o - e ~ - ~
ot — = -l ~ P
i [T U — [ 2 [
_a.mu.— N - Il..v O - -
- -~ — - — .
- - Q - D =z
it Q0 4 OO0 <
~ - A -~ A -
¥* N O ~ A ] =

— ZQ — ol ]

- <X -~ XS

X el W ] —1 = rd

L 0O L] - =T

- O -~ 20N -

-1 2T o =L« i

O - g i - .y o

- O~Z <o o~z >
¥ 2oL > iy 55 4 -

Pl - l— [} =\ *

<L L™ ] - Lt -~

o — 0 < o0 -~

4 “ale -4 a_le ¥

e ) Lo | bl syt O =
= DU * 2u.Z DN

~— [aX1 71 30N — o] - fo =4
o | ~ N - - Lf) O
=0 D=0 O e D0 ol el

> U - - T o I
oY OY = O - DX - (el |
0= >Z L and - = 4 —(D
-y ~<Llid Q acyp} et
b~ by o oL e~ DT D
Er e Ju - o o ol = e = TAT =
el T N T e N el —l—ct it
Laaad a k- 8 . -t x b et oA - |

L ot =D 2 QO Zh= D~ ZO0L & 3
e =000 - LoD <L S b
. g f | DT~ o d =T 0 o o P [

s_j 4 o e OO0 = - L % —
~O Wz O.3ZN A>T 2 AZuW iy £ I O
=<k SOLN e el 0L N b Wt [} =

D = e B Y I t PO D ) =z -

& Jd2e-3 we>g it r—xXO — W eI oz L 2 z

- 1D ZO v aT) =i e Yt = Z0 e n Tl ) <€ T

N s> Wil B T e na g TR L Y T IX—~Z & ~ Wit

H W=D — 00 O I—0—2 = Ol RZT~Z0onXIN2ED

b LUIZ =2 ZEZ DZNNO 4+ IS o Fr-ZZ D20 JLlixSil It ZNHNZZ
1 XL N O DD 2 OO MDD T OO rwr | OE=ZrA = O Y O Z -0

et b S =2 XEZ O ma>>nT--Te2 XEZulNt D> 2 e T2 e Z e T
fl~_l=_§ ZZ—YDELX 3§~ 11 =1} ZUNZ-OATCx L <€ ZL 20
QKFOFOOOO:&NUOT.AOKFBFOOOOOENUOT:AOKFFTNFTOTOOTOEN
UIlVEVGCCB&SC.WWUII.DIHGCHCRE&CWWDIIIHMIHGHGCHCRE
o
0N (=] F O NOr9
o W
th O

A~16



«sCOCh e
M~ o Qe
i .
- ;
L}
- W - M) sevivd o) F .
=z U} = )+ K~ a0
<t [ & ] < P~ OO0 e -
- < - -l LA=18 on
=] ¥ -4 O e~ OO
o X — Qo X =
- 2 > O
- 3 — a O N D e
b = S L} - - Tel- & Fo
= o~ (1)) = - — Ol e e
- O w - O - QOIP acdl) o o0 felle]
| andA Y L = N x I e~ D)
[ S < - o MU O =0J
- (=] [ Py [ ] ] L o
< - * Low T S | =] M0 [telle)
fa\ ] - —~ o - [ o fo] —f -
e -~ -y - D et o [ 1]
P x . X ) e O 0
[#XeTaV] -t oO0ON ~— [4!iTo ) gow} o
= Ml — 2ol — N
X -O HI X O - Q- »
Z -0 o Z—0 ~— ] o +FDOMOY s gl
LD <X T ~ WO O QNG ).
el - I <l ™ — O O e~ e -
L ] [] - — o =) «LlD) 0o
oD — one -t —i Q- MO -t
b S = ElLl = prd - ot
- ey — - oy S -
Q7 bt O~z - OO OO o0
Z L al 20 L Ot ) e D1} »
palat] o x - O\ I OO0 @ oD oK) of~
| > <L > TR ] I & ¢ )OO s OUOM
M T I 0 = LN Oooo MOOQ
a_}a S a ] - -t e NO O
i . o bl ] - L
P 1V ~—~ =R 1 —r o MDD o oD
N - NoeJatEoN L) - * WO DO o
~ Y} » ~ N -~ UY ovd e F i o)
D0 DOm D — LAV TS RO L 193
o mel [ S J ae o= 40 Akf)
OY = 1% OX = ho O = o o)
>Z o0x >Z < O O
weglgd (DD s {id ol ] sl it OO~ D » 8O
o~ -y —~——l o~ Y - o] DLONMNRNDOND .
ST —~<L } DT o et +Q] oD 0D
N aT] —t bi 1L N T oY o0 8Dd )
— - = — e~ - —~ O\ )
o e ) i, LY | st Lo —~
o No Lileg oo Laf—
L TN & eI EIT—N e O30 e e
D e <L b O a) - = D « D0 + DML OO) »
Z_3Zwn A+ S1.2ZWn -3 el O & D0 o) S D
R (0N E¥y] ] * S — B O - L 03 a(\j el [ Xa\]
D2 IZT = et =000 -+ =ed N~
i =g o 6D =z [FHRE ST SV AR P 4]
Z0 - my -t ~— 2D m e ot <
T ] <~ TR A T O o~ bl WO » o) e
=~ ooD-lblny SN = D00 Y~#DD NN Ot @
DZ Ao or X Q) ZOZZ DZNNEA-OX ZZZ I e ol F eM)ed
D=~ DLELL OHLHAY, QO == QDO o) el [ e
XZTZUN—LTIH D XS ZU NS ——D SO0 & &) 1O
PELY H~——iNt~ ZVNZF-IDNZTICE ti~=il1l ZZ—2 Q0 & OXN)

DO =LOXY U LO ~O0UOLZ D04 OpGOCO0OWZ N O
NO T DA X QLSO LN O LT O X300l TN Neeo\] » 0 e 800 2
QO o L0 OO~ OODDOOC »
YD o . —
0

A-17


http:ChTAN(20),VTANK,(2U)rH[ANKPTREFILL(20)PHSTART.KO

APPENDIX B
CUTTFLOW COMPUTER PROGRAM LISTING

DREGS2

This program predicts liquid levels and volumes in a draining tank containing a capillary
device. The equations for screen flow and vapor pullthrough are taken from Cenvair test
data correlations, however these correlations may easily be modified to suit the conditior
of the problem being run. The-program is limited to the high Bond number case. The
iterative ;c%plmique employed uses a modified Regula-Falsi convergence procedure.

Y
Fi :f‘

All‘inf)u% variables are given in 8 consecutive cards in the initial portion of the program.
These variables are defined in the comment cards. Input flags are given 4 cards before
this group of inputs. The input flags are; N, the number of cases input, NI, the number
of tank volume vs height entries and NO, the number of capillary device height vs
volume entries. With the flag card placed as shown, the flag card need only be input

in front of the initial case.

Output statements are underlined in the Fortran listing for a sample output.
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