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FOREWORD 

This report is submitted in accordance with Exhibit C of 
Contract NAS9-l0480, dated 19 February 1970. It documents and 
summarizes the results of the entire contract, including 
recommendations and conclusions based on the experience and 
results obtained. The document includes tables, graphs, diagrams, 
curves, sketches, photographs, and drawings in sufficient detail 
to comprehensively explain the results achieved. 

The work was performed in the Fluid Mechanics Section, 
Thermodynamics and Fluid Mechanics Department, of the Martin 
Marietta Corporation, Denver, Colorado. The NASA Technical 
Monitor was Mr. Jerry C. Smithson of the Power and Propulsion 
Division, Manned Spacecraft Center, Houston, Texas. Martin 
Marietta personnel who made technical contributions to the 
program include: Richard P. Warren, Ralph N. Eberhardt, James R. 
Tegart, and K. C. Lunden, who worked the parametric study 
(including development of the passive retention/expulsion 
device computer model); and Dale A. Fester, T. Richard Barksdale, 
Dennis E. Gilmore and Robert Wilson, who designed the subscale 
model delivered to the NASA. Dr. Ralph E. Hise was responsible 
for the test plan to evaluate the passive model under one- and low-g 
(drop tower and aircraft) using nitrogen as the test fluid • 
Mr. G. Robert Page led the Shuttle Orbiter p01nt design effort. 
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ABSTRACT 

The objective of the program was to achieve 6 thermal performance increase 
for the subcritical storage of cryogens during lOT-Y g by using passive retention! 
expulsion systems.' Several different ~assive r.:oncepts are described along with 
the basic design studied, the so-called "dual-screen-liner." The latter positions 
and stabilizes the liquid and gas for expulsion and venting, respectively, by the 
proper positioning of foraminous material within the storage tank. The d~sired 
fluid separation and control are achieved by ullage and surface tension forces 
acting at the surface of the foraminous material-The system is, therefore, 
completely passive (no moving parts) and requires no additional energy source. 

Tne dual-scraen-liner was modified, as required, to satisfy a wide range 
of subcritical storage applications for oxygen, hydrogen, methane, and nitrogen. 
The parametric results are presented for both spherical and cylindrical tankage 
(L/Ds5 for volumes to 500 cu ft and L/DsI0 for volumes of 1000 cu ft and greater) 
and .for liquid outflow rates as low as 3 lb /hr to as high as 100 lb /sec. A 
cons:tant heat leak of 0.25 Btu/hr-ft2 was a~sumed. A point design w~s made for 
the low-crossrange Shuttle orbiter (50.,000-lbm payload) and the recommended 
passive design for the L02 and LH2 storage is presented. 

No testing was conducted; however, a detailed test plan was formulated to 
verify the dual-screen-liner design and demonstrate its venting and expulsion 
performance using a subscale model with liquid nitrogen aa the test medium. 
The proposed testing, including bench (I-g) and drop tower and KC-135 aircraft 
(low-g) tests, is described with the model design. The latter was fabricated, 
assembled, and checked out at Martin Marietta prior to delivery to the NASA-MSC. 

., 
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NOMENCLATURE 

Subsc r ip t s  

Area, f t 2  

Acce le ra t ion ,  f  t / s e c 2  

Bond number, d imensionless  

Heat capac i ty ,  Btu/ lb  O R  m 
Diameter, f t ,  i n .  

F r i c t i o n  f a c t o r ,  d imensionless  

Conversion f a c t o r ,  32.174 lbm 
f t / l b f  s e c 2  

Enthalpy,  Btu/lbm 

I n i t i a l  cond i t i on  

Entrance l o s s  

C a p i l l a r y  

Critical 

E x i t  cond i t i on  

Viscous l o s s  

Gas 

Hydraul ic  

Liquid 

K Ra t io  of Vent Rate-to-Evapora- m Mixture 

t i o n  Rate max Maximum 

Thermal conduc t iv i ty ,  
~ t u / h r  f t  O R  

Process  a t  cons t an t  pr, ~ s s u r e  

s Surf a c e  
L C h a r a c t e r i s  t i c  dimension, P t  

s v  Sa tu ra t ed  vapor 
M,m Mass, l b  m T T o t a l  

P Pres su re ,  lb f  / i n .  2 

Q Heat r a t e ,  Btu /hr  

"I Heat f l u x ,  ~ t u / h r  f t 2  

G a s  cons t an t ,  f t  i b f / l b  O R  
m 

v Process  a t  cons t an t  volume 

vh Ve loc i ty  head 

R1 Inner-screen r a d i u s ,  i n .  
I 
R2 Outer-screen r a d i u s ,  i n .  

r Rad ia l  c o o r d i n a t e  

T Temperature, O R  

I n t e r n a l  ener  + y ,  Btu/ lb  m 

u Radial v e l a c i t y ,  f t / s e c  

v volume, f t3  k 
S p e c i f i c  Volume, f t 3 / l b  m 

W e  Veber number, d imensioniess  



Symbols 

Cryogen-to-tank volume fract ion  

Kinematic surface tension,  f t 3 / s e c 2  

Enthalpy d i f ference ,  Btullb 
m 

AP Pressure d i f ference ,  l b  / i n .  2 
f 

AR Vapor annulus gap, i n .  

' f Ratio of s p e c i f i c  heat ,  dimensionless 

5 Liquidlgas density  function, dimensionless 

9 T i m e ,  hr,  s e c  

X Latent heat of  vaporization, ~ t u l l b  nt 
P Mass density ,  lb  / f t3  m 
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I. INTRODUCTION ,-, _ ....... 
As shown in a number of recent studies, 5.ncluding Ref I-I and 1-2, the 

most attractive method to provide low-g propellant orientation and control 
uses ullage and surface tension forces only. Foraminous material, screen and 
perforated plate, is configured within the storage tank so that the ullage and 
capillary forces acting at the surface of the material properly position and 
stabili.ze the liquid, as described in Ref 1-3. These passive control systems 
have been used successfully in a number of vehicles using noncryogen propel­
lants, such as Agena~ Transtage, and the Apollo CSM (Ref 1-4). 

During the initial phase of this l4-month program, various passive 
concepts proposed and/or being developed for cryogenic storage (Ref 1-5 thru 
1-9) were briefly reviewed along with the Martin Marietta dual-screen-liner 
(DSL). Except for the latter, none of the others are designed to provide 
(by themselves) all three of the following: 

1) Gas-free liquid expulsion on demand; 

2) Tank pressure relief, as required; 

3) Near-continuous bulk propellant control. 

The other capillary concepts are designed to provide liquid only. Additional 
subsystems are required to satisfy the other requirements. For example, 
thermodynamic vent systems are incorporated to relieve tank pressure with, or 
without, propellant mixer devices. Conversely, the DSL (by itself) separates 
and stabilizes liquid and vapor to afford direct venting of vapor, as well as 
liquid expulsion. It also positions and maintains the bulk propellant away 
from the tank wall by providing a thin layer of vapor between the two. The 
DSL configuration is an efficient device for controlling and stabilizing the 
bulk propellant (Ref 1-10 and 11). By holding the bulk propellant away from 
the tank wall, it tends to minimize any stratification problems. For these 
reasons, the DSL was selected as the baseline passive retention/expulsion 
concept for this program. It was modified, as required, to satisfy the 
wide range of potential storage applications studied • 

The program, as shown in Fig. 1-1, was divided into five separate tasks: 

I - Design a passive retention/expulsion system; 

II - Conduct a parametric study to indicate range of applicability; 

• 
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Task I - Design a Passive 
Retention/Expu].sion System 

Review Passive 
Control Concepts 

I 
Select DSL Concept 
as Baseline 

DSL Design Analysis 

Preliminary Design of 
DSL Subscale Model 

",-
NASA-MSC 

Review and Approval 

Detailed Sub scale DeSign~ 

Submit Design Drawings 
to NASA-MSC 

Task IV - Fabricate the 
Sub scale Passive Device 

-I 
I Procurement I 

~abrication ana Assembly 'I 

l Subscale Hodel Checkout 

Deliver to NASA-MECI 

Contract Go-Ahead 

Orientation Meeting 

J 

at NASA-MSC 

I 
Program 

T 
Plan 

I 
Task II - Conduct a. Parametric 
Study to Indicate Range of 
Applicability 

Review Applications 
and. Requirements 

I 

Develop DSL 
Conduct Analytical 

Model 
Tradeoff::. 

I 
Conduct Shuttle 
Orbiter Point 

~ . 
Design 

Parametric Study ~ 
Results 

1 
, 

Task III - Formulate a 'rest Plan .)" 

~ 

1 
-, 

Develop Test Requir,ements 
-Bench Tests 
-Drop Tower Tests 
-KC-135 Aircraft Tests 

I. 
i , 

Identify Test Procedures, 
Instrumentation., etc 

I 

Task V - Reporting I 
.1 

IMonthly Progress Reports~ 

ITest Plan, ~CR-7i-38 I 
Contract Summary Report, 
MCR-7l-37 

Contract Final Report, 
- MCR-7J.-58 

~ 

Figure 1-1 Program Work Pl.an 
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III - Formulate a test plan; 

IV Fabricate the subscale passive device; 

V Reporting .. 

The baseline DSL concept was compared to other control and venting methods 
during Task I. The subscale DSL model, to be used for the tests describud 
during Task III, was also designed during the initial task. 

The parametric study (Task II) dealt with storage of hydrogen, oxygen, 
methane, and nitrogen using the DSL in spherical and cylindrica12tankage from 
5 cu ft to 10,000 cu ft. A constant heat leak of 0.25 Btu/hr.-ft was assumed 
for all fluids. The tank pressure range was 14.7 to 150 psia. An acceleration 
environment ranging up to 7 g (during boost) and 0.02 g (in orbit) was considered. 
The propulsion duty cycle included up to 20 restarts with the burn duration 
ranging from 1 sec to depletion. Liquid expulsion was as low as 3 Ib /hr and 
as high as 100 lb /sec. m 

m 

A point design was included as part of the Task II effort along with 
development of an analytical model for the DSL. The point design was for a 
low-crossrange Shuttle orbiter (50,000-lb payload). The parametric analysis 
and point design did not include feedlinemand associated chilldown problems, 
nor were pump requirements (NPSP) handled directly. 

Although no testing was conducted during the study, a detailed test plan 
was formulated during Task III to obtain operational information and data on 
the DSL. These tests are essential for verifying the DSL concept and assessing 
its practicability for cryogenic storage during low g. The plan, detailed in 
Ref 1-12, includes bench tests (one g), drop tower tests and KC-135 aircraft 
tests (low-g) using the subscale DSL model with liquid nitrogen as the test 
fluid. The DSL model was fabricated, assembled and checked out at Martin 
Marietta (Task IV) prior to delivery to the NASA-MSC at the close of the 
program. 

The results of this program are presented here and in the following 
reports (Task V); 

1) Summary Report, MCR-7l-37, Martin Marietta Corporation, Denver, 
Colorado, July, 1971; 

2) Test Plan - Sub-Scale Dual Scr~,en Liner Retention/Expulsion System, 
MCR-7l-38, Martin Marietta Corporation, Denver, Colorado, July, 1971. 
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II. SYSTEH SEL.t<"lCTION 

The DSL was selected as the baseline passive retention/expulsion concept 
for this study. As mentioned in the Introduction, it can provide liquid 
expulsion, tank pressure control, and a near-continuous propellant control. 
A number of propellant control concepts are briefly discussed in Section A 
with the DSL described separately in Section B. Vapor venting, as provided 
by the passive DSL, is compared to other venting techniques in Section C. 

A. CAPILLARY SYSTEMS 

Capillary systems pose design problems with regard to stability and 
control of the fluid to assure single-phase fluid withdrawal. Additionally, 
tank loading is a concern, as are material/propellant compatibility, and the 
fabrication, cleaning, handling, inspection and maintenance of the passive 
device. The latter, so-called "hardware" considerations, are particularly 
important to the reusable Shuttle orbiter. 

Stability criteria are available for selecting pore size of the foraminous 
material used in the capillary device configurations, as discussed in Caapter 
IV. Whether the capillary system is a small trap or a near-complete liner, 
screen breakdown* under vehicle maneuvers during the entire mission is a prime 
design consideration. Th~ high-g boost phase, for example, tends to dictate 
a small trap device over the liquid drain which is submerged in the propellant 
during boost. This may eliminat~ the breakdown question, at least during 
boost; however, the trap device must: be refillablet with liquid expulsions or 
become unattractively large in size. 

In addition to reducing the size of the passive device to afford greater 
stability, the designer may use finer foraminous material of micronic pore 
size. If this material is still not adequate to provide the desired control, 
the material may be calendered or additional layers may be used. The calendering 
process (Ref II-I) will yield an increase in the pressure retention on the 
order of only 15%, or so, whereas stability may be increased in a near-linear 
fashion wi.th the addition of foraminous layers (Ref 11-2). However, if ten 
layers of screen are used in a passive design, up to nine may break down. 

-/, 
The term, screen breakdown, is used to repre~ent the condition where the 
liquid/vapor interface at the surface of the foraminous material becomes 
unstable, i.e., vapor displaces liquid, and vice versa, through the pores 
of the material. Bubble point, a direct measure of interface stability for 
a given foraminous material, is discussed in Section E.2 of Chapter IV. 

tRefi11ability is when the design allows for ullage to be purged from the trap 
by liquid displacement during expulsions. If the ullage cannot be purged, the 
trap volume must be increased to contain sufficient propellant to meet the 
expulsion requirements. 
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Gas is then between each of the screen sandwiches to the tenth screen. This 
poses a critical problem as to ~.,hether there is direct communication between 
the bulk propellant and the liquid stabilized by the tenth screen, or whether 
the gas pockets have interrupted the desired communication. The layered 
foraminous design also tends to present more stringent quality control, 
fabrication, and handling requirements than do single-layer devices. 

Vaporization of liquid within the controlled propellant region due to heat 
leak into the cryogen through support structure, tank walls, feedlines 
(engine heat soakbac~), and from warm pressurization gas, for example, is 
another major design consideration. It is critical to the so-called "zero 
heat leak" designs where no vaporization is allowable in the controlled region. 
It tends to be less critical with the DSL where a controlled region is provided 
for vaporization to occur during storage. 

Weight, complexity and reliability are also key considerations, 
particularly for large, integrated, reusable cryogenic storage systems such as 
for the Shuttle orbiter. The primary attractiveness of the capillary devices 
is that they are completely passive, 1. e., they have no moving parts within the 
storage tank. Tne use of a single valve in the trap system to assure refill­
ability, as in the device described in Ref II-3, tends to reduce this 
attractiveness. 

Capillary systems are invariably designed to function over a limited 
range of operating conditions that are highly mission dependent. Additionally, 
to minimize residuals, the capillary design is a function of the tank geometry. 
System designs to supply the relatively small flow rates required for attitude 
control motors or restart requirements for the main thrusters may not necessarily 
satisfy the requirements for the supply or receiver tank for an orbital transfer. 
~nen propellant tanks are to supply propellant for AV maneuvers, the drain is 
located so that the thrust produced will tend to position the propellant over 
the drain area. The capillary device for this type of application must supply 
propellant only for engine start and until the bulk propellant has been settled. 
When propellant is supplied for ACS maneuvers that do not necessarily produce 
settling of the liquid, the sump (or trap) can be refilled via capillary 
feeder ducts that provide communication between the trap and remote locations 
within the tank. These feeder ducts will not generally have sufficient cross 
section to provide the flow rates required for an efficient low-orbital 
transfer. To provide sufficient flow capacity for orbital transfer under the 
condition of zero or small accelerations, a total orientation device such as 
the DSL is required. 

For cryogenic applications, venting of the storage tank to control pressure 
must be considered. At least three methods exist to accomplish the vent function: 
(1) the capillary device may exclude liquid from an overboard gas vent; (2) the 
vehicle may be accelerated during a vent cycle to ensure a dry vent inlet; and 
(3) the capillary device may provide liquid (preferably gas-free) to an open-loop 
refrigeration system that will absorb the heat load on the vessel. The first 
method can probably only be accomplished with the DSL. The. second is undesirable 
since it affects the flight path. The third method is one which has been 
e'ilployed in specific system designs (Ref II-3 thru 11-9). 
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In addition to acting as a liquid acquisition device, the capillary system 
must filter entrained gas bubbles from the outflowing liquid. This is generally 
accomplished by screen filters located near the tank outlet and positioned 
normal to the flow. The flow streamlines in the vicinity of the exit are 
shaped so that bulk ingestion of gas into the outlet is precluded when the 
outflow rate is high and liquid level is low. The Advanced Maneuvering 
Propulsion System (A~WS) design, for example, tends to accomplish this flow 
streamline shaping by locating the spherical helium tank adjacent to the 
exit (Ref II-3). The outflow from the DSL occurs from the liquid annulus, 
thus the streamlines are similar in shape to those in the AMPS configuration. 

A capillary design for a cryogen tends to be more complicated (relative 
to designs for space storables) in that the liquid containment device must be 
thermally isolated from the environment. Otherwise, vapor will be generated 
within the device. The DSL accomplishes the required isolation by creating a 
vapor layer adjacent to the tank wall; vaporization thus occurs from the outer 
surface of the liquid annulus. A start tank design may accomplish this by 
immersing the tank in the bulk fluid. Vapor generation within the liquid 
containment device in the AMPS design, as proposed by Lockheed Missiles & 
Space Division and General Dynamics/Convair (Ref II-lO and II-II), is precluded 
by refrigeration of the sump region by a liquid vent heat exchanger. 

B. DUAL-SCREEN-LINER CAPILLARY CONCEPT 

The DSL is unique when compared to other capillary concepts because it 
passively controls the bulk propellant during low-g. This is accomplished by 
a complete screen device within the storage tank that is capable of encasing 
all of the bulk propellant. This complete liner isolates the propellant from 
the tank wall during the low-g storage period. The region between the liner 
and tank wall is, therefore, devoid of liquid and provides a controlled volume 
from which vapor can be vented to control tank pressure. This volume is 
limited by the ullage gas volume since, as mentioned, the liner encloses the 
bulk propellant. 

Vaporization of liquid at the surface of the foraminous liner tends to 
thermally isolate the bulk propellant by intercepting heat. The vaporization 
process, however, tends to raise the pressure in the vapor region. The pressure 
buildup may be relieved by venting gas overboard. If the pressure is ailowed 
to increase (no venting), gas will break through the screen and enter the bulk 
propellant region. Breakthrough will ~csult when the difference between the 
pressure in the vapor region and that of the bulk liquid exceeds the bubble 
point of the screen. 

Single-phase liquid may be expelled from the tank by providing another 
capillary device within the liner to provide a preferential path for gas-free 
liquid to flow to the tank outlet~ on demand. This second passive device may 
be another foraminous liner (from which the DSL term was coined) or it may 
assume other geometries, as dictated by system/mission requirements. Several 
different DSL configurations, are shown and discussed in this section and in 
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Chapter V, Space Shuttle Orbiter Capillary System Design. There is no single 
DSL design best for all appl:tcations. For example, the best DSL for a 5-cu-ft 
LO tank may not necessarily be preferred if scaled upwards to a 500-cu-ft tank 
ap~lication. It may be less efficient, too heavy, etc. Each application must 
be reviewed to yield the best DSL system design. On the other hand, the design 
for the Shuttle orbiter (Chapter V) is flexible and can be used efficiently 
for a range of orbiter missions. 

The DSL concept serves as a baseline for this discussi0n. It is composed 
of two concentric annular regions, as illustrated in Fig II-I. The outer-annulus 
adjacent to the tank wall becomes filled with vapor under low-g conditions. 
The inner-annulus is filled with liquid during tank loading. This liquid 
annulus is stabilized and maintained during boost and low g. The central 
region contains bulk liquid and an ullage region. Liquid is expelled from the 
tank from the liquid annul-us, which is supplied with liquid from the central 
region. 

Stability of the liquid annulus is assur~d when the maximum hydrostatic 
head for the configuration is less than the p'ressure retention (bubble point) 
for the screens forming the annulus. However, che maximum head may exist 
for briE!f periods (lor 2 sec), such as during an ACS maneuver. Centrifuge 
tests rE!su1ts (Ref II-12), have shawn that the amount of liquid lost during 
such short periods mny be negligible... A design alternative is, therefore, 
to desig'Cl the passive system to support hydrostatic heads that exist for 
sufficiently long durations and the amount of gas ingested into the liquid 
annulus would be great enough to pose a serious degradation on the DSL 
performance. 

To support liquid within the central region, the pressure in the outer 
annulus must exceed the ullage pressure within the central region by the 
amount pah. On the high side, the pressure difference b.etween the gas annulus 
and bulk regions must not exceed the bubble point of the screen forming the 
outer-surface of the liquid annulus. If this bubble point is exceeded, gas is 
ingested into the liquid annulus. To ensure that this does not occur, either 
gas must be vented overboarrl or communication ports may be provided between 
the two regions, as shown. A screen with a lower bubble point than that 
forming the liquid annulus is located in the com~unication port and is wetted 
by liquid from the liquid annulus. The wetted screen condition is required 
for support of the bulk propellant . 

Vapor venting to control tank pressure occurs from the outer-annular region. 
A fine pressure control (less than 0.5 psi, or so) is needed if the bulk liquid 
is to be continually supported, i.e., kept out of the outer annulus. This 
pressure support was discussed in the previous paragraph. Venting may be 
intermittent or continuous, as desired, with continuous support of the bulk 
propellaut. A different venting scheme may be used when the acceleration 
vector acting on the vehicle is known. For this type of venting, the fine 
pressure control requirement is not needed~ As an example, during Earth 
orbit, the direction of the steady-state drag vector acting on the Shuttle 
orbiter is known. As a result, the probable bulk propellant location in the 
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tank under this vector is known. If a sudden and dramatic reduction in tank 
pressure were desired, vapor could be rapidly vented from the outer annulus 
through the nonpropulsive vent. If the vented mass rate is large, the 
communication screen will break down, possibly even dry out. The sudden 
reduction in gas pressure in the outer annulus may result in loss of the 
bulk propellant pressure support. Bulk liquid may, therefore, enter the 
vapor annulus. To preclude liquid being ingested with vapor, the vent should 
be positioned on the tank wall opposite where the drag vector tends to 
position liquid. This type of pressure relief, whereby the tank pressure is 
reduced significantly, tends to produce: (1) ullage in the bulk region 
entering the gas annulus through the communication screen and being vented 
overboard; and (2) ~iquid vaporization at the liquid/ullage interfaces in the 
tank, including the liquid annulus region which is not necessarily lost 
during this rapid pressure sequence. (As not~d earlier, the screen material 
for the liquid annulus is selected to provide stability under the low-g 
accelerations.) The first condition is desired, i.e., gas, rather than 
liquid is vented. The undesired liquid vaporization is not unique to this 
drastic tank p:~ssure relief (greater than the 0.5 psi restriction posed by 
screen bubble point limitations). During the fine pressure relief, vaporiza­
tion of liquid in the liquid annulus is also a design concern. As discussed 
earlier, vaporization at the outer screen tends to thermally isolate the 
bulk propellant from its environment. The liquid being vaporized is at the 
saturation temperature dictated by the vapor pressure in the gas annulus. 
When the gas pressure is reduced during venting, the liquid will tend to 
vaporize. Based on earlier Martin Marietta bench test results of a DSL 
configuration (200 x 1400 mesh screen) using pentane as the test liquid, 
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this vaporization phenomenon did not produce formation of vapor in the liquid 
annulus during venting (Ref 11-13). More quantitative data are needed to sup­
port these qualitative results. 

Pressurization gas may be introduced into either the bulk or outer 
annular regions. With the latter, pressurant flows from the outer annulus, 
through the communication screens, and into the central region displacing 
the bulk liquid during expulsions. 

The DSL will have little effect on separating and controlling the 
liquid and gas phases before and during launch, because the small capillary 
forces will not be dominant. Wnen the low-g condition is reached, vaporiza­
tion will cause pressure to rise in the outer annulus and force any liquid 
there into the lower-pressure bulk region. If desired, this process may be 
hurried by pressurizing the outer region. Once the outer annulus is devoid 
of liquid, vaporization occurs at the outer surface of the screen forming the 
liquid annulus. 

A variation to the baseline DSL is to configure eccentric regions between 
the two single-layer screens and the screen/tank wall. This variation is 
pictured in Figure 11-2. The vapor annulus gap is greatest in the vicinity of 
the vent port. The liquid annulus is narrowest at the liquid drain. The 
possible effect of gas ingested into the liquid annulus during screen 
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breakdown during laun~h, for example,* may be lessened with this configura­
tion, because the ullage bubble (neglecting temperature gradients and resultant 
thermocapillary effects, Ref II-14) will tend to remain away from the liquid 
drain during low g, as well. This is based on the prinCiple of minimization 
of surface energy. Conversely, any liquid in the gas annulus will tend to be 
positioned away from the vent. 

There is some possibility that capillary pumping during low g will tend 
to reduce the volume of ullage trapped in the liquid annulus; however, if 
Dutch twill metal cloth is used, the probability is remote (Ref II-2). If the 
ullage is propellant vapor, it may collapse completely during subsequent 
pressurization and tank pressure buildup. The screen trapping the bubble will 
intercept the heat leak provided it remains wetted. If it were to dry out, 
liquid would tend to refill the annulus during rewetting of the screen. In 
other words, the passive device can, by itself, correct certain undesired 
conditions. 

Expulsion efficiency and system weight become more important as tank 
size increases and tend to dictate use of the DSL configuration, as shown 
in Fig. I1-3 with separate liquid passageways joined together above the 
liquid drain port. The number of channels is dictated, in part, by the 
degree of corrnnunication desired within the complete screen liner. The screen 
channels present an acceptable method to reduce system mass (dry weight) in 
comparison to a complete inner liner. The cross-sectional flow area of the 
channels may be triangular, circular, etc, as dictated by fabrication 
considerations and flow area (including entrance from the bulk region) require­
ments, based on the expulsion flowrates. Expulsion efficiency for the DSL 
is discussed in Section C of Chclpter IV; system mass is documented in 
Section E.2 of Chapter IV. 

C. COMPARISON OF DSL TO OTHER VENTI;~l} TECHNIQUES 

To maintain steady conditions wlthin a vessel containing a cryogenic 
liquid, energy must be convected out of the system via the vent gas at a rate 
equal to the rate of heat transfer to the vessel. The vent rate, which will 
maintain steady conditions, will be minimized when the energy addition to 
the vent gas is maximized. In the venting process normally considered, the 
vent gas leaving the system is saturated at the tank pressure. With the 
dual-screen-liner there exists the potential for superheating the vent gas 
and thus reducing the vent rate. The liquid or thermodynamic vent system 
achieves an increased heat addition by causing the phase change to occur at a 
reduced pressure. For the Shuttle orbiter tank pressure range, the DSL and 
liquid vent systems compare favorably. 

A heat balance on a cryogenic storage vessel which receives heat at 
rate Q, and which has outflow rates of liquid and gas of mp and mg' yields 

* As discussed earlier in Section A, additional screen layers may be used for 
greater stability, as well. 
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Qd9 - m h dQ - m h dQ = dU i Ie g ge 

= m dU + U dm + mr dU + U dm 
g g g g . i ,f ) (II-I) 

The enthalpies, hJe and hge' are to be evaluated at the system boundary. 

The inte~nal energy of the system is represented by U, time by Q) and mass by m. 
The subscripts (and g refer to liquid and gas. If the vent system comprises a 
liquid or thermodynamic vent with a heat ~xchQnger, the system boundary is 
chosen to correspond to the exit plane of the heat exchanger. The continuity 
equation for the liquid and gas phases within the tank yields, 

dV = -dV g .f 
or 

dm dm 
-1.. = - ~ (11-2) P" P g 

where pis the density. A mass balance equating the outflow quantities to the 
change in mass within the tank is written 

:.. (mD + m ) dQ :: dm + dm 
A g j g 

where the minus signs result since m 
. 1. and m are positive for outflow. g 

(11-3) 

Replacing the internal energy terms in 
with Eq (II-I) and (11-2) yields 

Eq (II-l)'Nith h-P/p, and combining 

Q dQ - ; dQ {~h + A ( 1 )} - ~o dQ 
g g ~ - Pg ~ 

where ~hJ and ~hg are the enthalpy excesses of the vent fluids relative to 
the stored fluids. 

1. Case I - Tank Conditions Steady, No Liquid Outflow 

For this • case m
J = 

dU := 
g 

dUj = 
Solving for m in Eq (11-4) 

g 

• 

0 

0 

0, and 

(11-5) 
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where 

.. 
~- Equation (II-5) is applicable to any vent process. With saturated vapor 

venting, ~h = O. With the dual screen liner, ~h may be finite, in '='1hich g g 
case the vent rate. 'tvill be reduced from the previous case. 

~., \~ 
, • c. ~ 

j 

i, 

1 
-'p .. 

The function ~ is plotted on Fig<, II-4 for the four study fluids in 
the pressure range 15 to 150 psia. Note that with all the fluids except hydro­
gen, ~ differs very little from 1.0. With hydrogen it LS clear that in the 
higher pressure range it is important to account for the correct value of t. 

2. Liquid Vent Process 

The liquid vent process is best described with reference to pressure­
enthalpy coordinates. Pressure-enthalpy diagrams for the four study fluids 
are plotted on Fig. II-5 thru II-8. QLiquid vent processes are shown for tank 
pressures of 100 psia and heat exchanger pressure of 5 psia. Liquid is 
withdrawn from the tank at point A. A constant enthalpy expansion to point B 
occurs across a throttling orifice. The quality varies at point B from 25% 
for oxygen to 33% for hydrogen. The two-phase mixture is converted entirely 
to vapor, point C, in a heat exchanger which is in contact with the bulk 
liquid. From C to D the vapor is superheated to a temperature approaching 
that of the stored liquid~ TIle total enthalpy added in the process is the 
difference between the enthalpy values at A and D. The latent heat of 
vaporization in the denominator of Eq (II-5) is the enthalpy difference 
between points A and E. The enthalpy difference ~ h appearing also in the 

g 
denominator of Eq (II-5) is the enthalpy difference between points D and E. 

Defining 
• m 11 =-;--. 

m 
sv (II-6) 

where m is given by Eq (II-5) with ~h = 0, leads to sv g 

'1 = 1 
(II-6a) 

The fractional reduction in vent rate (1 - '1) for the liquid vent process 
relative to saturated vapor venting is plotted as a function of tank pressure 
on Fig. II-9 to II-12. Note that with the exception of hydrogen the vent 
rate reduction increases from about one percent at one atmosphere to about 
10% at 10 atmospheres. With hydrogen the reduction is substantial; changing 
from 4% at one atmosphere to 35% at 10 atmospheres. 
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3. Dual Screen Lin~E 

TIle superheat term in Eq (11-5) must be computed from a heat flow equation. 
Consider a spherical gas layer in which we admit only steady radial flow. An 
energy balance on the layer results in 

a 
ar = 0 (11-7) 

where u represents the radial velocity component. Assuming fluid properties 
to be constant, results in 

PC T 2-
p or 

Continuity requires that 

a 2 a r (ur ) 1= 0 

so that the energy equation becomes 

----2 u-( PC) aT 
k ar = 1 

2 
r 

a 
ar 

le-/J ( ar 

( 
2 ~) 

r a r • 

The boundary conditions to be satisfied are 

aT mAt -1' 
at r = ~, -k ar = 

A 

aT r = R
2

, -k = q ar 

r = Rr' T = 'T' ... 
S 

:2 aT 
r -

ar ) = o. 

Solution of Eq (11-6b), subject to the boundary conditions, results in 

(11-7 a) 

(11-7b) 

T T = -.Q 
s 4rr kB ( e -B/r _ e -B/l1. ) (II-B) 

* This boundary condition results from the solution of Eq (II-I) and (11-2) 
together with an energy balance on the inner surface of the gas ann.:!.llus. 
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where 

the flow rate is defined by 

1nB + Bln(:~~~) = 1n (11-9) 

making the approximation R2 - Rl = A 1.« P1. and u~ing Eq (11-6) results in 

1/11 
11 (11-10) 

Tne radial flow solution predicts the maximum superheat obtainable with the DSL. 
The vent rat~ predicted with Eq (I~I-lO) will be somewhat less than is obtainable 
in practice because true radial flow will not be obtained. The fractional 
reduction in vent rate relative to saturated vapor venting (1- 11) computed 
from Eq (111-7), is plotted as a function of pressure on Fig. 11-9 thru 11-12 
for the four study fluids. 

Curves are plotted for constant values of the parameter q ~R, where q is 
the heat flux and ~R the width of the vapor annulus. Note that relatively 
large values of q ~R are required to achieve 3 significant reduction in vent 
rate. However,~even for q ~ 0.25 Btu/hr-ft2, as specified for this study 
(see Table IV-I), and a gap ~idth of 1 in., q ~R is equal to 0.25 (Btu/hr-ft2) 
(in.), a vent reduction of S1 is po~sible at a system pressure of about 20 psia 
with hydrugen. This reduction j,r, identical to that for the liquid vent at 20 
psia. A vent reduction of l(j~{ i~ possible with the same q ~R value at 150 psia. 

4. Case II --!ank Conditions Steady, Liquid Outflow 

In the 
We will now 
withdrawal. 
du set to 

g 

above discussion, gas venting was 
consider the need for gas venting 
Solving Eq (11-4) for the liquid 

zero yields 

• = Q • 
m A(~-l) 

considered for pressure control. 
under the condition of liquid 
outflow rate with m , du, and 

g 

(II-II) 

Consider now, a spherical tank of diameter D that is steadily 1epleted of 
liquid over a period of Q days. The liquid outflow rate is then 

• m= 
(11-12) 

• 

\ 
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the heat rate Q can be expressed in terms of the flux q and tank area. 

2 
Q = q 7rD 

Combining Eq (II-II), (11-12) and (11-13) leads to 

D = 144 (v g - v f ) 
q9 a A 

(11-13) 

(11-14) 

Equation (11-14) is plotted as a function of pressure in Fig. 11-13 for the 
four study fluids and a = 0.95. For example, in the use of Fig. 11-13 consider 
a pressure level of 30 psia. Then with oxygen, nitrogen, or methane, in the 
absence of gas venting, stable conditions will be maintained when D/q9 :l 3.6 
ft/(Btu/hr-ft

2
) (day). The~efore, if a lO-ft-diameter oxygen tank is heated at 

the rate of 0.25 Btu/hr-ft , a steady pressure of 30 psia will be maintained if 
the depletion time is 10/(0.25 x 3.6) = 11 days. With hydrogen, the correp­
ponding figures for a l6-ft-diameter tank and 30 psia pressure are D/q9 = 5.3, 
and 9 = 12 days. These times are independent of the time period required to 
reach this pressure. As a result of the liquid heat capacity, the time to 
reach 30 psia from one atmosphere saturation is 95 and 12 days for oxygen and 
hydrogen, respectively. 

Equation (11-11) is also plotted in Fig. 11-14 for the additional 
constraint of q = 0.25 Btu/hr-ft2. 
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III. DSL ANALYTICAL MODEL 

A mathematical model was developed to help assist in the design analysis, 
parametric study, and the test plan formulation for the DSL retention/expulsion 
system. Since the model simulates the thermodynamics anrl heat transfer of a 
DSL, various modes of operation under specified thermal conditions can be 
evaluated. The model provides a means to establish the expected thermal 
perform.ance, rates of change of pressure anrl temperature, and the limits of 
applicability of the system. All four cryogens specified in the parametric 
study can be treated. Tneir thermodynamic and transport properties are input 

\ 

to the computer program as a function of temperature and pressure. Pressuriza­
tion with a noncondensible gas, giving a two-component gas mixture is permissible, 
as are spherical or cylindrical tank configurations. The following modes of 
or~rations can be simulated: 

1) Pressurization of the system due to external heat input; 

2) Pressurization of either the vapor annulus or bulk region with 
autogenous or inert gas; 

3) Venting, with various vent control systems; 

4) Liquid outflow. 

The analytical model was programmed in FORT&~N tv language for use on the 
CDC 6500/6600 computer. It was written in subroutine format wherein various 
options can easily be added or deleted from the program. A brief description 
of th~ model, including analysis and program capabilities and limitations, 
is pTesented in this chapter. 

The thermodynamic and transport properties for the four cryogens and 
for helium pressurant are calculated from curve fit equations. With the 
exception of hydrogen, the vapor of the propellant is considered to be an 
ideal gas. For hydrogen, the Redlich-Kwong equation of state was used. This 
equation of state was checked out for hydrogen gas and was determined to be 
within 5% of published data (Ref 111-1) for I)ressures up to 150 psia and for 

00-
a temperature range of 35 R to 530 R. 

The program was initially developed to aid in the design of the subscale 
model by simulating pressurization, venting, and fluid expulsion in a l-g 
acceleration environment. Thus the position of the ullage and the liquid in 
the bulk fluid region was known and a flat interface between the two was 
assumed. Since hydrostatic head and natural convection heat transfer coef­
ficients are functions of g-leve1, low-g conditions can be simulated by 
using an acceleration value near zero. Since the outer annulus is liquid-free 
and we do not use .. lllage control in the bulk region, actual low-g liquid/vapor 
interface shapes are not significant with respect to venting simulation. 
However, the analytical model will not handle such tllings as diffusion of a 
two-component gas mixture in the bulk fluid region during low-g simulation, 
and conden~ation and vaporization are assumed to occur at a flat interface. 
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A. TANK THERNODYNAMICS A~lD HEAT TRANSFER 

The program considers a complete DSL inside a spherical tank or a 
cylindrical tank with flat ends (configuration of subsca1e model). Figure III-1 
shows the contents of a spherical tank divided into five nodes corresponding 
to the following volumes: 

VGA vapor volume in outer annulus; 

VBU - bulk vapor volume; 

VBL bulk liquid volume; 

VLBU - inner-annulus volume seelng Qulk ullage; 

VL - inner-annulus liquid volume seeing bulk liquid. 

A comm~nication port having a screen with a bubble point less than that of 
the other screens is included to allow for propellant and pressurant mass 
transfer between the outer annulus and the bulk ullage. The program can handle 
noncondensible pressurant in both ullage nodes if desired. 

A heat and mass transfer analysis is performed for one control volume at 
a time with new pressures and temperatures calculated at each time step (by 
a forward differencing technique). New masses are calculated after the amount 
of vaporization (condensation), liquid outflow, and vapor venting has been 
determined. 

The initial temperature of each of the nodes is input along with the 
total pressure in t~e bulk ullage node. The partial pressure of propellant 
in the bulk ullage node, P

VBU
' is set equal to the vapor pressure of the 

propellant at the bulk liquid temperature. The residual gas pressure PGBU' 

is the difference between the total ullage gas pressure, PBU' and the vapor 

presSure of the propellant. The initial total gas pressure in the outer annulus, 
P

GA
, is equal to the bulk gas pressure plus the hydrostatic head for the height 

of fluid between the 1iqui,d-vapor interface in the bulk region and the outer 
screen, with consideration for the acceleration level being simulated. The 
partial pressure of propellant, P

VGA
' is set equal to the vapor pressure of 

propellant at the temperature of the liquid annulus. The residual gas 
pressure in the outer annulus, P

GGA
' is again the difference between the two. 

PBU = PVBU + PGBU 

PGA = PVGA + PGGA 

MRT 
For ideal gases P = -V-' and 
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Figure 111-1 Heat and Mass Transfer Model for the Baseline DSL 
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ap 
aQ aM 

aQ 

t= . 

+ 1 
T 

-

• 

(III-I) 

The pressure in the outer annulus is constrained by the requirement that 
it must not exceed the pressur·e in t he bulk ullage by more than the retention 
capability of any of the wetted screens forming the liquid supply annulus. A 
communication screen is thus provided with a pressure retention capability 
slightly less than that of the screens forming the liquid annuJ~s. A pressure 
increase in the outer annulus may relieve itself by breaking down the communica­
tion screen to allow gas flow to the bulk ullage rather than breaking down one 
of the spherical screens allowing vapor bubbles to be ingested into the liquid 
annulus. Thus 

where BPC is the capillary retention pressure or bubble point of the communica­
tion screen. 

Let ~p = P
GA 

- (P
BU 

+ BPC) 

IQ +~Q 
then ~P Q = a~p dQ. 

ae 
Assuming that some gas flows across the communication screen in order to 

satisfy the pressure constraint ~p Q +~Q-+O and 

a~p ~pQ 
-= - erg aQ 

a~p a 
(PGA - =-

aQ 

a 
= aQ 

aQ 

= DPDT 

- P - BPC) 
BU 

Substituting in Eq (III-I) for each of the above terms, 

a~p _ p ~ aMGGA 
aQ - GGA MGGA aQ 

• 

1 -
\rGA 

a~GA 
aQ 

(continued) 
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aM
GBU 

aM 
1 1 VBU 

PGBU 
PVBU MGBU as MVBU 

as 
1> aTBU FBU avBU "BU - -- + = DPDT. (111-2) 
TBU as VBU 

as 

aM av aT 
Terms of the form as' as and as must be evaluated. 

aM 
The term as contains 

the summation of all the mass transfers due to vaporization (condensation), 
venting, pressurization, and a term ~ which represents the amount of gas 

transferred across the communication screen during breakdown of that screen. 
aV The term as is zero for the outer annulus since this ullage volume is fixed 

in size. The bulk ullage,volume increases due to tli.e decrease in bulk liquid 
mass when liquid is resupplied to the liquid annulus to replace that vaporized 
at the screen surfaces. 

The rate of change of gas temperature in the ullage nodes, g!, is obtained 

from an energy balance for the total node. The energy terms involved in the 
balance are related to the following factors: 

1) Specific enthalpy and flow rate of the gas entering and vented; 

2) Mass transfer between gas and liquid phases; 

3) Heat transfer between gas and liquid phases and between the gas 
and tank walls or screens; 

4) Change in internal energy of the gas phase; 

5) Work on the propellant. 

From the first law of thermodynamics 

dU = dQ - PdV 

uaM + M au = ~ 
as 'as as 

P av 
as 

where hI represents the enthalpy of mass entering the node at temperature T
I 

• 

For a near-ideal gas, the enthalpy can be represented by C T, internal energy 

by C T and internal energy change by Cv ~!, since C and C: can be considered 
cons¥ant over the temperature ranges encountered. p 

.. 
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• 

MC aT + dM C T = (Qin - Qout) + fl!! C T aV - P-
v ae ae v ae p 1 ae 

Nt' aT (Qin -
aM 

C T)- P av = Q out) + ae (CpTl -""v de v ae 

dT = ae 
( Q) + aM 
Qin - out ae [Cp (T1 - T) + PV] - P ~~ • 

MC v 

- u 

The rate of change of temperature in the liquid nodes is calculated from a 

similar equation with ~~ equal to zero since the liquid volumes are fixed in 

size. 

Equation (111-2) can now be solved for roT' the amount of gas transferred 

across the co~nunication screen. The program then returns to the heat and 
mass transfer calculat:i,,·;ms for time e = e + ile. 

The heat transfer in the ullage nodes and in the bulk region is assumed 
to be of the free convective type given by a general equation of form 

Q = h A (AT) 

where Q = heat transfer rate, 

h == cOT~vective heat transfer coefficient, 

A = heat transfer area, 

T = temperature differential. 

Heat transfer in the liquid annulus is calculated based on an equivalent 
heat conductivity acting over a fluid layer confined by two parallel surfaces. 
Heat transfer coefficients and heat conductivity are determined empirically 
from test data by dimensional analysis and curve fitting. The empirical data of 
Eckert and Drake (Ref 111=2) and Kreith (Ref 111-3) were used to calculate 

( the necessary heat transfer coefficients. 

B. PRESSURIZATION AND FLUID EXPULSION 

The program has the option of pressurization with autogenous and/or 
noncondensible (residual) gas pressurant. A fixed flow rate orifice is 
simulated by using a constant valued mass flow rate table lookup. A regulator 
operation is simulated by specifying a regulator setting for the bulk ullage 
pressure and determining if pressurant should be added during a compute interval. 
The pressurant enters the vapor annulus and the co~~unication port limits the 
pressure differential between the vapor annulus and the bulk ullage to the 
bubble point. 
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The program can consider outflow during blowdown of the tank or outflow 
under a pressure regulated condition. The outflow rate can be considered a 
constant or specified as a function of time, such as for a mission duty cycle. 
Outflow is considered to be (~ompleted and the tank assumed to be empty when all 
the liquid has been depleted from the bulk region. The propellant remaining in 
the liquid annulus is assumed to be residual. 

c. VENTING 

Successful venting of the DSL is dependent on sensitive pressure control 
in the gas annulus. During venting, the pressure in the gas annulus must not 
fall below that value required for support of the liquid in the bulk region. 
(During a coast period in Earth orbit when the drag-induced acceleration 
vector is known, it may be advantageous to drop the liquid out of the bulk 
region to allow a preferential rap'id venting capabil:i.ty, see Section ILB 
on DSL operation.) In zero gravity, the pressure in the gas annulus must not 
fall below the inner ullage pressure. With finite gravity, the gas annulus 
pressure must exceed the bulk pressure by the liquid hydrostatic head. 

The DSL can provide liquid-free venting of vapor from the outer annulus. 
The mass outflow rate will be either sonic or subsonic depending on the ratio 
of the total tank pressure to the local atmospheric pressure as compared to 
the critical pressure ratio for the ullage gas (Mach = 1.0). A mass fraction 
for the vented gas is computed and the propellant vapor and helium pressurant 
masses adjusted accordingly. The ratio of specific heats and the critical 
pressure ratio for the mixed ullage are as follows: 

C 

'Ym = t ; and 
v 

\..2Ll 
PR =~--LJ l 'YM-l} cr l' +1 • m 

The vented flow rate then becomes 

where A. e 

PT,TT 

p 
A 

~ 

m = A 
vent e 

m = A P vent e T 

= effective vent 

= total pressure 

2(PT - PA) gcPTMWT 

(1545) TT (subsonic) 

MWT 'Ym gc 
(1545)T'11 

• 

(
'Y +1) 

(~:+1) Y:-l 
orifice area; 

(sonic) 

and temperature of mixed ullage; 

= atmospheric pressure; 

= molecular weight of mixed ullage. 

• 

, 

\ 



," 

-
, 

36 

Various vent schemes are incorporated into the model to allow for venting 
when an ullage overpressure condition exists. One vent scheme was analyzed 
where the outer annulus was vented to the point where it could just support 
the hydrostatic head of the bulk fluid in one-g (as a result, the allowable 
pressure decay during venting of the outer annulus will be on the order of 
O~l psi for the subscale model). At this point the vent was closed and 
pressure increased in the outer annulus until the communication screen broke 
down itnd vapor passed from the outer annulus to the bulk region. This continued 
until the regulated pressure was again reached. An example of this type of vent 
cycle is shown in Fig. I1I-2. A heat flux of 5.0 Btu/hr ft 2 and a 0.50-in. 
gas annulus were assumed for a spherical subscale tank filled with nitrogen. 
The screens forming the liquid annulus were assumed to be made of 325 x 2300 
mesh Dutch twill with the communication scr.een made of 250 x 1370 mesh. The 
upper curve represents the pressure in the outer annulus, while the lower curve 
depicts the pressure in the central region. 

At time 1, the vent valve hRS closed and the pressure in the outer region 
begins to rise. The pressure in the central region is falling at this time 
because condensation is occurring. At time 2, the pressure difference between 
the two regions has exceeded the bubble point o£ the communication screen and 
gas flows from the outer a:;:-mulus to the central region. At this time there is an 
abrupt change in slope of the two pressure curves. As a result of the gas flow 
from the outer to inner ullage regions, the ullage gas in the central region is 
superheated and condensation at the liquid-vapor interface occurs continuously. 
The pressure in the outer region reaches the vent point at time 3. When venting 
begins, the pressure difference between the two ullage regions falls below th~ 
bubble point of the com~unication screen and flow between the two regions stops. 
The condensation in the inner region then causes the pressure to fall until flow 
from the outer region again resumes. 

For the case of near-zero gravity the pressure in the gas annulus must not 
fall below the inner ullage pressure. For this case the allowable pressure decay 
during venting will be on the order of the bubble point of the communication 
screen (0.29 psi for nitrogen). Such a case is shown in Fig. 111-3 for an 
acceleration of 0.05 g. For this case the lower set point on the pressure control 
in the outer annulus was set atr:.05 psi above the inner pressure while the upper 
set point was fixed. 

Another vent scheme would incorporate a vent cycle where venting is initiated 
before slightly superheated vapor was allowed to break through the communication 
screen to add some energy to the bulk fluid region. The variation of pressure 
with time for this case is s~own in Fig. I1I-4. 

The tank self-pressurizes and gas is transferred through the communicat:t~n'" 
port until venting is initiated at 0.0045 hours. Both J.lressure, limits for tht~J~' 
vent cycle are referenced to the bulk ullage pressure. Venting of the vapor '";~:.' 
annulus starts when the vapor annulus pressure is 0.25 psi greater than the bulk 
ullage pressure and ceases after the vapor annulus pressure has dropped to . 
within 0.05 psi of the bulk ullage pressure. Flow between the two gas regions 
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does not occur cluring the vent cycle because the differential pressure at which 
venting is initiated is less than the bubble point of the screen in the communi­
cation port. By keeping the vapor annulus pressure at least 0.05 psi above the 
bulk ullage pressure, the differential will be more than sufficient to support 
the hydrostatic head at low-g. 

Initially, the bulk ullage pressure decreases somewhat because gas was 
flowing throt:gh the communication port before venting started. Some collapse 
of the bulk ullage due to condensation occurs when venting begins (Fig. III-4). 
After approximately 10 minutes, this pressure levels off and begins to rise at 
a slow rate (0.6 psi per hour) as shown in Fig. III-5. TIlis is expected because 
the vent rate (0.18 lb /hr) is roughly equivalent to the heat input and venting 
is taking place only t~o-thirds of the time. 

It appears that this latter case is an improved mode of venting because 
the temperature difference across the liquid annulus is minimized, thus reducing 
the conduction heat transfer to the bulk liquid. Also, as a result of the gas 
flow through the communica~ion port, condensation occurs continuously in the 
former cases. This condensation is a major heat input to the bulk liqui':1. 
Therefore, by minimizing the pressure difference between the two ullage regions, 
an adiabatic condition is more closely approached with regard to the bulk liquid. 
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IVo PARAMETRIC STUDY RESULTS 

The DSL concept was the baseline passive concept for the parametric 
analysis. The concept is flexible, as described in Chapter II, and may 
assume various configurations to satisfy different applications. The range 
of parameters over which the DSL concept was analyzed is presented in Section A, 

Study Guidelines, of this chapter. 

To satisfy the three design objectives with the DSL, heat transfer and 
thermodynamics during pressurization, venting, and fluid expulsion were consi­
dered. Of prime importance was the stability of the DSL under both hydrostatic 
and hydrodynamic conditions over a range of operating parameters. Material 
selection and system weight, along with screen cleaning and inspection, are 
important to the fabrication and assembly of any capillary device. These 
considerations are discussed in the following sections. 

A. STUDY GUIDELINES 

The parametric study guidelines are presented in Table IV-l. The range 
of parameters include relatively small tank volumes and low f10wrates (life 
support and auxiliary power systems), as well a& large tankage and high 
f10wrates that are applicable to the Shuttle orbiter propulsion system. 

Parametric Study Guidelines 
-.. - -~~ ." - ~- .. -

Fluids Oxyg,en Hydrogen Methane Nitrogen 

Volume 5 to 10,000 ft 3 
5 to 10,000 ft 3 5 to 10,000 ft 3 5 to 500 ft3 

Flow Rate 0 to 20 1bm/hr 0 to 3 1bm/hr 
0 to 100 Ibm/sec ° to 20 Ibm/sec 

0 to 20 Ibm/sec 0 to 30 1bm/sec 

Pressure: 14.7 to 150 psi~, (Pressure relief is nonpropu1sive). 

L/D: LID = 1 for all volumes (5 to 10,000 ft 3) 
L/D < 5 for volume of 500 ft 3 

L/D < 10 for volumes of 1000 ft 3 and greater 

Heat Leak: 0.25 Btu/hr-ft2 (all fluids) 

Acr~leration: Positive: O~7 g 
Negative: 0~0.02 g 
Lateral: 0 .. 01 g 
Pitch: 0 

4 Isec 

Propulsion. Duty Cycle: 

Restarts: o ~ 20 
Burntime: 1 sec ~ Depletion 

_ ......... ' 

$ 

'1 

--

\ 



,. 

'I 

u 

, 

The DSL appears suitable for storage of each of the four cryogens 
considered--hydrogen, oxygen, methane, and nitrogen. The surface tension, 
density, kinematic surface tension, heat of vaporization, and bubble point 
for the cryogens are presented in Table IV-2. 

Table IV-2 Cryogen Properties 
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(T p {j ~h ~P c 
Surface Kinematic 

Heat of Maximum Capillary Density, Surface Tension, Tension, 
(lb

m
/ ft 3) 3 2 Vaporization, Pressure ~Pc (psi) 

Liquid (lbf/ft) (ft /sec ) (Btu/lb ) m (325x2300 Screen) 

N2 5.8 x 10-4 50 3.7 x 10-4 84 0.34 
10-4 -4 

°2 8.7 x 70.5 4.0 x 1.0 90 0.53 
-4 10-4 

H2 1.2 x 10 4.3 9.0 x 189 0.08 
-4 x 10-4 CH

4 
9.15 x 10 26.3 11~2 211 0.56 ' 

The properties for the cryogens correspond to saturation at 20 psia. The 
capillary pressure difference, 6p , was calculated from the measured value for 

c 
325 x 2300 Dutcp twill screen using methanol (Ref IV-I). This value is 26-in. 
of water. As shown in the table, LH2 affords the smallest capillary pressure 

difference, only about 15% of that for L02 for the same pore size. 

The less-dense hydrogen and methane have high kinematic surface tension values 
and, therefore, tend to be more easily st~bilized and controlled passively when 
compared to the oxygen and nitrogen. 

B. TANK PRESSURE RELIEF 

In Chapter II.C, the thermodyanamic performance of the DSL pressure relief 
technique,'~ was compared to the liquid vent system over the parametric study 
pressure range of l4.7-to-150 psia. For the relatively low .system pressures 
of a Space Shuttle orbiter (less than 4 atmospheres) the DSL system compared 
favorably to the liquid vent system. For the higher storage pressures, a 
more detailed comparison of the DSL and liquid vent systems is needed (with 
regard to reliability, efficiency, and weight for each application) to select 
the preferred concept. 

The various DSL venting schemes are discussed in Chapter II.C. During the 
fine venting scheme, the pressure in the gas annulus must not fall below that 
required for support of the liquid in the central (bulk) region. In zero-g, 
when there is little or no hydrostatic head, the pressure in the gas annulus 
must not fall below the inner-ullage pressure. Another way of stating this 
is that with a finite gravity, the gas annulus pressure must exceed the. inner 
pressure by the bulk liquid he.3d. Conversely, the pressure in the gas annulus 
cannot be allowed to rise above the bubble point of the screen which forms the 
outer surface of the liquid annulus. 

*The DSL pressure relief method~is nonpropulsive, i.e" it does not require 
a settling force to achieve venting. 
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To prevent the pressure in the gas annulus from breaking down the 
screens that form the liqui.d annulus, a connection between the two gas 
regions is provided that has a lesser bubble point than the liquid annulus 
boundaries. As a result, the allowable pressure decay during venting of the 
outer annulus will be only about 0.5 psi or less. The analysis presented in 
the following paragraphs confirms that such a pressure decay may be accomplished 
in a reasonable time with practical annular volumes, and outflow rates. The 
pressure relief results for the four cryogens are presented along with a 
discussion of the effect of gas annulus gap size on system pressure and venting. 

1. Pressure Response 

Consider a gas volum~ with mass addition at the rate m , which results 
e 

from evaporation lnd a vent rate of Km. An energy balance on the system e 

(m hI - Kfu h)d9 = dU = Udm + mdU e e (IV-I) 

where it has been assumed that the heat transfer into the gas annulus is equal 
to that transferred out at the liquid interface (and which results in the 
evaporation rate m). If it is assumed that the temperature rise of the gas 

e 
above saturation is small"~, then hI ~ hand Eq (IV-I) becomes 

m hdQ (l-K) = Udm + mdU e ... . 

the change in maGS of the gas is 

dm = m (l-K) dQ 
e 

the change in internal energy may be written 

dU = C dT 
v 

where introducing the gas law in Eq (IV-3) yields 
C V P 

dU =.3- (dP - - dm). R m 

Combining Eq (IV-la), (IV-2), and (IV-3a) yields 

1 + C /R v 
C /R 

v 

dm dP 
=-

m P 

and integrating from m to m and P to P results in 
o 0 

"r This c'an be confirmed by the solution to Eq (11-8). 

" 

t 

(IV-la) 

(IV-2) 

(IV-3) 

.(IV-3a) 

(IV-4) 

(IV-5) 
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where 
l+C IR v 

"Y = C /R 
v 

Then r.;riting 

= 
c 
-.l.? 
C v 

[:J Y = [mo-m!~1-K)9J Y= [1 - =: 

-
• 

(IV-6) 

and expanding the right hand side of Eq (IV-6) by the 1-il10mial theorem and 
retaining only the first two terms yieldst: 

= 
"fro (1-K)9 e 
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1 - -~---m 
o 

(IV-6a) 

also, 

p 
p 

o 
= 1 

~p 
p 

o 
(IV-7) 

Expressing the evaporation rate in terms of the heat flux, area, and latent 
heat of vaporization 

rn = ,s.4 = e A 

where the thickness of the gas 1a;ver, ~R, is equal to the ratio of gas layer 
vo1ume-to-surface area. Combining Eq (IV-5), (IV-6a), (IV-7), and (IV-B) yields 

RT "Y 
~ R = 9

9 
(k-1) -.E... (IV-9) Ap A 

RT "Y 
o The property group ---A-- is tabulated below for the four study fluids. 

RT "Y 
Fluid 0 

(ft-lb f/Btu ) - '\ 
1\ -Hydrogen 255 

Nitrogen 131 
Oxygen 125 
Methane 12B 

t Note that this restricts the ~nalysis to cases where m/rn ~ 1. 
o 

• 
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Equation (IV-9) is plotted for N2 i.n the form of ~ R versus q9/ ~p on Fig. IV-I. 

Values of ~R for 02 ' H2, and CH4 may be obtained by multiplying ratios of the 

above constants times values obtained from Fig. IV-I. For an example, let 
the heat flux to a nitrogen tank be 2.0 Btu/hr ft 2, and it is desired to drop 
the pr~ssure by 0.1 psi in a period of 10 sec, q9/~P ~ 200 (Btu/hr ft 2) (sec)/ 
(lb/in). Then from the figure, LiR must be 0.12 in. lvhen K = 1.2 and 0.6 
in. when K = 2. If K = 10, ~R must be 5.4 in. Thus, if a I in. gas layer 
were specified, the control valve must be sized to modulate flow rates of about 
twice the boiloff rate. 

2. Vent Cycle Comparison 

The DSL was evaluated to determine the effect of the gas annulus gap and 
volume and vent flowrate. The low-g acceleration condition was 0.05 g. The 
baseline configuration was a spherical tank with a volume of 500 cu ft 
(59-in. radius). The case considered was for the tank to be a~proximatelY 
10% full of liquid nitrogen with the heat input 0.25 Btu/hr ft. A liquid 
annulus gap of I in. (constant) was used. Each case started with a saturated 
condition at l400 R and sufficient helium to p~'essurize the bulk ullage to 20 
psia. Venting of the gas annulus was initiated when its pressure became 0.25 psi 
greater than the bulk ullage pressure. Venting was terminated whEn this pressure 
was reduced to 0.05 psi above the bulk ullage pressure. 

The effect of gas annulus gap is shown in Fig. IV-2 thru IV-4 with 
respective gap widths of 3 in., 1.5 in. and 0.5 in. The vent rate was 1.08 
Ib /hr for each case. Venting was directly from the vapor annulus to prevent 
br~akdown of the comnrunication screen, thus allowing a nearly adiabatic condi­
tion for the bulk region. A comparison of the three figures shows an increase 
in vent frequency with a decrease in annulus width (and volume). This is due 
to the lower superheat capacity available with the smaller vapor volumes. The 
outer screen is at saturation temperature corresponding to the partial pressure 
of propellant vapor in the outer annulus. The liquid in the liquid annulus shows 
a slight degree of subcooling. 

A dimensionless ratio, K, 
• m 

K = vent 
Q/~h 

(IV-lO) 

was used to relate the vent flow rate, ITt t' to the heat flux, Q, and the heat ven 
of vaporization, ~h. For the case discussed thus far, K was equal to 1.2. 
Figure IV-5 presents another illustration of the gas annulus width effect on 
the vent frequency (for K=1.2). The upper line shown is the amount of time the 
vent valve remains open during the vent cycle. The lower line is r~e amount of 
time required for the total vent cycle (vent valve closed-to-vent ·;.dlve closed). 
Not shown are the values for a 9-in. gas annulus width, determined to be 67 
minutes vent valve open, and 105 minutes total cycle time • 
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Figure IV-l Pressure Response during Vent'~ng (DSL) 
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The effect of variations in the vent flow rate, or K, for two different 
gas 2nnulus widths is shown in Fig. IV-6. Again, the total vent cycle times 
for each condition are presented. These two curves, Fig. IV-5 and IV-6, can 
be used to estimate typical vent cycle times. (Only a period of 1 hr was 
evaluated; long-term variations in the cycle rate were not evaluated.) Note 
that Fig. IV-5 and IV-6 were constructed from Fig. IV-2 thru IV-4, which are 
intermittent vent cases, and that K=l.O is not a continuous vent. 

The rate at which the bulk pressure increases during low-g storage with 
venting was evaluated during steady-state heat input over a period of 3 hr 
using the DSL computer program. These results were extrapolated to determine 
th~ possible long-term (7 day) effect on the tank pressure. A 500-cu ft spherical 
tank (59-in. radius) with a liquid annulus gap of 0.5 in. and a gas annulus gap 
of 1.,5--1n. was evaluated for each of the four fluids. The tank was 50% full and 
the heat input was 0.25 Btu/hr ft2. Venting was accomplished by keeping the gas 
annulus pressure between an upper and lower limit (Table IV-3), which is 
referenced to the bulk ullage pressure. Gas flow from the gas annulus through 
the communication port was not permitted. 

The pressure rise rate and the amount of mass vented for each fluid is 
listed in Table IV-3. Again, the K value is used to express the relationship 
between vent rate and heat input. With K - 1.0 for hydrogen, the gasiannulus 
pressure continued to rise, necessitating use of a larger K for this case. 
Plots: of the vent cycles for each case are shown in Fig. IV-7. Since vent 
cycle, time increases (number of cycles decreases) with increased gas annulus 
gap, the results in Fig. IV-7 show the need for an increased gap width in the 
hydrogen tank. The larger gap tends to permit use of a lower K value which 
also may increase vent cycle time (see Fig. IV-6). 

This preliminary investigation tends to show that tank pressure can be 
satisfactorily controlled even with the rather low vent flow rate considered. 
If a smaller pressure rise were desired, it could be accomplished using a 
higher vent rate. One important factor not considered here is the effect 
of outflowing liquid from the tank, which reduces tank pre.9sure and minimi~es 
venting (see Fig. VII-6 where liquid outflow can be assumed to be liquid vent). 
The study results tend to show also that for a given mission profile, vent 
flow rate can be optimized to provide desired pressure control, i.e., a 
minimum amount of mass vented overboard. 

Another, vent scheme considered using the DSL computer program was a 
continuous vent. For certain applications this may be desirable (for example, 
supplying 'gas for a life support system). The same configuration discussed in 
the previous paragraph.'S' was also considered here for ,oxygen and nitrogen, 
except that no helium pressurant was used. The vapor was saturated at the 
liquid interface-temperature. It was assumed that a constant vent rate (for 
each) of approximately 0~3-lb /hr was desired. m 
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Table IV-3 Vent Results for Parametric Study 
,. 

Vent 
., 

Rate Control 3 Hour Vent Period Extrapolated to 7 Days 
tit Limits Pressure Mass Vented Pressure Vapor Mass 

vent Upper Lower Rise Rate Vapor Helium Rise Vented 
Fluid Ctl ~h (psi) (psi) (psi/hr) (Ibm) (lbm) (psi) (1bm) 

-

Oxygen 1.05 .45 .05 .051 1.124 0.056 '8.54 62.8 
,', 
'II 

Methane 1.00 . • 45 .05 . .029 0.397 0.031 4.81 22.2 

"-,*'d:t:i~og,en 1.24 .25 .05 .013 1.488 0.064 2.23 83.3 

Hydrogen 1.98 .07 .01 .044 0.742 0.542 7.33 41.5 
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To control the gas annulus pressure within the control limits, the 
continuous vent rate had to be augmented, i.e., additional venting was 
required. The storage system vent rate (total) is then the sum of the two 
vent rates. The effect of using this type of venting is shown in Table IV-4 
for the nitrogen and oxygen, re~pectively. A relatively large amount of mass 
is vented, but approximately on~-third of that Q~nunt is being used by the life 
support system. Since a relatively large amount of mass is vented, the pressure 
cont~ol does not appear to present any problem. Plots of the vent cycles 
are shown in Fig. IV-B. The K value for both cases was near Jnity. Fur nitro­
gen, this tends to cause a very long vent cycle, as shown. 

c. LIQUID EXPULSION 

Several fact~ors must be considered in the design of the passive systems 
to provide desired expulsion efficiencies of 99% or more. First, however, 
expulsion efficiency must be defined. The term is usually defined as the 
percentage of the loadable propellant which is usable, i.e., that percentage 
which can be expelled as gas-free liquid. For this program, the following 
relationship was used for simplicit:y: 

." (%) =r Tank Vol" Residual Propellant Vol x 100. (IV-ll) 
e ' ,Tank Vol 

A slight difference exists b'etween this relationship and the usual expulsion 
efficiency defi,ni,tipn, stated earlier, because tank volume is not th.e loadable 
propeilant voiume. 'They dilter because of the volume displaced by components 
within the tank, such as the DSL, and the initial ullage volume. Additionally, 
for cryogenic storage, vaporized propellant will also contribute to this 
difference. In particular, vaporized propellant that is vented overboard 
can be a significant contribution. 

Residual propellant for the DSL can be determined directly because it is 
the volume of the liquid annulus. The annulus is formed 1:::1 the two concentric 
or eccentric screen liners or by a number of separate channels, as described 
earlier and pictured in Fig. 11-1 thru 11-3. Gas-free liquiq expulsion 
depends on the ability gf the screen forming the liquid annulus to prevent 
pressurization gas and propellant vapor from entering the liq'lid annulus 
through the screen pores. The resistance to this gas breakthrough depends on 
the 1nterface stability prov1.ded by the capillary pressure difference, 4P , 

c which is a function of the pore size and surface tension. The capillary 
pressure difference cannot be exceeded ldthout ingesting some gas into the 

\ 

liqu;ld annulus. The breakdown phenomenon occurs when th~ sum of the differential 
pressures associated with (1) hydroatatic head, (2) viscous losses due to flow 
thro~gh the screen, (3) additional viscous losses due to flow in the liquid 
annulus, and (4) 1;:he static pressure change in the annulus due to velocity 
head, exceed the capillary 1 retention capability of the screen.* These pressure 
losses are additive as shoWn by: c., I 

(4P) > 4p h + 4Pf + 4P + 4Ph c max v'" a (IV-12) 

* Additionally, a screen dryout consideration is discussed on page. 70. 
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Table III-4. Pressure Rise Rate and Mass Vented 
During Continuous Venting 

Vent Rate 5 Hour Vent Period Extrapolated to 7 Days -Pressure Mass Vapor Pressure Vapor }Iass 
Continu~us Augmented Rise Rate Vented Rise 

, 
Vented 

(lbin/h.r ) (lbm/hr) (psi/hr) (Ibm) (psi) (Ibm) 

0.31 0.58 0.00078 4.402 0.131 

~ 0.31 0.67 0.00565 3.942 0.945 132.5 
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where 

4P c - Capillary retention pressure (maximum); 

4Pvh - Static pressure change due to dynamic head; 

4Pf - Annulus viscous losses (flow); 

4P a = Screen viscous losses (entrance losses); 

4Ph a Hydrostatic head pressure difference. 

The four term$ cn the righthand side of the equation are the adverse pressure 
differences previously 'mentioned. Each of these terms is calculable using the 
empirical relationships presented in Ref IV-2 for metal cloth and the measured 
flow loss data _presented in Martin Marietta Report TM-1661-66-12, "Liquid Outflow 
Tests of Surface Tellsion Systems under Minus One-g," December 1966. 

During expulsion, the bulk liquid level recedes and the screen area exposed 
to liquid flow from the bulk volume to the liquid annulus is decreased. As 
this occurs, the pressure drop for flow through the screen, 4p , increases due . a 
to the increased f10wrate per unit area. Good design practice will permit all 
of the bulk liquid to be expelled (at which point gas in ingested into the 
liquid annulus). Thus., the volume within the liquid annulus, as mentioned, 
is unavailable propellant. It is, therefore, desirable to design the smallest 
possible liqUid annul~s while still satisfying the liquid flow rate requirements 
and f1()~, losses. Figure IV-9 sho~wgs expUlsion efficiencies attainable as a 
function of annulus gap size for spherical tanks, assuming the liquid annulus 
is a complete spherical shell. Higher values of expUlsion efficiency can be 
obtained if the liquid annulu~comprises discrete channels. In special cases, 
such 8S the !Shutt1e orbiter (Chapter V), the acceleration vector during reentry 
can be used to achieve expulsion efficiencies of nearly 100%. 

FOr an actual system design, such as the 500-cu-ft L02 tank and the 2000-cu-ft 
LH2 tank of the low crossrange Shuttle orbiter, once a liquid annulus gap size is 
selected, a ,limiting liquid outflow rate can be obtained. Figure IV-lO presents 
expUlsion 'effic1ency as a function of liquid f1owrate. An expulsion efficiency 
of 100% represents the limiting condition of a zero gap size, no liquid outflow 
rate, -and no pressure loss due to fluid flow. For the Shuttle point design, 
d1,scu$sedin C_hapter V, _ the L92 and LH2 tank outflow rates were 14 1b J sec and 

3 .. !: 11:> /sec respectively, yieiding an expulsion efficiency greater than 99% 
(for eWch). ' Even for a L02 f10wrate o,f 100 lbml sec and a LH2 f10wrate of 20 

1b Isec (see Parametric Study Guidelines, Table 1'V-l)expuls10n efficiencies 
ofm97.5 and 98% can be obtained. 
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D. PROPELLANT CONTROL 

The DSL concept affords control of the bulk propellant by keeping it 
off the tank wall during low-g storage. The DSL also stabilizes and controls 
the liquid annulus region to assure gas-free liquid expulsion. The bulk liquid 
control is desired because it tends to mi.nimize stratification effec,ts, if any, 
and reduces propellant vaporization and resultant vented mass. To positively 
control the bulk propellant, however, the foranlinous material must completely 
enclose the propellant. This total liner within the tank is the unique differ'!nce 
between the DSL and other capillary concepts. The total liner can contain 
communication ports between the vapor a~nulus and the central ullage, as shown 
in Fig. II-I; however, the bulk liquid is contained within the total liner 
during low g. 

Stability for a ~apillary system is defined as the system's ability to 
maintain liquid-vapor separation at the surface of the perforated material 
under the acceleration and thermal environment for the mission. Stability 
under the different axial and lateral accelerations, due to powered maneuvers, 
and fluid motion during unpowered phases (e.g., drag and docking) are important 
design considerations, particularly for the reusable Shuttle orbiter. Because 
the capillary forces are small,* they will not be dominant during the prelaunch 
and launch phases; however, during low g they will tend to dominate and control 
the fluid. 

An additional stability consideration with cryogenic storage is the 
ability of the screen and perforated plate material to remain wetted under the 
thermal environment. Interface stability is afforded only with the wetted 
condition. Heat leak into the propellant from various sources must be considered: 
(1) through the wall and structure supporting the foraminous assembly; (2) 
soakback from the propellant feedline; and (3) warm pressurization gas. Screen 
dryout and resultant stability loss are critical to any passive system, including 
the DSL, and are reviewed later in this section. 

As discussed in Section C of this chapter, the maximum capillary pressure 
difference is usually measured exrerimentally (bubble point) for different 
foraminous material, perforated plate, square, and twilled weave screen • 
It is the important criterion in selecting the foraminous material. The 
selection of the material to form the liquid annulus and the total liner is 
based on; 

* 

Ap > Pah 
c 

(IV-13) 

The magnitude of these forces is so small that they are commonly neglected in 
the design of fluid systems for Earth applications. For example, the tension 
exerted by a liquid hydrogen surface a

'
Qng a~ intersection of about 3 ft in 

length is less than O.02-lb
f

• 
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for the 10w-g storage case of interest. As seen, it is mere~y a question 
of selecting material that assures the proper bubble point to stabilize 
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the liquid in the annulus and the bulk propellant under the low-g acceleration. 

1 

The maximum hydrostatic head, h, that can be supported by different screen mesh 
sizes under accelerations to 10 g is presented in Fig. IY-11 thru IV-14 for hydrogen, 
oxygen, nitrogen, and methane respectively. Stability under an orbital drag 
acceleration condition of 10~g, or so, can easily be provided with a single-layer 
screen. For example, at an 'acceleration level of 0.01 g, a 165 x 800 mesh stain­
less steel screen will support about 950 in of LH2 (Fig. IV-It). 

Stability of the liquid annulus during prelaunch and launch must also be 
considered when selecting the mesh size. For example, during a 7-g boost phase, 
a- single-layer 325 x 2300 mesh screen will support only about 4-1/2 in of LH

2
• 

If the liquid annulus protrude~ above the bulk propellant by more than 4-1/2 in 
during launch, the screen will break down and ullage will be ingested into the 
liquid annulus. It may be necessary to select a finer mesh size than that 
dictated by the low-g acceleration environment. If this does not resolve the 
instability, a calendered screen or more than one layer of screen may be needed 
for the liquid annulus screen surface exposed during boost. The calender process 
entails deforming the screen with heavy rollers. A resultant increase of about 
15% in the capillary pressure retention can be realized using this method 
(Ref IV-3). 

For applications where ~ marked increase in pressure retention above that 
afforded by the single-layer foraminous material are desired, several layers of 
screen may be needed. With pro~er spacing between the layers, the capillary 
pressure retention for each layer can be used, additive1y. In other words, if 
the retention requirement is 0.1 psi, five layers of screen, each with a 
contribution of 0.02 psi, are adequate for stability (Ref IV-1). 

The venting and liquid expulsion phases during storage also present 
additional propellant control and stability considerations which influence 
the selection of foraminous material. As discussed in Section C of this chapter, 
viscous effects are considerations for achieving desired liquid expulsion 
efficiencies. Therefore, in addition to the capillary pressure retention, 
the weave of the screen is important because a tortuous path for flow will 
produce higher pressure drops. Square-weave screen" for _example, presents a 
lesser loss to flow than does the twilled metal cloth. As discussed in Sect:(on B, 
'Chapter II, the sensitivity of the pressure relief cycle is dictated, in part, 
by the capillary pressure difference of the screen (either the communication screen 
or that forming the liquid annulus).. Briefly, a coar'ser screen material dictates 
a more narrow band on the vent pressure relief. 

It is desirable th.at the bulk propellant be contained within the total 
liner during 10w-g maneuvers, pitch and roll, and lateral and .axial accelerations 
ten~ing to produce bulk liquid motion and slosh. Damping and control of liquilds 
were studied under a recent NASA program (Ref IV-I). The experimental results 
show that the Weber number (We) can be used to predict damping as afforded by 
foraminous material. The critical Weber number, We ,a ratio of inertia-to-cr 
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Figure IV-14 Maximum Liquid Methane Hydrostatic Head vs Acceleration Level 
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capillary forces, may be expressed as: 

v 2L 
We cr • 

cr (IV-l4) 

where L is the characteristic dimension of the foraminous material (pore radius, 
for example), v ia the liquid impingement velocity, and~is the kinematic cr 
surface tension. To a lesser extent, the effect of open-to-total area ratio 
for the material was assess~d in the drop tower study. 

V.arious foraminous c,onfigurations, including singl.~~ and double-layer 
perforated plate and screen, were evaluated in the Martin Marietta2.l-aec 
drop tower. The tests were conducted over a range of settling Bond numbers* 
from 30.4 to 135.0, based on the radius of the cylindrical tanks., Liquid was 
settled against differ\~ .. ;I.t .perforated barrier configurations and containment. 
was observed. For example, complete damping (containment) was verified 
experimentally at t~eber numbers < 0.02 for single-layer Dutch twill cloth. 

As shown in Fig. IV-IS, the Dutch twill weave can effectively damp and 
control liquid. Single screen layers of various mesh sizes, 165 x 800,200 x 
1400, and 325 x 2300, are shown along with square-weave screen. The complex 
weave of the twilled material greatly aids in preventing the liquid from passing 
through the barrier. The test liquids, methanol, FreoI\ TF, and carbon 
tetrachl()ri~e, were (before the drop) some distance below the barrier~ At 
drqpinitiatio.Il, a near-constant, axisynunetric, axial ac,celeration settled the 
liquid against the foraminous material. The excellent damping 'results as 
pictured for the twill(ed screen are just prior ~9 = 1.9 sec) to termination 
of the drop test. This type of containment is representative of that achievable 
with the twilled total liner of the DSL. 

! 

The DSL tends to maintain a gas layer between the tank w,all and the outer-
1 

acr:een liner with liquid between the two screens during low-g. During most of 
th~, low-g duration, therefore, a liquid/vapor interface will exist at the 
sClleen nearest the tank wall. The heat leak into the cryogenic li.quid tank 
is 'intercellted at this screen surface by vaporization of liquid. If the 
outerr-screen were to dry out, boiling may result, causing vapor formation in 
the liq~id annulus. The introduction of hot pressurant into the tank is 
another design cOllsideration because it may cause vaporization and dryout of 
the screen. 

, Simple analyses, as presented here, indicate that screen will not dry out 
unless the heat flux at the screen surface reaches levels ranging from 104 to 
105 Btu/ft2hr. Tests conducted under an independent research task (Ref IV-4), 
also tend to support this range of heat flux, although the resu1ts are qualitaj 
'tlve. The apparatus used for the tests is pictured in Fig. IV-16. The 
aquarium-like device was approximately 6, x,4 x 2 in. The test liquid was 
pentane., The two parallel screens, representative of the DSLconcept, were 
200 x 1400 stainless positioned about 1/8-in apart. The vapor annulus, 

* ,Bond number is a ratio of acceleration-to-capillary forcea. 

, 

, 
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Figure IV-16 Screen Liner Test Model 

co~p~rtment No.3, was also about I/B-i.n. The one-g test results demonstrated 
th~twh.en b~at was applied to the system, the liquid 1,n compartment 3 vaporized, 
emptying the compartment of liquid in less than 120 sec without drying the 
screen separatirtgcompartments 2 and 3. After compartment 3 was devoid of 
liquid, its pressllre', level was controlled (to a minimum) by venting vapor 
out of the test specimen through vent C. The latter waa a simple, cylindrical 
port with a wetted screen (lower BP) acting as a passive check valve. Again, 
no pentane vapor formation was observed in the liquid annulus, compartment 2. 

The vapct;'ization process at the screen surface prevents. boiling in the 
liquid annulus as long as there is sufficient flow of liquid through the screen 
to the vapor-liquid, interface in the individual pores. The reservoir for this 
liquid supply is the liquid annulus. The screen will dry out when the pressure 
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1011 cauled by the friction flow throu~lh the screen equals the maximum 
capillary prelsure difference afforded ~y the sc~een pores. The analytical 
results presented here are based on the correlation of data for frictional 
losses for flow of liquid through fine mesh screens, as presented in Ref. IV-4: 

~ _ (0.45 x 10-1°) (NS+Nw)2 ~ 
Pf d ~hP , (IV-15) 

where 

Ns - number of shute wires/inch, 

Nw - number of warp wires/inch, 

d - mean ,wire diameter -= (Nsds +Nw dw)/(Ns + Nw), 

ds - diameter of aftute wires (in e ), 

dw - diameter of warp wires (in.), 

~h • heat of vaporization (Btu/lb ), 
m 

q - heat flux (Btu/ft2hr), 

~ - viscosity (centipoise), 

p. density (lb / ft 3) , 
m 

~Pf - pressure loss (psi). 

Equating ~Pf to the maximum capillary pressure difference for a given screen 

\ 

mesh yields the heat flux at which the screen will dry out for a given propellant. 
The results of this analysis for three different screen meshes are presented below • 

Cryogen . 325 x 2300 250 x 1370 200 x 1400 

Nitrogen 36 000 Btu 
, ft 2hr 

132,000 Btu 
ft 2hr 

110,000 Btu 
ft 2hr 

Oxygen '68 000 , 250,000 200,000 

. Hydrogen 23,600 80,.000 
" 

68,000 
.;'-.a..J /' I 

The Shuttle orbiter maneuvering system (OMS) tanks probably ,d.l1 use a 
'Warm lut:pgenous pressurization. Typical pressurant flow con4,itior~~ during 
AV engine burns are hydrogen gas at 2000 R and 0.035 1bm/sec and Jlxygen gas at 

3000
R and 0.16 1b / sec. The heat flux to the screen liner (aso'umed uniform) is 

m, 2 ..•. '2 
then during pressurization 40 Btu/ft hr for the hydrogen tan~{ and 30 Btu/ft hr 
for the oXY~1\n t,ank. These values are several orders of m~gl1itude below the 

. calcu1ate~(~:~~JilTlates. The natural heat leak through the tank walls is nominally 
,£'1. 'lfIf ~ h 

o. 25 Btu,!~~'~';'h*f\\ 
'~:\.-\. /:. ~J 

screen!,!, \h;i::" .f5\ 
It i .. ,'~· :qt 
\'I'~)I,:);i: 

Clearly, these heat sources are not sufficient to dry out the 
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E. FABRICA'rrON AND ASSEMBLY 

Fine mesh screen fabrication to date has been limited to ~elatively 

\ 

small sizes, particularly when the shape of the device is of compound curvature. 
The latter have been limited to only about 1 ft., or less, in size (Ref IV-5). 
The systems were usually fabricated for use in ground test.,'3, as with the DSL 
8ubscale model described in Chapter VII, which limit system size due to hydro­
static heads. The Agena sump device, comprised of fine mesh twilled metal cloth 
which has flown Buccessfully (Ref IV-6), is in this size range. 

There have b~en larger capillary devices built, such as the umbrella trap 
arrangement used in the A,ollo CSM (RefIV-3) and the finger-like galleries used 
in the 62-in. diameter tank (Ref IV-6); however" neither is of the compound 
curvature that may be required for the fine-mesh DSL system. The relativ~ly 
large tankage of the Shuttle orbiter, on the order of IO-ft, by size alone, 
presents a significant challenge with regard to fabrication, inspection, cleaning, 
handling, and maintenance. The experience available today shows no insurmountable 
problem associated witt the large cryogenic storage systems; however, work is 
required in this area to substantiate this. Again, the reusability requirement 
of the Sh.uttle orbiter places even a greater importance on inspection, cleaning., 
handling, and maintenance. 

Because the capillary characteristics of the screen depend on the pore size, 
the fabrj.cation of curved surfaces must be accomplished with minimum distortion. 
Martin Marietta has developed manufacturing technology for forming high-quality, 
compound curvature surfaces of plain or pleated screen. An "orange peel" or 
,f gore" section technique has been developed for manufacturing plain surfaces. 
For pleated surfaces, a two-stage procedure has ~een developed in which a singly 
curved surface is formed first with 'the compound curvature developed from the 
singly-curved one. A compound curvature screen device formed in this manner 
is shown in Fig. IV-17. 

~efore any fabrication p:roc~ ... a isperform~d! the screen is thermally _ 
conditioned to ensure that the capillary reteht:iol1 capability of the screen will 
be only minimally degraded during the forming process. Pleated screens formed 
by Martin Marietta to date have bee11 of cylindrical, spherical, or partial­
spherical shapes. The largest sIze to date has been lO-inches. The ultimate 
per~entage of elongation of, the screen material must be considered. This value 
is 55% for stainless steel and 35% for the less ductile aluminum. This is an 
important consideration when selecting an appropriate bend radius. Further, 
stainless steel screens are available in considerably smaller mesh sizes than 
aluminum screens., and therefore ~re more .ttractive from the standpoint of 
capillary retention capability_ .... . 

.. fhe fabrica~io'Irbf screen-to-scre~n anc1.screen-to-plate presents . 
certs'in li~ttatian8 such as; ccmtaminationareas.must be min,imized (particularly 
wlu!n L02 is lnvolv~d), and scr~len; integrity 8hould not be destroyed bye~cessive 
heating or loads applied during Joining'~ Based on'tl\e Martin Mar.iettl! experience 
(Ref Tv:"7), mechanically formed joints are not acceptable. Screen-to:" screen 
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Figure IV-I7 Martin Marietta Technician Inspecting IO-in.-dia.-Sphere 
of 250xI370 Dutch -Twill Screen Formed with 72 Pleats (1/4 in. deep). 
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joining has been successfully accomplislled with resistance seam welding. 
Resistance sedm welding produces a narrow weld that is easily c.leaned. Joining 
8creen-to-plate (lan be accomplished by either brazing or welding. Brazing 
is the simpler method. Wicking of the screen material by the braze alloy in 
the area adjacent to the joint is avoided by appl.ying a "stop-off" material 
before the brazing operation. For stainless steel, a gold/nickle braze and 
Yttrium Oxi.de (Y O,~) "stop-off" haVe been used .~ffectively. Res:lstance 
welding can also b~ used to join screen-to-plat~j but the joint is more 
difficult to clean. When this type joint is fabricated the joint should fill 
with molten metel. Fusion welding can supply sufficie.nt molten met,'11, but 
there is a high possibility of melting the screen wires before the plate area 
is sufficiently softened to weld properly. Electron beam welding can join 
screen-to-plate satisfactorily because the heat input c~m be closely controlled. 
With this method the wire melts only in the area of the joi.nt. Because of the 
complexity of most screen-to-plate joints, brazing is thE.\ preferred technique. 

Pleated screen liners for full dual screens have been fabricated in 
quarter-spherical sections. Thus, two of these sections are required to· form 
a hemisphere. The sections are joined with two screen-to-screen resistance 
seam weldg. The pole and equatorial regions of the hemispheres are then machined 
on an electrical discharge milling machine to the proper size for joining by 
brazing to the outflow cup and girth plate, or in the case of a partial liner 
or trap, to the outflow cup and cover plate a~sembly. When practical, individual 
screen sections are checked for their capillary retention capability with a 
bubble point test before. they are assembled; quite often a bubble point check 
is not possible until the entire screen device has been assembled. 

1. Cleani.ng and Inspection 

Even though capillary retention systems fabricated from fine mesh screens 
(with pore sizes on the order of only a few microns) contain great numbers of 
possible contaminant entrapment sites, no problems are anticipated with regard 
to cleaning these devices, including those for L02 service. This conclusion 
is based on extensive Martin Marietta screen cleaning experience, including 
a recently completed in-house program where cleaning procedures were developed 
and demonstrated for cleaning screen devicee for use with LF2• Liquid fluorine 
usage presents the most stringent cleaning requirements for any fluid. The 
program (Ref IV-B) demonstrate,d that the 2300:mesh Dutch tw.111 screen (12-15 
micron pores), which had been formed into tes:t sample SCreell. devices using 
both resistance and iner~~as fusion welding.techniques, could be cleaned of 
contaminants so that nO.teduction in capillary retention capability (as measured 
by bubble point tests) was recorded after continuous exposure to LF2 for 35 days. 

Normal cleaning techniques for propellant tanks and associ.ated components 
involve degreasing and a(d.d, cleaning before assembly. The composition of the 
acid cleaning solution -and the specific procedure depends on the metal involved 
and the propellant to whichi.t is to be exposed. However, the screen materials 
used in the DSL systems can~ot b~ jiB,1eaned by this process because the 
acid would remove an amount of metal sufficient to degrade the retention capability 
of the screens. Therefore, a vacuum annealing process has been used to clean screens. 

., 
\ 

! I 

" 

\ 



\ 

.. ~ ."' 
I 

',i 

i"" 

..... 
" t 

-" -. ~.r.~ '-"'---, ~·'t ,7"--:-. ... ~ ., 
- -,~~ --. 

. ~ . '" 
~ ~~. ~ - I< ~'. ','.. • ' • 

• • .. ; . 
"iI' '''". '.:." . ,'" 

'. .."'~.. 'I 

" . . , . ,".' " 

" 

75 

This is normally performed after assembly of the device and completion of the 
bubble point tests. The stainless steel screens used in the fluorine tests 
mentioned previously were cleaned in this way. The standard method for 
inspecting screen devices to ensure conformity to capillary retention 
specifications is the bubble point test. The pressure retention capability 
range for various screen mesh sizes, as determined by Martin Marietta using 
the bubble point technique, is presented in Table IV-S. 

Table IV-S Martin Marietta Screen Pressure Retention Data 

Bubble Point, BP (in. of H20) 
UltrasoniC 

Screen Material Screen Mesh 

30x30 
50x50 
80x80 
100xlOO 
l50x150 
200x200 
l20x120 
30x250 
200x1400 
24xl10 
30x250 ' 

As Received Vapor Degreased Cleaning 

0.68 (2)* 0.68-0.69 (3) 
1.22-1.23 (6) 
1.80-1. 85 (6) 
2.20-2.22 (5) 
3.10-3.12 (5) 
3.89-4.40 (12) 
2.17-2.55 (16) 
2. 63-2. 71 (7 ) 

--
--

\ 

Stainless Steel 
Stainless Steel 
Stainless Steel 
Stainless Steel 
Stainless Steel 
Stainless Steel 
Aluminum 
Aluminum 
Aluminum 
Stainless Steel 
Stainless Steel 
Stainless Steel 
Stainless Steel 
Stainless Steel 
Stainless Steel 
Stainless Steel 

BOx700 
l65x800 
200x1400 
250x137Q 
325x2300 

1.19-1.20 (2) 
1. 75-1. 80 (2) 
2.20-2.28 (4) 
2.73-3.20 (4) 
3.75-4.60 (11) 
2.06-2.24 (13) 
2.50-2 .. 70 (6) 
16.30-16.40 (2) 
1.99-2.09 (5) 
2.58-2.65 (5) 
6.37-6.48 ~5) 
7.82-8.30 (17) 
16.70-17.40(18) 
21.10-22.83(12) 
24.80-26.75(18) 

1.96-2.12 (12) 
2.54-3.00 (15) 
6.28-6.36 (6) 
7.90-8.23 (14) 
16.70-17.04(15) 
20.BO-22.20(13) 
25.15-26.40(16) 

7.85-8.16 (15) 
17.08-17.25(17) 
21.40-22.40(20) 
25.82-26 .. 70(21) 

Note: Samples tested in methanol. 

*Numbers in parentheses are numbers of samples tested. 

The data presented in Table IV-5 were obtained using methanol as the test 
liquid. Using these data, the pressure retention for a given screen material 
and mesh size can be determined for other liquids from: 

(BP)f (J'Methanol (BP)Methanol IV-16) 

where the subscript iI i, refers to the other liquid. 

Because of the limited scope and funding of this program, no detailed 
structural analyses of the DSL subscale model were made. Howevet:,a aetailed 
design of, the DSL subscale model was made and the design is presented in Chapter 
VII. A pre1im1:nary effort was made, however, to uncover any maj"r design problems 
for large-scale cryogenic tankage. Some of this effort, which uncovered no 
insurmountable problems, is presented in the following paragraphs • 
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One conceptual design for the construction of a screen liner subassembly 
is shown in Figure IV-lB. The rib and stringer structure provides: for the 
inner screen to be mounted on its inside with the outer screen on the outside, 
B$ shown. The structure, itself, provides the liquid annulus gap. All members 
of the structure are fabricated from perforated plate so the structU1;"f; atfords 
little interference with flow in the annulus. 

A possible scheme for mounting the liner subassembly within the tank is 
shown in Figure IV-19. Wires are used to support the liner within the tank. 
A sufficient number of laces is provided so that the anticipated loads on the 
liner can be silpported by suspension. By using thin wire only, the amount of 
h~at transferred by the wire from the wall to the liner is minimized. This 
method of supporting the liner can be used for any tank configuration. 

1:.- System Mass 

Expulsion device mass (dry), though only a small part of the total tank and 
propellant mass, becomes more and more significant as tank size increases. For 
sm~ll sizes, say 5 ft3 for example, the ~ompleteDSL may be only a small fracti~n 
of the total mass and have little impact on mission payload potential. As tank 
size becomes larger, the DSL mass becomes a key consideration. 

Fortunately, a wide variety of materials is readily available for capillary 
sy.tem fabrication. In addition, configuration ",election is virtually unlimited, 
permitting designs that are attractive for most space missions considering 
expulsion performance, as well as weight. 

Foraminous material of stainless steel, alumi:aum, titanium, and many alloys 
are commercially available "from the shelf." Perforated plate, square weave, 
an4 Dutch twill screen are readily available in materials compatible wlth most 
propellants. For the cryogenic fluids of concern during this study, either 
st~inless: steel or aluminum is attractive. 

The point design study made for the Shuttle orbiter considered alumibum 
tankage. It is desirable to use the same material for the passive device and 
tar)k to avoid problems associated with dissimilar metal joints. Aluminum per­
forated plate and square weave screen are available in pore and mesh sizes 
common to stainless steel, but the finest Dutch twill screen is available in 
stainless steel only. The finest Dutch twill presently available in aluminum 
1s;200 x 1400 i mesh.Aluminum possesses the strength required in the present 
weaving processes to yield mesh sizes finer than 200 x 1400. A mesh size of 
32~ x 2300 is commercially available in stainless steel.F~J1.er sc;reens, e.g., 
45q x 2750, hpve been woven in stainless steel, but not without excessive .' 
de~ects and cost Jtwice as many defects and three times the cost of the 325 x 
23QO). I ,.. . 

Dry mass es-timates for the baseline DSL using stainless steel Dutch twill 
sereen iar~presented in Fig. IV-20 and IV-2l for both spherical and cylindrical 
tank~. I ;lWo: complete liners were' assumed with the. inner liner pleated. For' 
si~plici\~y, 'it was assumed that the surface area of the outer liner was the 
sat1J.e as f\he tank in which it was installed and the pleated inner liner was 
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Prl-strunl screen liner 

II.tllll" 

Figure IV-19 "Speed-Lace" Liner Suspension Technique 
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An additional 10% wa. added to the screen rna •• to account for joint., tube 
outlet., Ind .upport .tructure, luch I' the iI.peed lace" concept in Fig. IV-19. 
The estimates presented in Fig. IV-20 are for 325 x 2300; Fig. IV-21 for 
200 x 1400 mesh stainless steel. The system mass estimates for 200 x 1400 
mesh aluminum Dutch twill weave screen are presented in Fig. IV-22. The 
assumptions used for stainless steel also apply to these estimates. System 
estimates for the DSL using square weave screen in both stainless and aluminum 
are presented in Fig. IV-23 thru IV-26. These estimates are based on the same 
assumptions used for Dutch twill weave. 

The DSL mass becomes increasingly significant with increased tank volume. 
For a 2000-ft3 tank, for example, the DSL weight can vary from 70 to 600 1bm 
depending on material selection and tank configuration. Modifications to the 
DSL can also be employed to reduce the expulsion device weight with little or 
no impact on the system performance. One variation of the DSL that significantly 
reduces system mass is that pictured as Example A in Fig. 11-3. The flow channels 
sre manifolded at the top and bottom of the tank. All liquid outflow enters the 
flow channels from the bulk region. The lower flow channel manifold is connected 
to the tank outlet. Vapor venting is achieved from the annulus formed by the 
complete liner and tank wall as with the baseline DSL. System mass estimates 
for different DSL concepts are also presented in the point design effort, 
Chapter V. 

F. GENERAL CONCLUSIONS 

The results of the parametric study tend to show that the DSL concept is 
applicable to the wide range of cryogenic storage applications studied, including 
the ShuUtle Qrbiter. It appears to be adaptable to the four cryogens of interest, 
oxygen, hydrogen, methane, and nitrogen. As discussed earlier in Part C of 
Chapter II, the DSL pressure-relief method is efficient when compared 
to other venting techniques for storage pressures to about four atmospheres. 
For higher pressures, a more detaj.1ed comparison of the DSL and the other 
systems is, needed with regard to reliability, efficiency, and weight to 
select the preferred concept for each application. In this regard, it is 
also reconnnended that: the specific storage requirement be thoroughly evaluated 
before selecting the best DSL concept. A specific point design wa~ made to 
illustrate this. The results for the 50,000-lbm straight-1('ing 10w-crossrange 
orbiter design effort are presented separately in the next ehapter, Chapter V. 
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V. SPACE SHUTTLE ORBITER CAPILLARY SYSTEM DESIGN 

A preliminary design of a propellant management system for a Space 
Transportation System (STS) was conducted. The configuration used in the 
analysis carried a 50,000-lb orbiting payload with LH

Z 
and LOZ propellants. 

The primary objectives of this preliminary design effort were: 

1) Evaluate the STS design criteria and mission duty cycle with respect 
to the propellant management system; 

\ 

87 

2) Select and evaluate candidate capillary propellant management systems; 

3) Recommend a propellant management system design for the STS cryogen 
tankage. 

Events that used propellants were orbit injection, orbit change, on-orbit 
attitude control, rendezvo,t.ls, docking, reentry, and reentry attitude control. 
The vehicle was characterized by relati.vely large tank sizes and lateral 
accelerations that were an order of magnitude higher than the longitudinal 

o accelerations. These lateral accelerations occur in a 360 plane, approximately 
normal to the longitudinal axis. 

A. DESIGN CRITERIA AND APPROACH 

The baseline straight wing orbiter configuration and duty cycle were 
considered for t,he design effort. The engines 'are high P gaseous thrusters 

c requiring relatively long burn times for vehicle velocity changes (~V) due to 
the low thrust. The 22 thrusters, located forward, aft, and on the wings of 
the vehicle, are used for both ~V and attitude control (ACPS) maneuvers. The 
propulsion system schematic is shown in Fig. V-I. 

: . 
The primary function of the propellant management system is to supply 

gas-free liquids on demand to the pumps of the propellant conditioning system. 
The conditioning system recharges the high-pressure gaseous accumulators which 
supply gases to the thrusters on demand. Propellant outflow from the storage 
tanks can be e.ithet- short o,r long duration.~The ~V and ACPS maneuvers .impart 
acclerations to 'the propell~nt tanks that vary both in magnitude ana' :rlirecti,on. 
These varying accelera~ions: and outflow requirements together w.ith the relatively 
large propellant tanks produce stringent design requirements. In addition, the 
propellant management system must satisfy the venting requirement during coast 
pe:!ods. The acceleration during coast periods was considered to be approximately 
10 8i-' 

A summary oftll~ three-daycorbiter duty cycle is presented in Table V-I, 
which shows propellant outflow rat(es, propellant quantit.ies, and acceleration 
ID8gnitudes and direct.ions for both 'propellant tanks. The ~V duration times 
range between 13 and 540 sec. The ACPS maneuvers are 6 sec in duration. 
Propellant outflow rates for the ~V maneuvers are about tw.ice those for the 
ACPS maneuvers. " 

, 
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Table Vu1 STS Orbiter Mission Duty Cycle 89 

mSSION EVENT LIQUID OXYGEN TANK LIQUID HYDROGEN TANK 
TINE DURATION FLOW RATE PROPELLANT MASS FLOW RATE PROPELLArn NASS ACCELERATION 

EVENT (hr:min) (lee) (Ibm/lee) (Ibm) (Ibm/lee) (Ibm) LEVEL DIRECTION 
~~ 

Launch 1):00 25877 6506 
AV ;):49 426 14.0 19877 3.5 5016 .027, ( .144)* +x, (±y or ±z) 
ReS 0:56 6 7.0 19835 2.0 5004 .141 ±y or ±z 
Res 2:49 6 7.0 19793 2.0 4992 .141 ±y or ±z 
ReS 4:49 6 7.0 19751 2.0 4980 .141 ±y or ±z 
ReS 6:49 6 7.0 19709 2.0 4968 .141 :!:.y or =z 
RCS 8:49 6 7.0 19667 2.0 4956 .141 ±y or :!;z 
tV 9:49 70 14.0 19387 3.5 4886 .027, (.144) +x, (±y or ±z) 

ReS 9:50 6 7.0 19345 2.0 4874 .141 ±y or ±z 

ReS 10:11 6 7.0 19303 2.0 4862 .141 ±y or ±z 
AV 10:12 20 14.0 19013 3.5 4792 .027,(.144) +x,{±Y or ±z) 

ReS 12:11 6 7.0 18971 2.0 4780 .141 ±y or ±z 
RCS 14:11 6 7.0 18949 2.0 4768 .141 ±y or ±z 
ReS 16:11 6 7.0 18887 2.0 4756 .141 ±y or ±z 
ReS 18:11 6 7.0 18845 2.0 4744 .141 ±y or ±z 
RCS 20:11 6 7.0 18803 2.0 4732 .14-1 ±y or ±z 
RCS 22:13 6 7.0 18761 2.0 4720 .141 ±y or ±z 
AV 22:14 307 14.0 14461 3.5 3660 .027,(.144) +x,(±y or ±z) 
AV 23:00 260 14.0 10811 3.5 2750 .027, (.144) +x,{±y or ±z) 
RCS 23:05 6 7.0 10769 2.0 2738 .141 ±y or ±z 
AV 24:34 24 14.0 10429 3.5 2654 .027 ,( .144) +x, (±y or ±z) 
ReS 24:35 6 7.0 10387 2.0 2642 .141 ±y or ±z 
AV 24:46 19 14.0 10142 3.5 2576 .027,{.144) +x, (±y or ±z) 

ReS 24:47 6 7.0 10080 2.0 2564 .141 ±y or ±z 
AV 24:56 10 14.0 9940 3.5 2529 .027,{.144) +x,(±y or ±z) 
AV 25:08 10 14.0 9800 3.5 2494 .013,(.142) -x,(±y or ±z) 

RCS 25:09 6 7.0 9758 2.0 2482 .141 ±y or ±z 
AV 25:10 13 14.0 9578 3.5 2437 .013, ( .142) -x, (±y or ±z) 
AV 25:11 13 14.0 9398 3.5 2392 .013,(.142) -x, (±y or 1Z) 

AV 25:13 5 14.0 9328 3.5 2374 .027,(.162) ±y. (±y or ±z) 
AV 25:15 5 14.0 9258 3.5 2356 .027,(.162) ±z,(±y or :,z) 

ReS 25:38 6 7.0 9216 2.0 2344 .141 ±y or ±z 
AV 25:39 10 14.0 9076 3.5 2309 .013,{.142) -x,(±y or ±z) 
AV 67:20 10 14.0 8936 3.5 2274 .013,(.142) -x, (±y or ±z) 

ReS 70:00 £j 7.0 8894 2.0 2262 .141 ±y or ±z 
", 

.027, (.144) +x,(±y or ±z) AV 70:20 540 14.0 1394 3.5 362 
ReS 70:54 6 7.0 1352 2.0 350 .141 ±y or ±z 

Start 71:32 t 7.0 t 2.0 t 2.3 +y 
Reentry 
Full 72:09 t ", 7.0 t 2.0 t 2.3 +y 
Reentry 
Transi- 72:20 t .I) 7.0 t 2.0 t 1.75 +y 
tion 
T.O: 72:34 

II 

I, 

*The acceleration levels and directions'\1ncJqsed by parenthesis are those resulting from an RCS maneuver 
superimposed on the regular I1V maneuver wlilch lasts for only 1 second. 

, . 
fSpecific duration times and p)"{lflellant consumption schedule were not available for this three reentry maneuvers. 
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Figure V-2 Shuttle Orbiter Coordinate System 
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The vehicle coordinate system used to describe acceleration directions 
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is shown in Fig. V-2. The highest vehicle accelerations are encountered during 
reentry. The reentry accelerations range between 1.7 and 2.3 g and always act 
approximately in the +y direction, tending to settle propellant in the -y 

, 

direction. The ~V maneuvers accelerate the vehicle in the +x, +y, and +z directions 
at 0.027 g. An acceleration of 0.013 g results from ~V maneuvers in the -x 
direction! For ACPS maneuvers only, the acceleration on the propellant tanks is 
0.14 g, acting either in the+y or ±z direction. A I-sec ACPS maneuver can 
occur during a ~V maneuver. When this occurs, the acceleration increases to 
0.144 g for longitudinal ~V maneuvers and 0.16 g for lateral ~V maneuvers; 
these accelerations can act in either the +y or +z direction. Therefore, the 
lateral accelerations are approximately 5 to 6 times greater than longitudinal 
accelerations. This large difference is due primarily to both the location of 
the propellant tanks and the ACPS thrust levels. Both propellant tanks are 
located approximately on the x-axis and 50 ft from the vehicle center of 
gravity (th~\ t02 tank is forward and the LHt tank is aft); this results in 

relatively large angular velocities and accelerations during ACPS maneuvers • 

Two propellant management concepts were initially selected and evaluated 
for application to the orbital maneuvering propulsion system. Each concept 
was then modified as required. The two ~onceptsselected were the DSL passive 
retention/expulsion system and a conventional propellant trap. The DSL concept 
would control both gas and liquid volumes in such a way that single phase! fluid 
(either gas. ,Dr liquid) could be expelled from the tank on demand. The 
propellant trap would control only the liquid and would require a ,thermodynamic 
vent system to satisfy both the propulsion system and the venting requirements. 

After selecting these concepts, preliminary analysis and evaluation of 
each concept was conducted and modifications were ,made as requ:f.red to satisfy 
the design criteri,ll. Following any modifications, the operating characteristics 
were defined and preliminary system weights were calculated.' A comparison 6f 
the two sy:steJlls was made resulting'inthe selection of the best system. A 
qualitative evaluation was maje on the effects of design criteria changes on the 
selected system. 

B.. MODIFIED DUAL-SCREEN-LINER SYSTEM 

1. DeS,cription and Operating Characteristics 
. , 

The basic DSL system evaluated in this study is shown in Fig. 1I-l. For this 
application,~he liquid flow annulus to the outlet is formed between the two screens. 
Initially, the outer annulu,s is liquid; but, due to the incident heat flux at 
the tank wall, vaporization occurs causing pressure buildup which forces the 
liquid out of this annulus. 'rq:ls outer annulus becomes the gaseous volume in 
which subsequent pressure buildup. occur due to heating and propellant vaporiza­
tion from the liquid annulus. These pressure buildups can be relieved by 
venting directly from. the outer annulus.. Liquid outflow for propellant feed 
is provided from the inner liquid annulus whichi. fed by the bulk liquid region, 

l 
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A preliminary evaluation was conducted to determine the feasibility of 
uaing, the DSLin the orbiter propellant management system. The evaluation 
considered a complete DSL with 325 x 2300 mesh stainless steel screens in 
the L02 tank because it presents the most severe retention requirements. For 

this 10-ft-diameter tank, a liquid annulus gap of 1/2-in. was used. The 
calculations showed that approximately 10% of the liquid annulus volume could 
break down (capillary retention capability of the screen would be exceeded) 
under the highest lateral acceleration. This represents a maximum loss of 
approximately 110 Ibm of L02 from the liquid annulus. During a 6-sec ACPS 

maneuver, the L02 requirement of 42 Ibm cannot be satisfied if 110 Ibm of L02 

\ 

is displaced from the portion of the liquid annulus connected to the tank outlet. 
Under these conditions, the DSL would not meet the primary design requirement. 
For the hydrogen tank, the liquid annulus breakdown is not as severe because 
the same screen can retain approximately three times more hydrostatic head 
of LH2• However, some breakdown in the liquid annulus would still occur in this 
l6.25-ft-diameter tank. 

Following this evaluation, it became apparent that modifications to the DSL 
concept would be required to circumvent the problems described. The primary 
modification was directed toward eliminating breakdown in the controlled liquid 
volume which provides liquid outflow for propellant feed. Another modification 
that resulted was an increase in the controlled gas volume which is vented. 
These modifications resulted in the two designs shown in Fig. V·,S and V~4. 
Both designs have three spherical-screen compartments which provide gas-free 
liquid expulsion during all of the flight. Liquid is expelled from the small 
central compartment. This compartment is designed so that it remains gas-free 
until the total liquid volume becomes less than the compartment v·olume • 

I The dual feedline design is shown in Fig. V-3. Except duri.ng reentry, 
liquid is expelled fro~ the central compartment through the feedline located 
approximately on the x-axis of the vehicle. During reentry, the screens wi11L 
br~ak down and liquid remaining in the tank settles over the reentl:youtlet 
and is expelled through the feedline, which is parallel with the y·-axis of 
the vehicle.. This axis corresponds to the appro.ximate reentry acc£lleration 
vector. 

The single feedline design is shown in Fig. V-4. For this desi.gn, the 
Quter and middle screens are the same as"those for the dual feedline design. 
The central spherical compartment, however, consists of a screen hemisphere 
and a thin-wall hemispherical dome with an outlet. Th;[s single outle\t is 
parallel to the orbiter y-axis. During reentry, the llquidremaining is 
retained in the central compartment. 

The operating characteristics for these two designs are essentially the 
same. Following boost and prepressurization, most of the liquid is c01ltained 
within the outer screen. The outer controlled gas volume, is equal to the 
initial ullage volume. When the first expulsion event is' initiated, li'luid 
flows out of the central compartment a~d pres.urant gas enters the outer.' gas 
volume. The liquid contained within the, oute~ screen will flow into the 
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middle compartment and then continue through the screen into the central 
compartment. The liquid level in the outer screen compartment drops until 
the liquid height in the middle screen compartment is greater than the retention 
capability of the second screen. At this point, the second screen will break 
down and outflow continues with the distance between the two liquid levels equal 
to the retention capability of the secon~ screen. Ultimately, the outer screen 
will be emptied, and the liquid will then be contained within the second screen 
compartment. During the maximum acceleration maneuvers, additional breakdown 
of the s~~ond screen could result. If this occurs, then the liquid that can not 
be retained by the second screen flows into the first screen compartment and is 
retained. The breakdown in the second screen volume will continue until a 
stable hydrostatic condition is reached, 1. e., the distance bettleen the two 
liquid levels equals the static head which the screen can retain. The first 
screen, therefor.e, reduces the amount of breakdown of the second screen • 

If the outermost compartment contains any liquid, it will always empty 
first since the pressure on that liquid during outflow is greater due to pressure 
losses across the screens. The sphertcal screens are offset to minimize the 
residuals in each compartment during outflow and retain the liquid a; the 
opposite end from the vent outlet during low-g coast periods. Venting for this 
system is accomplished by expelling gas from the outer controll~d gas volumes. 

2. Analysis 

The selection of screen mesh. is a function of hydrostatic pressure difference, 
static pressure reduction due to velocity and flow loss due to visco$ity. Break .. 
down of a screen occurs when the retention capability of the screen is leso. than 
the sum of these pressure differences. For this preliminary analysis, only the 
hydrostatic pressure di.fference was considered because the other two pressure 
differences are generally negligible. Hydrostatic pressure difference is equal 
to Pah, where P is liquid density, h is liquid height, and a is the acceleration 
g-level. Due to the large diameter L02 and LH2 tanks and relatively high 

lateral acceleration levels, the hydrostatic pressure differences were relatively 
large. This mean9 that the r,etention capabi11.ty of the screen h,d to be as large 
as possible and Dutch twill screen, 325 x 2300 mesh, woven from stainle.ss steel; 
wire was selected. This screen has~, bubble point of about 26-in. of water 
measured in alcohol, as discussed in Chapter IV.E. Inherent. defects and possible 
degradation due to fabrication were considered by reducing the bu\'lble point'to 
20 in. of water for these designs. A bubble point with alcohol of 20 in. of 
water is equivaient to a retention capability of 0.35 psi with o~gen and 0.06 psi 
with hydrogen. For these pressure differences, the supportable hydrostatic heads 
for the expected acceleration levels were calculated and are presented in. Table 
V-2. These data show that L02 retention is the more difficulf-case because the 
scre~n.can support a hydrogen hydrostatic head that is three times that of oxygen • 
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T~~~'le V-2 Supportable Hydro.st"ltic Head vs Acceleration for 325 x 2300 Stainless 
. Steel Dutch Twill Screen 

' . . , 
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Acceleration I Liqtdd 1J.X)Tgen 
I He8~ {:~t.) 

~ __________ ~~"""'O:";';~~'11"",,~"'-'itrN~"Y_~:·~·'~"'>'t, --________ ~ 

Liquid Hydrogen 
Head (ft) (a/g) 

o • 027 ! 21 .' ~j 80 • 0 
0.141 5.~ l5~2 

______ ~_~i_~_~ ___________________ ~_~~ __ _=> ___ l------.--i-'~-~-~-----I 
The criteria used in determining the dianl~ter8 of the three screen 

compartments for both designs were: 

1) The volume enclosed by the outer screen compartmen.t is equal to in1,t:i~i 
liquid volume; 

2) The diameter of the middle compartment mU~:t }M;: ~uch that any liquid 
loss due to acr~en breakdown is small and cau be retained by the 
outer screen. Also, the diameter must be small ~nough to keep liquid 
in this compartment always in contact with the central compartment; 

3) Fo,r the central compartmen:t, the volume must be twice the volume of 
liquid remaining before reentry (for the single feedline design), and 
thecf)mpartment diameter must be less than the minimum hydrostatic 
head, excluding r~entry. 

~ne compartment diameters were obtained using these criteria, the bubble point 
data and the mission duty cycl,~. Determinatioll of the outer and central 
compartment diameters was straightforward. For the 102 tank, ~he middle 

compartment diameter was based upon minimizing breakdown during the AC~WS and 
AV maneuvers before docking. The middle compartment diametp.r in the LH2 

tank was based on always keeping liquid in contact with the central compartment. 
The calculated c'ompartment diameters are presented in Table V-3 • 

A weight estimate was made for the comple,te propellant system including 
screen, 'inner compartment dome (if any), and screen support weights. The 
sc,ir,een we~ghts are Based on data obtained from screen suppliers. For 325 x 2300 
'st'tiinlesssteel screen, the approximate weight per unit area was given as 
0.10 lb /ft2. For the single" outlet designs, the weight of the thin wall dome 

In 

was based on a O.04-in .. wall thickne,ss~ The spherical supporting structure 
for the scr.eens 'was assumed to be stainless steel tubing, 1/4- in. diameter 
b}'i-0.016-il.'l. wlall, which formed longitudinal arld lateral ribs. 2In addition, 
J.~: was ~ssumed \.that 2 ft. of tubing was required to support 1 ft of screen. 

"USill1~ "'i:chese as~umptions and (-!a tubing weight of. 0.04 Ib /-It,· the support 
, "".' ,'., ,~ , :)" \.; ,! .m 

"weight(::, was · calCUlated.," Total system weights 'are also present~d in 'I'able V-3. 
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ITable V-3 Modified Dual Screen Liner System Sizes and Weights 
, 

., "- Spherical Screen Diameters (ft) Spherical Screen Weights (Ibm) Tank Outer Middle Inner Outer Middle Inner , 

LH2 13.1 10.7 6.88 53.9 36.0 38 .. 5 
. " 

(Single Outlet) , 
,if 

" 

.... . L02" 9.0 7.0 4.25 25.5 15.4 14. 7 " tSingle Outlet) 

. 
-;'( L02 9.0 7.0 4.0 25.5 15.4 5.5 (Dual Outlet) 

. ~ .. 

" 
,? . *Includes the ~eight of the thin walled stainless steel hemispherical dome. 

•• " II"'j ••• r!h~li~'i\h,~""~~;,.,;;:i!t;~,.,~"",, .-.-:,_ .. , ..... , .•. 
• - _~J __ .j---L. 

; r~:~" 

Support 
Structure 
Weight (Ibm) 

77.8 

35.0 

36.7 

Total Systerr. 
Weight (Ibm) 

206.2 

90.6 

83.1 

U) 
....... 

1 "'" 

.. '. 
" ..... "'.'!'r. 

, . 
#. 

. 

... 

.. .. . 

.. 

r 

.. 

" . 

filii 

-~ 

I 
, I 

~ ..... 

. 
.' ~I 

J 



" .. 
','. .. . 

• 1 

·, .... f 

.o •• .. ';' 

• 1 ,.. " 

". ;'. ; J 

'. ~'.:; 
• 

'j. ,:.. ~ 
«,,~" 

-
. '. 

• • < • ','" ~-

". ",," 
.\ 

.,.' ~ t • 

II' • • ~~. '". • " " 

.' 

.. 

98 

3. Evel'uation 

Modification of the DSL system offers two designs that are capable of 
both expelling gas-free liquid and venting liquid-free gas for the baseline 
mission. Both the single and dual feedline designs are completely pass:Lve 
and have minimum complexity; they are low in weight and completely reusable. 
The operating characteristics of the two designs are es~untially identical. 
The dual feedline design offers a small 'weight savings over the single feedline 
design. The single feedline design,~however, does eliminate the complexity 
of an additional feedline, valve, and controls. 

For this system, the control of the ullage and bulk liquid is entirely 
dependent on the ability of eClch screen to remain wet. Maintaining wet screens 
is a function of the wicking and capillary pumping capability of the screens • 
The type of screen selected for this design does have this capability. However, 
because the wicking rate of ~I screen is a function of length, the question that 
arises is whether the wicking rate for the large diameter is sufficient to keep 
the screens wet. No data are presently available to provide an answer. 

The potential failure mode most evident for this system is the loss of 
liquid retention capability by drying out the outer screen that could result 
in venting some liquid. This potential problem is more pronounced with the 
outer screen because of its location and larger diameter. The central 
compartment does not present a retention problem because of its smaller si.ze 
and because it is completely surrounded by liquid during most of the mission. 

There are additional ways in which th~ outer screen could lose its liquid 
retention capability. If the pressure in the ~uter gas volume is less than the 
pressure plus hydrostatic head in the first screen compartment, then liquid will 
flow into the outer compartment until a new stable eondition is reached. 
Pressure drops that could cause breakdown of the outer screen can occur by 
rapid venting and rapid cooling of the gases following a hot gas pressurization. 
The low venting rate anticipated for this duty cycle shotild not cause breakdown. 
Using a cold gas pressurant would circumvent both the pressure drop following 
pressurization and drying out of the screen due to hot gas impingement • 

If breakdown of the outer screen should.r)ccur, the system is designed so 
that the liquid is retained at the end opposite the vent outlet. By offsetting 
the sc!reens, the minimum surface area for the outer compartment is away from the 
ve:nt outlet. In a low-g environment, liquid will tend to flow;and orient itself 
in.;;;ide a tank in the minimum liquid/vapor interface area configuratione 

c. MODIFIED TRAP/FEEDER-ARM SYSTEM 

1. Description and Operating Char.a~tj\;cl!t:i£! 

A pzoopellant trap was investigated a~· a -me~nH~ ,,~£ providing retention of 
the propellant within the tanks of th~ 81'S orbitet'~ The operation of a simple 
propellant trap depends OIl the sett11~;i~~·r.ff; pro:f}'a,:Ll.tUlt ove,r the outlet dl!!i"ing 
outflow-and a rather well defined tn!s~~,i~riprof{lEf For the.se r~ason~ ", ~ .. trap 
by itself would not be adequate; but, by~dding feeder arms to the trap, s 
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device that could meet the mission requirements is obtained. The configuration 
of this device is shown in Fig. V-5. 

The trap serves as a manifold for the eight feeder arms at the tank outlet. 
A communication path between the propellant~ regardless of its orientation 
within the tank, and the tr~p is provided by the feeder arms. By having eight 
arms, at least one arm will always be in contact with liquid. In addition, 
a single arm is capable of meeting the propellant demand. 

Successful operation of the feeder arms depends on th~ir remaining 
full of liquid while the orbiter is operating in space. During boost and 
reentry, the arms will not remain full of liquid. This is not a problem during 
reentry because the tank is oriented such that the liquid will settle over the 
outlet. At this point, supply of propellant would not longer depend on the 
surface tension device. 

After the boost phase and before the first propellant expulsion requirement, 
the feeder arms must r~fill with liquid. Under low-g conditions, liquid will 
tend to flow into the arms due to Cflpillary forces, but gas within the arms must 
be vented. A vent port that would remain open until the arms are completely 
full of liquid would provide this capability. 

During the remainder of the mission, liquid would be retained in the arms 
by the layers of screen on the underside of ea~h arm~ Whenever propellant is 
required, it flows through the screens into the arms, along the arms into the 
trap and out the feed line. 

Selection of the screen used for the feeder arms depends on the maximum 
pressure difference that could occur between the liquid in·the arm and gas 
outside the arm, exclusive of boost and reentry as previously discussed~ A 
preliminary analysis indicates that a single screen is not adequate. The 
pressure retention capability of the finest screen available is less than the 
maximum pressure difference. It has been shown that the retention capability 
of foraminous materials t)l,,s.'?l~1d in parallel is, nearly the sum of their individual 
bubble points (Ref V .... 1) " Jr:t this case, two parallel screens are required 
for the hydrogen tankf'M·t~·e:l." arms and three parallel screens are required for 
the arms of the oxygeu E4!ir'ik. 

Breakdown of the single outer screen exposed to gas can occur, but when 
this occurs the pressure differential across the remaining layers of screen is 
reduced by the bubble point of the screen that broke down. By this mechanism, 
one or more screens can break down until the pressur.e'diffE:!rential can be 
supported. The inner screen should I7,pt break down, retaining only gas-free 
liquid iI, the flow passage of the feeder arms. . 

"'~" Analysis 
". ;' t,>~ 

l, ... :;()( detailed analysis of the pressq,re losses ~1ithin the feeder arms is 
reqii'ired before the final screen con~:i~guratiol,l is selected. For the 
purposes of this study,' it was assumed that tlle ':hyd~ostatic head is the pr.imary 
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contributor to the pressure difference. Other contributions to the pressure 
difference are inherently sITall or can be made small through

2
proper design. 

The flow area per arm is large enough (approximately 0.17 ft ) to minimize 
pressure losses due to l~qUid flow along each arm. The screen area per arm 
is approximately 16.5 ft ; with this area, the loss due to flow through the 
screen should be small. 
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A worst-case condition is impos~d by the ACPS maneuver that occurs just 
before reentry. Under this condition, the propellant volume will be a minimum 
and the screen will be required to support the maximum hydrostatic head. At 
this time, the pressure differential due to hydrostatic head will be approxi­
mately 0.6 psi for the oxygen tank and 0.08 psi for tha hydrogen tank. Dutch 
twill stainless steel screen, 325 x 2300 mesh, was also selected for this system. 
A comparison of the screen bubble point and the hydrostatic pressure differences 
establishes the number of laye~s of screen required for the arms. Three 
layers are necessary for the ox:ygen tank, making allow,ance for other pressure 
losses in addition to the hydrostatic head, and two layers should be adequate 
for the hydrogen tank. 

The preliminary analysis also included an assessment of total system weight. 
This weight in.cludes the weights of screens, manifolds, feeder arms, and the 
vent heat exchanger system. The vent heat exchanger weight must be included 
to make a realistic comparison between this system and the modified DSL system. 
The weight of screen was calculated by the previously mentioned approach. 
For this preliminary design, the arms and manifold were cons,idered to be 
constructed of stainless steel having a ~'1all thickness of 0.05 in. 

A preliminary heat exchanger analysis was conducted to estimate the weight 
of the tubing mounted in a continuous spiral fashion on the external surface 
of each tank o Aluminum tubinK, 1/4-in. diameter x 0.030-in. wall, having a 
weight per unit length of 0.225 Ib/ft was assumed. The heat flux into each tank 
was assumed to be 0.5 Btu/ft hr. Using the techniques outlined in Ref V-2, 
the tube spacings were estimated to be 16 and 20 in. for the 102 and 1H2 tanks, 

respectively. These spacings gave tube lengths of 243 ft for the LOX tank and 
532 ftfor the LH2 tank. The L02 and LH2 tank heat exchanger weights were 

calt!ulated to be 6.1 and 13.3 lb ,respectively. Total system weight for each 
m 

tank is presented in Table V~4. 

Table V-4 ~1oaified Trap/Feeder-Arm System Mass Estimates 

LO Tank LH, Tank 
,,' 2 z 

.. 

Trap (TiJ~c and Bottom Manifo'lds) 17.8 17.8 
Feeder Arms to' 164.7 " 268.0 ,.! 

Screens " 19.0 20.4 
" Heat Exchanger ,e:Tubing 6.1 13.3 

;'> 
3l9';)5(lb ) Total System 207.6(lb ) 
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3. Evaluation 

This surface tension device provides a relatively simple means of 
providing for the acquisition and expulsion of gas-free liquid propellants. 
It is relatively lightweight and does not restrict the flexibility of the 
spacecraft, since it can be designed to function for any flight profile. No 
modifications to the propulsion system would be required in order to accommodate 
the device. 

The system has some difficiencies that became apparent during this analysis. 
One of the more complicated design problens is the vent that allows the feeder 
arms to refill following boost. The vent 'must be located on the arm so that 
it is at the point last to fill and it must not significantly degrade the re­
tention capability of the arms. One approach is to keep a small .section of 
screen dry while the arms refil1.* When the arms are completely full, the 
screen would wet and seal the vent. However, the motion of the liquid must be 
predictable and the dry section of the screen must be isolated from p-remature 
wicking and propellant slosh. 

Another problem is the ingestion of gas into the spaces between the screen 
layers. Whenever a cingle layer of screen breaks down, gas will be drawn into 
the space between the screens; there is no means of venting the gas from this 
space. Each time a screen breaks down, more gas will be ingested. If the 
space should completely fill with gas, liquid will not be able to flow into 
the arms. An evaluation must be accomplished to determine the maximum amount 
of gas which could be ingested into these spaces. The analysis should also 
determine if the gas ingestion will result in a flow restriction such that 
the flow rate of liquid out of the tank is reduced. 

An additional disadvantage of this device is that it does not provide 
for the di~ect venting of gas from the tank. There is no point in the tank at 
which liquid-free gas would be availablQ for venting. Venting would have to 
be accomplished using a thermodynamic vent (venting liquid through a heat 
exchanger mounted on the tank wall). This vent heat exchanger must be considered 
as a contribution to the weight of the device, and its effect on the reliability 
of the system must be considered. 

D. CONCEPT COMPARISON AND SELECTION 

The preliminary analysis and evaluation of both candidate concepts 
indicates that both are capable of satisfying the miss~on design requirements. 
To select the best system, a comparison of the modified trap and feeder arm 
system with the modified DSL ~ystem was made. The comparison considered 
significant perform~nce and design problems, system failure modes, system 
complexity, and system weight. Any additional areas for comparison, such as 
reliability, cost, component availability, 'etc, were considered to be beyond, 
the scope of this study.' 

/'i( . .' '. 

Berfar;~ted,~late and square weave screen are possible material, candidates;, 
based on thl0'non-wicking characteristics discussed in Ref V-I. 
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The modified trap'/feeder arm system has one significant design problem 
that has to be solved ~,nd another potential problem that should be investigated. 
As described in the last se~tion, this system has the problem of refilling the 
feeder arms following the gas ingestion during the boost phase. A problem 
could exist when the Ot1t~~.r screen breaks down and the ingested gas is trapped 
between the outer and innl..~.r screens. If the volume of gas between the screens 
increases, the liquid flow area into the flow passage could be reduced. This 
could result in a reductiorj' of the outflow rate followed by gas ingestion into 
the flow passage. Solutiona to both problems would require significant 
detailed analysis and design effort. 

The modified DSL system has only one potential problem; this is the 
possibility of the outer screen losing its liquid retention capability that 
could result in th:-: venting of some liquid. This is the only apparent failure 
mode for this sysi . because the central compartment is capable of expelling 
gas-free liquid ur.,-1..:..c all the expected flight conditions. 

The modified t~ap/feeder arm system is more complex than the modified 
DSL system. It requires a vent he,t1t exchanger system and also additional 
components, possibly a valve, to refill the arms following boost. 

A weight comparison clearly favors the modified DSL over the modified 
trap/feeder arm system. The L02 and LH2 modified DSL systems have weights 
savings of 117 and 113.3 lbm r~spectively, over the modified tr~p/feeder arm 
systems. This represents 90 and 35% weight reductions for the L02 and LH2 

systems, respectively. Based on these comparisons, the modified DSL system is the 
better propellant management system. 

E. EFFECT OF MISSION DUTY CYCLE AND DESIGN CRITERIA CHANGES 

The selected expulsion system was designed for a specific mission duty 
cycle and design requirements. Any changes in either duty cycle or design 
requirements would affect the system design. There is flexibility in the 
design, and small changes in duty cycle or design requirements may not affect 
the system performance. In general, however., the specified propellant 
m~anagement system design would require some modifications for any changes 
to obtain an optimum system. 

Because this is a preliminary design effort and the selected orbiter 
configuration and duty cycle were arbitrary, several. mission duty cycle and 
design parameters are subject to change. The four parameters having the 
greatest effect on the expulsion system design are acceleration levels, tank 
volume, propellant load, and propellant outflow schedule. Of these four 
parameters, the acceleration level is the mo!;t import.ant. For the selected 
orbiter' configuration, the acceleration profile could be altered considerably 
not only by changing thrust ,'and system mass but also by changing location of 
the prope1la,nt tanks. Increasing the acceleration levels (considered un1 ike1y) 
would have the most adverse, effea·t on the design. This change could ,possibly 
result i~additional scr~ens for additional, retention capability that would 
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increase the system weight. Decreasing the acceleration levels results in an 
opposite effect, i.e., less screens are required thereby reducing system w~ight. 
Any reduction in the lateral acceleration levels, considered as unduly high, 
would also reduce the complexity of the system. 

An increase or decrease in tank volume would result in a corresponding 
change in expt~lsion system size. Changes in' the propellant load could occur 
without change in the tank volume because an initial ullage of 30% was 
considered in the design; however, changes in the expultdon system could 
result. These changes cannot be evaluated without also considering change in 
the outf10~ schedule to which the design is also sensitive. For example, 

, 

if the outflow schedule is changed such that the amount of pr~pellant remaining 
before docking is increased, the outer screen could break d~wD, forcing liquid 
into the outer volume. The central compartment is sized so that the compartment 
volume is ~pproximate1y twice the volume of liquid required for reentry. 
Any additional liquid remaining at this time would not be retained within the 
central compartment and might not be expelled. 
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VI. FORMULATION OF TEST PROGRAM 

One of the tasks under this program was to formulate a plan for testing 
the DSL to provide verification of the concept in as many test modes as possible • 
Thus, bench tests, drop tower tests, and KC-135 aircraft tests have been considered 
to help determine the capillary system capability of the DSL. Note that these 
tests are aimed at determining and verifying capillary system performance and 
are not intended as operational tests of a prototype of a real cryogen tank. The 
actual tests in the various test modes will be dictated by the requir~ment to 
show the DSL can indeed: 

1) Provide liquid-free vapor venting; 

2) Provide vapor-free liquid draining; 

3) Provide near-continuous control of the liquid in the bulk region. 

All tests will be performed with LN2 at a storage pressure of one atm.osphere. 
The following paragraphs will briefly discuss the three test modes. Details 
are presented in Martin. Marietta Report MCR-7l-38 (Ref VI-I) submitted in 
February 1971 as part of this contractual effort. 

A. ONE-G BENCH TESTS 

During this phase of testing, consideration will be given to inve~:tigating 
all the parameters we now feel are 'important for the operation of the DSL. 
Simple tests such as vapor-free liquid outflow, vapor venting, and bubble point 
check will be made to assure the basl.c concept feasibility. Because of the 
relatively large hydrostatic heads and heat transfer rates in the 1-g environ­
ment, bench tests present certain operational difficulties that have been 
experienced in an earlier IR&D test program with LN2 in a cylindrical tank 
(Ref VI-2). For example, liquid trapped in a vent line vaporized and the 
pressure increase forced liquid out of a capillary controlled region. The 
need to support a relatively large hydrostatic head (with a 6afety factor 
of 2.0) has dictated the sizing of the subscale model, as will be discussed 
in the following chapter. The bench tests will also give an indication of the 
extent and sensitivity of the control system necessary to provide near continuous 
control of the bulk region. 

A matrix of test conditions will be simulated to investigate such things 
as: 

1) Outer annulus pressuri~ation; 

2) Bulk, region pressurization; 

3) Liquid outflow to depletion; 

4) Sensitivity of vent control; 
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5) Selective rapid venting (liquid fallout); 

6) Large heat input rates (screen breakdown); 

7) Operaticm of communication screen in control of venting; 

8) Feasibil.ity of manual and/or automated control functions; 

9) Continuous vapor venting from the outer annulus. 

B. DROP TOWER TESTS 

It is desirable to make several relatively inexpensive drop tests to 
assure equipment function during periods of low-g operation. Of particular 
interest are the control requirements needed to obtain meaningful data during 
the short low-g test periods. Emphasis will be placed on system checkout for 
the somewhat longeL' low-g test times available in the KC-l35 aircraft. 

c. KC-l35 AIRCRAFT TESTS 

The emphasis during this phase of testing will be to demonstrate that the 
passive DSL can indeed outflow vapor-free liquid, vent liquid-free vapor, 
and provide propellant control during the low-g test period available. In 
addition, based on the earlier test data, it may be desirable to investigate 
such things as selective rapid venting where the vellt is positioned to take 
advantage of a known acceleration vector and the bulk fluid 1.s dropped out 
of the bulk fluid control region. These phenomena h~lve beetl investigated 
for LH2 in drop tests conducted by Martin Marietta Un~2t;' Contract NAS8-ll328 
(Ref V1-3). 
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VII. TEST ARTICLE DESIGN AND_ FABRICATION 

As discussed in Chapter II, the DSL concept was selected as the basic 
capillary system design for this pro~ram. To verify the concept, a subsca1e 
passive retention/expulsion DSL system was designed and fabricated to accomplish 
the test program presented in Chapter VI. The design considerations, design 
details, and fabrication and assembly methods of the subscale DSL system are 
presented in this chapter. 

A. DESIGN CONSIDERATIONS 

The primary objective of designing and fabricating the subscale DSL passive 
retention/expulsion system was to provide system design verification when 
subjected to l-g bench, drop tower, and KC-135 aircraft testing, as discussed 
in Chapter VI. Weight optimization of the system was not a primary objective. 
The following considerations and requirements were used in the design. 

The cryogenic storage system was to be composed of a 10'tV heat-leak storage 
tank containing the passive retention/expulsion system. Both gas-free liquid 
expulsion and liquid-free, nonpropu1sive, vapor venting were to be provided. 
The cryogenic storage system was to be similar to the standarcl 10-liter L0

2 
converter used by the Air Force and was to be designed for testing with LN2 
at a storage pressure of one atmosphere. Maximum design operating pressure 
of the storage tank was to be 100 psia and provisions for rapid pressure buildup 
were to be included. 

The c.ryogenic stor'age system and DSL system were to be designed, 
to withstand the drop tower deceleration loads and the KC-135 aircraft 
g-loads. Stable retention of LN2 over the range of accelerations as 

specified in the test program was to be provided by the DSL system. As 
discussed in Chapter VI, the test program acceleration range is frc.n -1 to +1 g. 
A design safety factor on stability of 2.0 was to be used. The range of liquid 
expulsion flow rates was to be consistent with these requirements. 

B. DSL SUBSCALE DESIGN 

Details of the system design are shown in Fig. VII-1 and VII-2. The 
3.82-1iter LN2 storage tank is contained by an l8-in.-dia~eter vacuum jacket 
sphere. The DSL passive retention/expulsion system is positioned inside the 
storage tank, and two 124 ohm el~H;tr:Lc~;)l heater blankets encompass the storage 
tank wall barrel sectioD •. '~'5 pr:b~dde a 'f\eafl.ttg .capability up to 200 w with a 
110-v power supply. Ea:ch s.~parat61y controlled heater covers one-half of the tank 
barrel section. The st6:r-age tank and heaters are insulated with multilay,er 
insu.lation (MLI) comprise!i of 20 layers of Mylar aluminized on both sides with 
each layer separated by nylon netting. Eight support rods attach and position 
the storage t.ank to the vacuum j,acket. A combined vacuum pumpout/pressuJ.'e relief 
valve is inco+porated in thev~cuum jacket wall. The system is constructed of 
300-series stainless steel. ' 
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A 1/4~in .. line from the bottom of the r.N2 storage tank is provL.:.ad for 

evacuation, LN2 fill and drain, pressurizatioli, and as an alternate vapor vent 

line. The LN2 outflow line and the regular vent line for the vapor are 

connected to the top of the LN2 storage tank. The 1/2-in, LN2 outflow line 

is connected to the DSL liquid annulus and has a LN2 jacket st~rting just 

above the top of the storage tank and extending through the vacuum jacket. 
The 3/4-in. vent line duct connects to the DSL vapor annulus and also extends 
through the vacuum jacket. This duct contains e1ectLica1 leads to sensors 
located within the storage tank and 1/16-in. pressure-tap lines to the vapor 
annulus and the bulk liquid/vapor region. It also allows gas venting through 
a 1/4-in. gas vent line which leads from the duct after it passes through the 
vacuum jacket. This gas vent line can also be employed for pressurization. 

1. Operational Characteristics 

Reten.tion and expulsion of cryogenic liquid in an adverse l-g environment, 
coupled with vapor venting, presents a stringent requirement on the design of 
a capillary retention system. The g-level is from one to five orders of magni­
tude higher than usually presented by the actual low-g operati.ona1 environment. 

The capillary retention capability of a circular pore is given by 

~p 
c 

2cr 
= - cos Q 

R ' 
(VII-1) 

where~P is the capillary pressure difference across the liquid/gas interface 
c 

in the pore, CT is the liquid/gas surface tension, R is pore r3dil.lS, and Q is 
the 1iquid-to-so1id contact angle. Considering static retention only, the 
small ~P must offset the liquid hydrostatic head for stable retention: 

c 

(VII-2) 

where P is liquid density, a is the acceleration level, and h is the hydro­
static head. Combining Equations (VII-I) and (VII-2) au~ solving for the 
support~0le hydrostatic head, 

h < 2 (T cos 9 
PaR (VII-3) 

For a given liquid, it is seen th~~ the supportable hydrostatic head varies 
inversely with the acceleration level-pore radius product. Under low-g 
conditions, even relatively large p014 es will support a considerable hydrostatic 
heatl. However, the hydrostatic head :::mpportab1e in a l-g environment is 
limited to relatively low values with pore sizes that are both available and 
practical. From these considerations, it is seen that 1-g testing places a 
very stringent requirement on a capillary retention system. This require-
ment becomes even more severe when the dynamics associated with expUlsion are 
considered, as discussed on page 56 • 
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The design of the subsca1e DSL was dictated by: 

1) The requirement for stable retention of LN2 in a 1-g environment with 
a safety factor of 2.0 on stability; 

2) The pressure retention capability of fine mesh screen; 

3) Fabrication considerations; 

4) The necessity of providing a reasonable pressure-band for vapor venting • 

Fluid properties used in the design w~re established by the require;lnent of 
testing with LN2 at a storage pressure of one atmosphere. 

To support the maximum LN2 head in l-g, and, thereby, provide a storage 

system of reasonable size, 325 x 2300 Dutch twill stainless steel screen was 
selected for the DSL prototype. This is the finest mesh screen readily 
available from screen suppliers in this country. Using a safety factor of 2.0 
on the measured bubble point of this screen (Table IV-5) resulted in a design 
BP of 13 in. of water measured in methanol. This translates into a BP of 5.15 in. 
of H20 in LN2, which converts to a supportable LN2 head of 6.4 in. since: 

(pah)LN = ( pah)H O. (VII-4) 
2 2 

Therefore, the maximum height of LN2 to be supported in the axis of Earth1s 

gravity vector was 6.4 in. Physical properties of nitrogen, used in the design; 
are presented in Table VII-I. 

Table VII-l o 
Prop~rties of Nitrogen at 140 R 

Surface Tension(lbf /ft) 

Density (lb /ft3) 
m 

Liquid 

Vapor 

Viscosity (lb /ft-hr) 
m 

Liquid 

Vapor 

-3 0.615 x 10 

50.4 

0.287 

0.39 

0.013 

-3 In addition, the surface tension of 3m ethanol was taken as 1.55 x 10 1bf /ft ~nd 
the density of water as 62.4 1b 1ft • 
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Because the primary objective in designing and building the subscale system 
was to provide a test article for verifying the DSL concept, a simple cylindrical 
geometry was selected. Present technology for forming and fabricating compound 
curvature screen systems results in a lowering of the screen bubble point; this 
BP decrease becomes significant for small screen systems on the order of 6 to 
12-in. diameter. To circumvent unnecessary fabrication problems that could result 
in a size reduction from 6.4 in., the more easily fabricated cylindrical screen 
configuration with flat ends was selected. 

To maintain the subsca1e DSL as large as possible, the liquid annulus width 
was selected to provide negligible flow losses. This width was increased at the 
top and bottom of the cylinder to decrease the head support requirement on the 
communication screen. The resulting dimensions for the DSL are shown in Fig. VII-3. 
As discussed previously in Chapter II, the communication screen provides a 
preferential path for gas bre~kthrough into the bulk storage region rather than 
into the liquid annulus. With 325 x 2300 Dutch twill screen liners, the next 
larger pore size screen, 250 x 1370 Dutch twill (Table IV-5), was selected for the 
0.5-in. diameter communication port. This selection provides a pressure-band 
for vapor venting of up to 0.12 psi which is the difference bet~een the 0.18 psi 
required to support: the 6.4-in. LNZ hydrostatic head .and the communication screen 

bubble point of 0.30 psi in LN2• The 0.12-psi pressure band is reasonable to 

demonstrate liquid-free gas venting since differential pressure sensors are 
available in this range. 

The analysis of vapor annulus pressure decay during venting of the DSL, 
presented in Chapter IV, was used to size the vapor annulus gap width. Because 
the system was to be controlled manually, a vent duration of at least 10 sec 
was selected. The test article heat flux was estimated to be on the order of 

2 2 Btu/hr-ft. Using these va1u~s with the 0.12-~si vent pressure-band resulted 
in a q9/~P of 167 Btu-sec/hr ft -psi~ The vapor annulus gap size, AR, was then 
selected using the information present~d in Fig.. 11-13. With a K of 1.2, AR 
must be 0.1 in. and the total vent-cycle time would be 22 sec; with a K of 2.0, 
would be 0.5 in. and vent~cyc1e time would be 30 sec. A long vent-cycle time 
was desirable; however, the small-size system, dictated by the l-g test 
requirement, resulted in AR= 0.5 in. being the largest practical gap width that 
could be considered. For this reason, a 0.5-in. gap width was selected for the 
vapor annulus (vent valve open 10 sec and closed 20 sec). 

Six-inch diameter, Schedule 10 stainless steel pipe was selected for, t1;te 
LN2 storage tank. This approach led to the system dimensions shown in Fig. VII-3. 

A summary of the DSL suoscale system design is presented in Table V11-2. Maximum 
LN2 outflow rate for the s,ubscale systems without gas ingestion is approximately 

0.1 1b /sec or 0.9 gpm. m 

2. C~mputer Simulation of SUbscale Design 

A computer simulation was made, in conjunction with the capillary design 
effort for the subsca1e tank, to estimate the operational characteristics of 
such a system. Pressurization, outflow, and venting under a 1-g acceleration 
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Table VII-2 DSL Subscale System Design Summary* 

Storage Tan~ 
Volume (ft ) 
Internal Dimensions 

Diameter 
Length 

(in. ) 

Vapor Annulus 3 
Volume (ft ) 3 
Attachment Vo1ume(ft

3
) 

Effective Volume (ft ) 
Effective Gap Width (in.) 

Liquid Annulus 3 
Volume (ft ) 
Effective Gap Width (in.) 

Bulk Liquid/vap~r R~gion 
Volume (ft ) 
Diameter(in.) 
Length (in.) 

Dual-Screen Liners 
Screen Hateria1 

Mesh 
Weave 

Outer Liner (in.) 
Di'ameter 
Length 

Inner Liner (in.) 
Diameter 
Length 

Communication Screen 
Screen Material 

Mesh 
Weave 

Diameter (in.) 

0.1371 

6.400 
7.360 

0.0503 
0.0035 
0.0538 
0.507 

0.0266 
0.330 

0.0602 
4.812 
5.750 

-

325 x 2300 
Dutch Twill 

5.438 
6.438 

4.812 
5.750 

250 x 1370 
Dutch Twill 

0.500 t---------_________ . ___ ~_~ 1--___ • ___ • ___ . ________ _ 

*Material = 300-Series stainless steel • 

• 

\ 

, 

, 
, .. 

\ 

, 
I 



--,-,-.. -, ~-- -

• 

115 
were simulated to determine pressl1re and temperature profiles for each

2
0f the 

fluid regions in the tank. An operational heat flux of 0.75 Btu/hr ft was 
employed. Thus, the pressure rise rate for the l-g subsca1e test simulation is 
greater .than for the low-g simulation presented earlier due, in part, to the 
small tank size, large vapor gap-to-tank diameter ratio, and a greater heat 
flux. 

A 1-g simulation of the subscale cylindrical tank with a complete DSL 
is shown in Fig. VII-4 for a I-hr time period. The upper portion of the figure 
shows the pressure rise rate in both the vapor annulus and the bulk ullage 
region. This particular venting scheme is similar to the low-g case wherein 

I 

the vent is open~d during each cycle before the communication screen is broken 
down, thus preventing vapor from moving from the outer annulus to the bulk 
region. This is but one of several operational vent schemes that will be 
investigated d~ring the l-g test program. Temperatures in the various tank 
regions of the subscale model are also shown in Fig. VII-4. The temperature 
at the outer screen is assumed to be at saturation corresponding to the partial 
pressure of che propellant vapor in the outer annulus. The saturation tempera­
ture line shown in the figure corresponds to the partial pressure of propellant 
vapor in the bulk fluid region. As shown in the figure, the bulk liquid o temperature has risen app'l'oxirnately 1/4 R in the l-hr time span, but still ex-
hibits some subcooling. 

Tank pressurization followed with propellant outflow by blowdown of tank 
pressure for the subsca1e configuration is shown in Fig. VII-So Pressure 
increase as a function of time is shown for both the outer annulus and the 
bulk ullage region, with the pressure in the outer annulus remaining higher 
than the bulk pressure by the pressure drop through the communication screen. 

o The tank was pressurized to 50 psia with cool helium (400 R) at a rate of 0.2 
lb /hr. After holding at this pressure for a short time, the tank was outflowed 

m 3 
to depletion at a rate of 1.5 ft /hr. 

A regulator type pressurization system can also be simulated with the 
computer program~ The bulk ullage pressure is compared to the regulator 
setting to determine if pressurant should be added. The pressurant enters 
the vapor annulus and is diffused to prevent direct impingement on the screen. 
As in the previous case, the communication port limits the pressure 
differential between the vapor annulus and the bulk ullage to its bubble point. 
Using this approach, a simulation for the sub scale model was made where the tank 
was pressurized to 30 psia by cool helium and then regulated to maintain that 
pressure during the remainder of the run. The results are shown in Fig. VII-6. 
At 0.01 hg after pressurization was initiated, a constant liquid withdrawal 
of 1.5 ft /hr was begun. A line representing percentage of liquid remaining from 
100% full to tank empty, is shown with the 0% point representing the situation 
whe'ce the bulk region has been depleted but the liquid annulus region is still 
filled with liquid. 

3. Struc~ral Desig~ 

The subscale system design, presented in Fig. VII-1 and VII-2, provided 
for the structural loads to be expected from (1) the pressure in the LN2 storage 
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tank, (2) the vacuum in the outer sphere, and (3) g-loading d\lring testing. 
Virtually all of the metal components are stainless steel becl\use of 
strength, formability, and cryogenic compatibility. 
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The LN2 storage tank was ~esigned to contain a pressure of 100 psia while 

within a vacuum environment. Consistent with the geometry of the screen liner, 
the vessel configuration is cy1indr.ical with flat ends. A section of 6-in. 
diameter, schedule 10 pipe, WAS used for the cylindrical wall and this was 
closed at the lower end by w'elding to a O. 3l2-in. -thick disc. A bolted-flange 
assembly, using material of nominal 0.75-in. thickness, was used to enclose 
the upper end and to provide access. A soft metal gasket (1100-0 aluminum) is 
compressed between the flangea by means of 24, 3/8-in. cap screws to provide 
a leak-proof seal. Structurally, the design is conservative in all respects, 
exceeding a safe~y factor of 4 on ultimate strength. 

The spherical shell of the vacuum jacket was constructed from two 18-in.­
diameter hemispheres having a wall thickness of 0.070-in. Each hemisphere 
was welded to a 3/4-in.-thick bolted flange, one of which was provided with an 
O-ring groove. A vacuum seal is formed by the a-ring when the two flanges 
are bolted together with the 24, 3/8-in. cap screws. Our. experience is 
that an 18-in.-diameter sphere having a shell thickness of 0.070 in. has more 
than adequate strength to withstand a collapse pressure differential of one 
atmosphere. 

Frolm a structural standpoint, the most critical design loads were those 
imposed by zero-g or 10w-g testing. High g-loading is experienced during drop 
teste due to the terminal deceleration, while flight tests involve substantial 
g-loads as a result of manp,uvering. Aside from the fact the drop-test loads 
are much greater than those of flight tests, the axis through which these 
forces will act is fixed. The structure for accommodating the drop-test loads 
can be essentially a one axis suspension system. Flight test loads, however, 
may be imposed in any direction, so the mechanical restrain.t system was designed 
with this in mind. 

The g-load criteria used in the design were: 

1) Flight test (KC-135 aircraft) (Ref VII-l and VII-2), 
a) Forward, 16 g, 
b) Down, 8 g, 
c) Up and laterally, 4 g, 
d) Aft, 15 g; 

2) Drop test, 
a) MMC facility, 25 g (Ref VII-3), 
b) NASA-LeRC, 32 g (Ref 7II-4). 

The storage tank was estimated to weigh 45 lb, which would present 
flight-test loads of up to 720 lb and drop-test loads of 1125 and 1440 lb 
in the Martin Marietta and NASA-LeRC drop towers, respectively. To withstand 
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these g-loads, removable support rods were placed around the top and bottom o . 0 
of the vessel at 90 intervals, each making a 45 angle with the vertical axis. 
The rods were sized to correspond with the loads using a safety factor of 1.4. 
Each of the rods can be removed individually, without separating the sphere, 
by the vacuum-tight AN caps on the outside of the vessel. 

A complete set of support rods consists of f~ur rods having a 0.0085-in. 2 

cross-sectional area and eight rods of 0.0066-in. each. This apptoach allows 
selection of a support configuration thAt is adequate for the expected loads 
and that, in addition, will minimize the heat leak. For example, drop tests 
at NASA-LaRe would use the four larger.rods around the top of the inn.er vessel 
with no rods around the bottom. The f1ight-test program would US2 the smaller 
rods in all eight positions. For 1-g tests where no additional loads are expected, 
all rods could be removed so that the vessel is supported by the tubing penetra­
tions. The rigid, styrofoam tunnel at each rod position allows the rod to be 
inserted or withdrawn wi:thoutinterference. 

A 3.15-in. 2 hearing area was provided on the.shell 6f the vacuum sphere 
at each of the eight support rod fittings. This was accomplished by adding a 
2-in.-diameter by l/S-in.-thick coupler b.etweenthe shell and the shoulder 
of the fitting. This bearing area will acconnnodate the load transmitted to 
the shell by the four support rods during a 32-g deceleration drop te~t. 

The cylindrical shape of the DSL resulted in substantial areas of flat 
or simply-!curved scree'n that required supplementary ;support for the: aircraft 
and drop tower g-loads. Primarily, this support was provided by sandwiching 
the screen liners between two perforated plates. The perfor3ted plate 
material is 0.03l-in. thick with O.0625-in.-dia~eter holes on 0.109=ip. 
centers (30% open ar.ea) .. · Thin metal clips, 120 apart at the top and bottom, 
support the inner liner within the outer liner and the outer liner within the 
LN2 storage tank. 

4~ Instrumentation 

Platinum sensors are used to measure the temperature and to sen.se the 
presence of liquid inside the T,N

2 
storage tank. Three of these sensors are 

located at the bottom, mid-point, and top of the bulk liquid/vapor region just 
ins:ide of the il1nerscreen lir.£:.r. Two more sensors are located at the top and 
bottom bf the.liquid annulus between the screen layers. The four remaining 
senso,rs are positioned at the liquid fill/drain inlet, at the bottom of the 
vapor annulus outside the outer screen liner, at th.e liquid outlet, and at 

I the' vapor vent port.. All nine of these sensors are located inside of the 
pressure vessel and their lead wires pass through the vapor vent tube to 
two electrical connectors that branch out from this tube.. Wire passage through 
the screen/perforated plate bulkheads was provided by discs welded to the 

! screen and drilled through with an appropriate size and number of holes to 
accommodEJte the wires. 
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Two pressure taps are provided; these l/16-in. tubes also pass through 
the vapor vent. One tap ends in the vapor annulus (between the vessel cover 
and the outer screen liner) and the other ends in the bulk liquid/vapor region 
(inside the inner screen liner). Vacuum level in the sphere is measured by 
installing dn appropriate gage tube in one of the support-rod fittings that 
is specially equipped for this purpose. 

Additional temperature measurements are made with chrornel-constantan 
thermocouples attached to the outside of the inner vessel and to the plumbing 
in tIle evacuated interspace. These ther.mocouple wires are connected to two 
feedthroughs in the spherical vacuum jacket wall. 

C. FABRICATION Al\1]) ASSEMBLY DETAILS 

1. Fabrication --
In addition to the structural support membe~s described in the foregoing 

section, there are three additional connections between the cryogen container 
and the vacuum jacket. These are (1) the pressurant inlet, liqUid fill and 
drain line ae the bottom of the vessel, (2) the liquid outlet line at the top, 
and (3) the vapor vent line at the top. Vacuum jacketing, LN2 jacketing, and 

bellows sections wer~ used to minimize the heat leak through these connecti.ons 
and to provide for e,~pansion and contraction. With the exception of the flange 
joints and a small amount of brazing in the screen liners, all joints are welded. 
Periodic leak testing of subassemblies assured that the final assembly was. 
leaktight. 

Fabrication of the screen liners commanded the greatest degree of attention 
due to the sensitivity of this material to forming and welding. The edges of 
the end pieces were turned up to form a flat-bottomed cup. This cup was inserted 
into the screen cylinder and the exposed edges were fused together. The essential 
ingredients of a satisfactory welding setup for this screen material includes 
close contact of the individual pieces and an adequate, close,-coupled heat sink. 
In cases where the edge of the screen couldn't be satisfactorily welded to heavier 
material (such as the communication screen), a brazing process was used. While 
this process does not tend to burn away unprotected screen, the braze material 
will wet the screen thus filling its pores. If the use of brazing is not discretely 
limited 1 essential wicking action can be lost and the performance of the screen 
liner will be degraded. 

2. Assembly 

The major subassembly consists of (1) upper hemisphere, (2) support-rod 
fittings, (3) vacuum port, (4) thermocouple-fee~through ports, (5) vapor vent 
tube, (6) jacketed liquid outlet, (7) co~"~r of inner vessel , and (8) the DSL 
attached to the liquid outlet tube. This subassembly also includes the platinum 
temperature/level sensors with their wires threaded up through ~he vapor vent 
t.ube. The pressure vessel itself, with thermocouples, heaters, and fill/drain 
line attached, was slipped over the screen liner and c~lted to the cover with 
the jacket in place. At this point, the inner vessel was somewhat mobile due to 
the flexing of the bellows joints. The assembly was rigidized by installing the 
four sup'port rods and adjusting them so that the vessel was properly positioned 
in the hetnis~here. The foam tunnels were then positioned • 
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After installing the multilayer insulation, the lower hemisphere with a 
compression-gland fitting on the bottom and O-ring in place, was slipped up 
over the fill/drain line. The vacuum-jacket hemispheres were then bolted 
together and installed on the support stano. The four lower support rods 
were installed and closure of the vacuum jacket was completed by tightening 
the bottom compression gland, installing caps and metal seals on seven of the 
support-rod fittings, and installing the vacuum-gage fitting and seal on the 
remaining support-rod fitting. 

3. Checkout 

A check on screen integrity was performed during each stage in. the 
fabrication of the DSL. This was accomplished by measuring and cOlnparing 
bubble points of the screen before and after fabricating each part. The 
bubble point was also measured after fabrication of both the inner and 
outer liners. In addition, helium leak tests and electrical checks were 
performed during fabl'icatic;m, 

Checkout of the assembled test article included electrical checks 
(thermocouples, sensors, heaters) plus determination of the pressure integrity 
of the LN2 storage tank, and vacuum integrity of the sphere. The electrical 

checkout was performed first because any discrepancy could have required some 
degree ~f disassembly. 

Ohmmeter checks. of all circuits were made to assure continuity and proper 
connections. The vessel heaters were energi~ed and thermocouples on the 
storage tank wall were monitored. Operation of the remaining thermocouples, 
as well as the platinum sensors, was verified by flowing warm gaseous nitrogen 
through the vessel. 

Pressure and vacuum checks were made at the same time because they are, 
to some extent, interdependent. Helium was used fer pressurization and a leak 
detector with pressure monitoring was used to verify system integrity. 
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The results of this program have shown that the DSL passive retention/ 
expulsion concept is attractive for a wide range of cryogenic storage applications, 
including the Space Shuttle orbiter. It is not limited by tank shape or size 
and is a completely passive device (no moving parts within the storage tank). 
!t is the only passive concept that; by itself, tends to assure: (1) gas-free 
liquid expulsion on demand, (2) liquid-free gas venting, and (3) a near-continuous 
propellant control. The dual-screen pressure relief method compares favorably 
to other techniques (such as liquid vent systems) with regard to minimizing 
the vented mass during orbital storage in the pressure range (one-to-four 
atmospheres) of the Shuttle orbiter. 

The DSL appears to be relatively flexible in certain respects. For 
example, the basic operational concept is for the total liner to orient the 
bulk propellant away from the tank wall. Venting of gas directly from this 
vapor annulus and out the tank can be continuous or intermittent. Continuous 
venting from an oxygen and nitrogen tank can be used directly for life support. 
If intermittent venting is used (desired from a control standpoint) the desired 
vent r~te and frequency are dictated by a relatively sensitive pressure deadband 
(less than 0.3 psi) or the bulk liquid control is lost. The latter may be 
advantageous in the case where a sudden and significant pressure relief of the 
tank is required. If the low-g acceleration vector positions the bulk liquid 
(lost from the central region) away from the vent port, the bulk ullage will 
be relieved through the passive communication system between the bulk ullage 
and gas annulus. The bulk liquid entering the gas annulus will be forced back 
into the central region by subsequent vapor pressure increase in the gas annulus 
and the system is restored to its desired condition. A second example of the 
dual-screen concept's flexibility is with regnrd to its ability to restore 
itself. Liquid entering the gas annulus, as described in the rapid pressure 
relief sequence or by a screen breakdown (weeping of liquid), will eventually 
be forced back into the lower pressure central region. 

The passive communication screen, mentioned in the previous paragraph, 
provides a margin on the vent pressure difference while also reducing the 
vent frequency. It affords a path of least resistance (in comparison to the 
liquid annulus screen) so there can be communication between the gas annulus 
and bulk propellant region without vapor ingestion into the liquid annulus. 

The dual-screen concept is attractive for the Shuttle orbiter, based on 
these study results. Noin~JUrmountable problems were uncovered, however, more 
development of the concept is recommended. Its operational characteristics and 
performance must be determined experimentally before its practicability can be 
measured. It is, therefore, strongly recommended that the test plan formulated 
during the program be implemented using the subscale dual-screen model with 
nitrogen as the test fluid., ft is doubtful that a single series of bench, 
drop tower, and aircraft tests, as proposed in the test plan will resolve 
all the questions with regard to the concept's operational mannerisms; however, 
they should lend sufficient information to support or question the practicality 
of the concept. The tests may point up modifications needed. 
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The l-g bench tests are needed to develop an operational feel for the 
concept before proceeding with the more sophisticated low-g tests. The 
latter will require differellt instrumentation and, in the case of drop tower 
and aircraft tests, the need for remote controls. The drop tower, though 
limited in the low-g test duration, is recommended for developing the 
instrumentation technique and control methods before conducting tie-down KC-135 
aircraft tests that will provide low-g durations of 28 to 30 sec. The latter 
is sufficient to obtain data for gas venting, liquid draining and bulk liquid 
control. 

The tests described in the test plan should be a precursor to orbital 
testing of the dual-screen system that is needed to provide long-te~ low-g 
durations (days). The orbital test. if pursued in the near future, would 
provide qualification of the dual-screen acquisition/expulsion device for 
the Shuttle cryogenic storage system. Such tests are required to qualify 
the dual-screen device for cryogenic service. 

In addit',ion to this vital experimental program, additional analytical work 
is reconnnended with regard to integrating the dual-screen concept into the 
complete storage system, i.e., including the propellant feedline and pump 
(NPSP) concerns. This can best be done by considering a specific design, such 
as the Shuttle orbiter, rather than attempting to design a universal system. 

No structural analyses were made for the dual-screen device during this 
program, except for the subscale model. This is critical for determining an 
accurate system weight and to assure system integrity under the operational 
loads. This is viewed as a significant task. 

Finally, it is recommended that fine mesh screen fabrication of devices 
(at least 3 ft in size) be started. Presently, prototype tankage is built 
to demonstrate the fabrication capability; screen devices are equally justifi­
able. As mentioned in the report, the largest fine-mesh device of compound 
curvature built to date is on the order of 1 ft. In addition to the fabrication 
and assembly effort, specifications must be compiled for the reusable Shuttle 
orbiter on (1) inspecting, (2) cleaning, (3) handling, (4) loading, 
and (5) maintenance procedures with regard to passive devices. 
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