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FOREWORD

NASA experience has indicated a need for uniform criteria for the design of space vehicles.
Accordingly, criteria are being developed in the following areas of technology:

Environment
Structures

Guidance and Control
Chemical Propulsion

Individual components of this work will be issued as separate monographs as soon as they
are completed. This document, part of the series on Chemical Propulsion, is one such
monograph. A list of all monographs issued prior to this one can be found on the final pages
of this document.

These mofnographs are to be regarded as guides to design and not as NASA requirements,
except as may be specified in formal project specifications. It is expected, Fowever, that
these documents, revised as experience may indicate to be desirable, eventally will provide
uniform design practices for NASA space vehicles.
\

This monograph, ‘“Pressurization Systems for Liquid Rockets”, was prepared under the
direction of Howard W. Douglass, Chief, Design Criteria Office, Lewis Research Center;
project management was by M. Murray Bailey. The monograph was written by J. C. Lee,
Rocketdyne Division, and P. Ramirez, Space Division, Rockwell International Corporation
and was edited by Russell B. Keller, Jr. of Lewis. Significant contributions to the text were
made by Robert J. Beale and Donald Young, Jet Propulsion Laboratory, California Institute
of Technology. To assure technical accuracy of this document, scientists and engineers
throughout the technical community participated in interviews, consultations, and critical
review of the text. In particular, Richard N. Porter, Systems Group, TRW, Inc.; Robert H.
Veitch, Marshall Space Flight Center; and William A. Groesbeck and Raymond F. Lacovic,
Lewis Research Center, reviewed the monograph in detail.

Comments concerning the technical content of this monograph will be welcomed by the
National Aeronautics and Space Administration, Lewis Research Center (Design Criteria

Office), Cleveland, Ohio 44135.

October 1975
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GUIDE TO THE USE OF THIS MONOGRAPH

The purpose of this monograph is to organize and present, for effective use in design, the
significant experience and knowledge accumulated in development and operational -
programs to date. It reviews and assesses current design practices, and from them establishes
firm guidance for achieving greater consistency in design, increased reliability in the end
product, and greater efficiency in the design effort. The monograph is organized into two
major sections that are preceded by a brief introduction and complemented by a set of

references.

The State of the Art. section 2, reviews and discusses the total design problem, and
identifies which design elements are involved in successful design. It describes succinctly the
current technology pertaining to these elements. When detailed information is required, the
best available references are cited. This section serves as a survey of the subject that provides
background material and prepares a proper technological base for the Design Criteria and
Recommended Practices.

The Design Criteria, shown in italics in section 3, state clearly and briefly what rule, guide,
limitation, or standard must be imposed on each essential design element to assure
successful design. The Design Criteria can serve effectively as a checklist of rules for the
project manager to use in guiding a design or in assessing its adequacy.

The Recommended Practices, also in section 3, state how to satisfy each of the criteria.
Whenever possible. the best procedure is described; when this cannot be done concisely,
appropriate references are provided. The Recommended Practices, in conjunction with the
Design Criteria, provide positive guidance to the practicing designer on how to achieve
successful design.

Both sections have been organized into decimally numbered subsections so that the subjects
within similarly numbered subsections correspond from section to section. The format for
the Contents displays this continuity of subject in such a way that a particular aspect of
design can be followed through both sections as a discrete subject.

The design criteria monograph is not intended to be a design handbook, a set of
specifications, or a design manual. It is a summary and a systematic ordering of the large and
loosely organized body of existing successful design techniques and practices. [ts value and
its merit should be judged on how effectively it makes that material available to and useful
to the designer.

iii
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PRESSURIZATION SYSTEMS
FOR LIQUID ROCKETS

1. INTRODUCTION

The pressurization system in a liquid rocket propulsion system provides a controlled gas
pressure in the ullage space of the vehicle propellant tanks. In a rocket with a “pressure-fed”
propellant-feed system, the ullage pressure is directly responsible for forcing the propellant
through the feed-system lines and into the rocket-engine combustion chamber at the proper
flowrate and pressure; in a “pump-fed” system, the ullage pressure supplies propellant to the
engine pumps at the proper pump inlet conditions, and the pump delivers the propellant to
the engine at specified rates and pressures. This monograph, drawing on the wealth of design
experience that has accumulated in the development of pressurization systems for liquid
rockets operational in the last 15 years, presents guidelines for the successful design of
pressurization systems for main propulsion, auxiliary propulsion, and attitude control
systems for boosters, upper stages, and spacecraft.

Over the years, pressurization system designers have developed many innovations in
response to the challenge of advanced propulsion systems and an increasing diversity of
mission requirements. For example,

e The use of hydrogen as a high-energy fuel in pump-fed propulsion systems
introduced the need to incorporate variable pressurization to compensate for the
vapor pressure increase resulting from in-flight temperature stratification of
propellant.

e The use of pressure-supported monocoque tank structures and common
bulkheads between tanks to minimize stage hardware weight placed more
stringent requirements on the accuracy of ullage pressure control.

® The problems of absorption of gases in propellant and counter permeation of
pressurants and propellant vapors across permeable expulsion bladders used in
pressure-fed propulsion systems were aggravated by long-duration missions, and
new materials and techniques had to be developed.

® Multiple-start missions introduced the requirement for repressurization after an
extended coast period.




Downloaded from http://www.everyspec.com

Desien solutions for these and other problems have led to a high degree of sophistication in
the various pressurization designs and pressure contro! systems used in current rocket
propulsion systems.

The material in this monograph is arganized to center around tasks that are common to any
pressurizationssystem design: the desipner thus is encouraged to utilize the information in
any system to which it can be applied. The desien begins with a preliminary phase in which
the svstem requirements are received and evaluated: the emphasis here is on the major
factors that influence the selection of system type and initial design. Next comes a
detail-desion and integration phase in which the controls and the hardware components that
make up the system are determined. The final phase, design evaluation, provides analysis of
problems that may arise at any point in the desien when components are combined and
considered for operation as a system. Throuphout the monograph, the design tasks are
considered in the order and manner in which the designer must handle them. Within the task
arcas, the critical aspects of structural, performance, and physical-boundary requirements
that the pressurization system design must satisfy are presented.




Downloaded from http://www.everyspec.com

2. STATE OF THE ART

Current designs for propellant-tank pressurzation include three basic system types that are
applied with varying degrees of sophistication to a wide range of propellants and to the two
methods for propellant feed to the engine. Tables I, II, and III display the chief features of
these designs as they appear in major operational boosters, upper stages, and spacecraft. As
shown, relatively high tank pressures (100 to 300 psi*) are characteristic of pressure-fed
propulsion systems, in which the propellant tank pressure must be higher than the pressure
in the rocket-engine combustion chamber; comparatively low tank pressures (20 to 50 psi)
are used for the pump-fed propulsion systems, in which turbine-driven pumps raise the
propellant pressure to a level (above tank pressure) suitable for injection into the
rocket-engine combustion chamber.

The three basic types of pressurization systems considered in this monograph are stored
inert gas, evaporated propellant, and combustion products. In the stored-inert-gas system,
the pressurant is obtained from gas storage vessels (tanks) in which a chemically nonreactive
gas is stored at relatively high pressure. In the evaporated-propellant system, the pressurant
is obtained by evaporation of the propellant in the tanks. In the combustion-products
system, the pressurant gas is obtained by combustion of propellants in the turbine gas
generator, by combustion in a solid-propellant gas generator, or by injection of hypergolic**
material into the main propellant tank.

By far, the most widely used system for pressurizing the propellant tank has been the
stored-inert-gas system with ambient-temperature helium as the pressurant. This system has
been the exclusive choice for pressure-fed propulsion systems, where it is compatible with
the generally small tank sizes and with the frequent requirement for multiple-start or pulsing
operation of thrusters. On several pump-fed propulsion stages, inert-gas pressurization
appears in the form of pressurant stored at cryogenic temperatures and warmed in a
turbine-exhaust heat exchanger before being injected into the propellant tank. The
evaporated-propellant system also appears in more than one form, the oldest and simplest
being self pressurization of cryogenic propellants by their own boiloff vapor. The most
common form, used for oxidizer-tank pressurization on several of the large booster stages,
includes a turbine-exhaust heat exchanger that evaporates liquid oxidizer taken from the
pump discharge. Thus far, the combustion products system has been used to supply
pressurant in several small military vehicles and to pressurize the fuel tanks of the Titan

stages.

Each system has unique advantages and disadvantages. The selection of any one type for a
particular application is accomplished by evaluating the basic design requirements and
determining which system best satisfies all the system requirements. This process is carried
out in the preliminary design phase described in the section that follows.

*Factors for converting U. S. customary units to the International System of Units (SI Units) are given in Appendix A.
**Terms, symbols, and materials are defined or identified in Appendix B.
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Table 1. = Chicf Devign Features of Propellant Tank Prewsurization Syitems on Representative Operational Romlm'

Flight pressunization

Tank tHagpe asareant Pre.
\_’chw!x:_ valume. Statape F't‘“\"f\'. Prossutant Pressutant Pressutant P’:““":‘ pressutization
Tany (' tvpe o stotape conditivnmmg wstem on pad, put
Athay
R () 1790 Incrt gas 60 Helum S to ¢iply Wated i Duting hooster 32 thel)
smdindualiy tuthyne. fitng, ullage
Oxveen () 20 Inett pas 28 Helmm shrouded cahaust hieat Pressutes are 37 (helm)
(for spheres exghanpet cantrolled by hichum
Maninet (chilled by tepulatots, Mowdown
6oy Treqund muade of opetatun
mttopen tated after
befate Bousiet secln s
Taungh 1ettisoned
Delta”
UOMH b Incst pas X8 Helium Ambient. None Ullape pressiiees None
tempetatute hept shiphihy
IRENA R2 Inett pas s Helum fielium in None above atmosphicng Nuie
thtee on the pad
sphetes
Saturn S.IR
Ri* sK70 Incrt gas 15.13} Helum Ambient. None Hetium Now s 20.33 (thehum)
tempetature contralled by flow
helmman testrictor, relict
A8 fiber. valve set at 11 pug,
flass
sphetes
Oxvpen anrn Feapotated 4788 Oxyveen NA Oxvpen from GON Qowcantrol S5-58 (heliwnm)
propeiiang pump outlet valve controls timk
evapatated pressute, tehef
i tuthine. valve set at 4547
exhaust heat g
exchanpens




R R R R R R R R .S,

RP-1

Oxygen

Thor
RJ-1

Oxygen

Titan 11 —
Stage |
A-50

N, 04

Saturn S-IC

29 200

47 300

930

1400

1635

1956

Inert gas

Evaporated
propelilant

Inert gas

Evaporated
propellant

Combustion
products

Evaporated
propellant

6.8-15

3353

12-48

3448

24-29

3441

Downloaded from http://www.everyspec.com

Helium

Oxygen

Nitrogen

Oxygen

Fuel-rich
combustion
products

N2 04

Four
cylinders
inside
oxidizer
tank

NA

Ambient-
temperature
nitrogen in
three
spheres

NA

NA

NA

Warmed in
turbine-
exhaust heat
exchanger

Oxygen from
pump outlet
evaporated
in turbine-
exhaust heat
exchangers

None

Oxygen from
pump outlet
evaporated
in turbine-
exhaust heat
exchanger

Turbine
exhaust
cooled in
fuel-gas
cooler

Oxidizer from
pump outlet
evaporated

in turbine-
exhaust heat
exchanger

Step regulated by five
parallel flow-control
valves with flow
restrictors.

Pressure-regulated
system on first eight
vehicles; flow
restrictor on

last five vehicles.

Partial blowdown and
partial GN, bleed
through flow
restrictor.

Relief valve controls
tank pressure; GOX
flow is controlled by
flow restrictor in
supply line.

Ullage pressure and
pressurant flow are
controlled by flow
restrictor in gas-
cooler outlet line.

Ullage pressute and
pressurant flow are
controlled by
cavitating venturi in
liquid nitrogen
supply line.

27.5-29 (helium)

24.226.5 (helium)

48 (nitrogen)

48 (nitrogen)

24 (nitrogen)

28 (nitrogen)

* Delta is pressure fed; all others are pump fed.

(a) Tank of monocoque construction (pressure stabilized).

NA = not applicable
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Flight pressutization

Stage Tank System llage ) Pressutant Pressurant Pressurant Pre.
Tank \'oln‘mc, type pressure, | Pressurant storage conditonng control presutization
fi pus svstem an pad, psi
,~\gcna‘
UDMEH R{y Inctf gag 2058 Helm Ambyent. None Explosive-actuated AR (helium)
tempetatute valve imtiates flow.
IRFNA 100 Incet gas 1044 Helmum hehuman None testtictot.cantrolied 30 (hehivm)
asingle flow af hehum to the
sphete tanks.
Centaut
Hy'dmgcn 1268 Evaporated 19.26 Hvdrogen Ambient. Prapeliant Blowdown mode of 20 (hehum)
prapellant tempetature hogaff aperation duting
heliim in one pressurizes engine finng,
Oxyeen (3) Rkl Exvaporated 20.30 Oxvpen sphete fot both tanks pressunization 28 (helm)
propellant tepressuty provided qust before
2ation enpine testart, Relief
valves set uppet
Jumt on tank
pressutes,
Saturn S11
Hydragen N Evaporated 27.20 Hvdrogen NA GH, bled First nine vehicles, .36 (helhum)
propellant {rom enpine pressutesepulated
systems (hoth tanks),
Oxyeen 12738 Evapotated 6442 Oxvpen NA Oxypen fram fast Tour vehicles, 1739 (hehun)

prapetiant

pump outlet
evapotated
n tuthine.
exhaust heat
exchanger

Now.restrictor
svyfem,

(L))
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£ 3 . «
Saturn S-1V
Hydrogen 4256 Evaporated 35-38 Hydrogen NA GH, bled from Pressure switch. 30-32 (helium)
propellant engine
Oxygen 1263 Inert gas 4548 Helium Three spheres (c) Pressure regulated. 4548 (hetium)
in hydrogen
tank
Saturn S-IVB
Hydrogen 10 500 Evaporated 28-31 Hydrogen NA GH, bled from Pressure switches 32 (helium)
propeilant engine (d) control ullage
pressure in both
tanks by controlling
Oxygen 2830 Inert gas 3841 Helium Nine spheres Helium heated solenoid valves in 38 (helium)
in hydrogen in turbine the presSurant
tank exhaust heat supply lines. (e)
exchanger (d)
Titan IT —
Stage 2
A-50 451 Combustion 49-53 Fuel-rich NA Turbine Ullage pressure and 50 (nitrogen)
products combustion exhaust cooled pressurant flow are
products in fuel-gas controlled by flow
cooler restrictor in gas-
cooler outlet line.
N,0O4 501 Inert gas 50-56 Helium NA No conditioning Blowdown from 57 (helium)
(blowdown) prepressurized
condition.

*All pump fed

(a) Tanks of monocogue construction (pressure-stabilized).

(b) Common bulkhead deflection due to LH, prepressurization causes the LOX tank pressure to increase up to 42 psia.

(c) Heclium heat exchanger integral with hydrogen/oxygen burner using low-pressure (tank-supplied) propellants.

(d) Cold heljum, warmed by a hydrogen/oxygen burner, pressurizes both tanks prior to engine restart.

(e) The hydrogen tank uses continuous propulsive venting to hold tank pressure at 19.5 psia during earth orbit. During translunar coast, venting systems on both tanks are used for cold helium dump.
NA = not applicable
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.
Tahle 111 = Chief Dexign Features of Propetlant Tank Prevarization Svatems on Representative Operational Spacecraft

Flight presturization

Spacecraft Tank {Nape Pressure Pre-
Syalom** wlume, Svstem pressute, | Pressurant Precurant Pressurant canttal pressurization
Tank i type put stotage conditiomng wtem on pad, psi

Mdvanced
Teaholopy
Satellite (1 &GY
Na Q) (2 1anksd 133 frctl oa o Nitrogen NA None Mowdown (3-1). 270 (nitrogen)
(cach)
Apollo LEM
Y Incrt gas L] Helum Ambient. None Pressure tegulated 162 (helium)
temperatute (redundant pressure
N, O, 68 Incet pax 184 Helium hehium in two None regulators): 156 (helium)
sphetes preaunization vsiem
actwated 15 minutes
before lunar hitoff,
Apallo LEM
Descent
AS0 67 Incet gas 238 Hehum Cevogeme Two.pass Pressute-repulated 113 (helium)
helmmana fuel hehum (redundant pressure
N0y (3 Ineet eas 238 Helium douhle-wall heat teguilatori); 154 (helium)

sphete (supet.
ctitical

helwm svstem)
{1}

exchanget
warms the
pressurang

(b

pressufization svitem
activated one hout
hefare engine igmtion:
mtial inlipht
pressunzabon uses
ambient-tempetature
hehum.




Apollo Service
Module (Block IT)
A-50 (2 tanks)

N, 04 (2 tanks)

Atmospheric
Explorer
Orbit-Adjust
Subsystem
N,H,4
(6 tanks)

Earth Resources
Technology
Satellite
Orbit-Adjust
Subsystem

N2 H4

Lunar Orbiter
Velocity-Control
Subsystem

A-50 (2 tanks)

N, 04 (2 tanks)

129 and 162

129 and 162

1.192
(each)

1.331

0.8449
(each)

1.03
(each)

Inert gas

Inert gas

Inert gas

Inert gas

Inert gas

Inert gas
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170

170

600

540

190

190

Helium

Helium

Nitrogen

Nitrogen

Nitrogen

Nitrogen

Ambient-
temperature
helium in two
spheres

NA

NA

Ambient-
temperature
nitrogen in
one sphere

Fuel/helium
and oxidizer/
helium heat
exchangers
are used to
equalize
pressurant
and
propellant
temperatures

None

None

None

None

Pressure-regulated
(redundant pressure
regulators);
pressurization system
activated before
liftoff because
Service Module must
operate in event of
mission abort.

Blowdown (12:1).

Blowdown (5:1).

Pressure-regulated;
one regulator
services all tanks.

170 (helium)

170 (helium)

600 (nitrogen)

540 (nitrogen)

<20 (nitrogen)

<20 (nitrogen)

(continued)
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Table 111, = Chief Design Features of Propellant Tank Pressurization Systems on Representative Operational Smc«nﬂ. (concluded)

Flight pressurization
Spacecraft Tank Ullage Pressute Pr
pie T 4 e
Systen** volume, System pressure, | Pressurant Pressurant P’““"“m cantrol pressurization
Tank ( tvpe storage conditioning
an t 30 svitem on pad, pi
Matiner MM'60
(Mannee 6 and 7Y
NyHy 0404 Inert gag 208 Nittogen Ambient- None Pressutetepulated 250 (mitrogen)
temperature
nitrogen in
one sphere
Mariner MM'7)
(Manners 8 and 9)
MMH 7288 Inert gas 250 Nitropen Ambient. None Pressure tegulated I8 (nitropen)
temperature one tepulator serves
N, O, 7.788 fnett pas 250 Nitropen mirapen in None both tanks 28 (mtropen)
two spheres
Matinet Venus
Mars (MVM 1)
NyMg 1.36) fnert gas 180 Nitrogen NA None Rlowdown (4. 1), R0 (mitrogen)
Paneer 10and 11
NaH, 1.3} Inert gas $65 Nitrogen NA Two heaters Blowdown (1°1), S6S (mttogen)
wpply two
walls
cantinuously
to ullage
Mea




I

Surveyor
Vernier Propulsion
Subsystem
MMH monohydrate
(3 tanks)

90 N,0,: 10 NO
(3 tanks)

Titan Transtage
A-50

N;04

Titan Transtage
Attitude Control
System

N,H,

Viking Lander
ACS and De-Orbit
System

N,Hg

Viking Orbiter
MMH

N,04

0429
(each)

0.429
(each)

142

177

8.68

3.221

25926

25.926

Inert gas

Inert gas

Inert gas

Inert gas

Inert gas

Inert gas

Inert gas

Inert gas

730

730

165

370

364

245

245

Helium

Helium

Helium

Helium

Nitrogen

Nitrogen

Helium

Helium
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Ambient-
temperature
helium in
one sphere
services all
tanks

Ambient-
temperature
helium in two
spheres

NA

NA

Ambient-
temperature
helium in one

sphere

None

None

None

None

None

None

None

None

Pressure-regulated;
one regulator serves
all six tanks.

Pressure-switch.

Blowdown (2:1).

Blowdown (2:1).

Pressure-regulated;
one regulator serves
both tanks.

<100 (helium)

<100 (helium)

4592 (helium)

4592 (helium)

370 (nitrogen)

364 (nitrogen)

100 (helium)

100 (helium)

*All are pressure-ted.

**Main propulsion system unless otherwise specitied. :
(a) A separate sphere holds one cubic foot of ambient-temperature helium for in-flight initial pressurization before engine start.

(b) A scparate heat exchanger located in the storage sphere uses warm helium from the first pass to condition the pressurant remaining in the sphere (part of the supercritical-helium storage system).

NA = not applicable
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2.1 PRELIMINARY DESIGN

In all cases, the ohjective of pressurization system design is to satisfy the applicable mission
performance and reliability requirements while minimizing the cost per pound of system
weight. Typically, the type of propellant-feed system already has been sefected. Thus, if a
pump-fed propulsion system has been chosen, the pressurization system will be required to
supply ullage pressures less than 100 psi to a bipropellant tank system. (All pump-fed
propulsion systems to date have been bipropellants because the specific impulse values
attainable with a  bipropellant  system  are  higher  than  those achievable with a
monopropellant system). If a pressure-fed propulsion system has been chosen. the
pressurization system will be required to supply ullage pressures greater than 100 psi to
cither a monopropellant or bipropellant system. Nonetheless, there remaing wide latitude in
the selection of the system type. Only pressurant incompatibility with the propellant is the
basic for elimination of a system type in the initial design phase.

Arriving at a design that best meets all the mission requirements is a complex and involved
assignment, because some of the problems that stem from the initial pressurization system
may have far-reaching effects on other vehicle subsystems. In some instances a solution to
one problem pives rise to another problem. In addition, the system selection must be
supported by weight and cost tradeoffs that weigh the eriticality and importance of the
requirements and their conflicting effects on the overall system performance, weight, and
relinhility. A cost-effective technique developed for spacecraft takes into account such
parameters as component weight, component development cost, component production
cost, reliability requirements, and required service life to determine the best overall system
(ref. 1), With modification, this technique can be applicd to boosters and upper stages.

2.1.1 Basic Design Parameters

As noted, the type of propellant feed system is determined prior to the preliminary desien
phase. usually on the basis of the engine performance and mission total impulse
requirements. For example, a pump-fed propulsion system invariably is chosen when (1) the
engine must produce more than 1000 Ib1 of thrust or (23 the total mass exceeds 20 000 1bm.
In contrast, a pressure-fed propulsion system, which can be a mono- or bi-propelant system,
is used when (1) the mission duty evele is a pulse mode or (2) the propellant mass is Jess
than 8000 Ibm. For those arcas where the feed-system selection is not obvious, a
weight-and-cost tradeoff study is made to determine the better system.

In a pump-fed propulsion system, the engine chamber pressure is supplicd by a
tank-mounted or engine-mounted pump (ref. 2). Consequently, the primary purpose of the
pressurization system is to provide suction head adequate to prevent pump cavitation, and
its secondary purpose is to provide sufficient pressure to keep the propellant tank(s) from
collapsing as a result of various structural loads. Ullage pressures less than 100 psi are
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characteristic of the feed system. The pump-fed propulsion system can be used for a single-
or multiple-burn mission (i.e., boosters or upper stages) but normally cannot be used for
pulse-mode operations because of the inherently slow system-response characteristics.
Because the pump-fed propulsion system typically is a bipropellant system (e.g., LOX/LH,,
LOX/RP-1, or N,04/A-50), the concern for pressurant/propellant compatibility is
doubled. In addition, the effects of the vapor pressure of each propellant must be taken into
account.

In a pressure-fed propulsion system, the pressurization system supplies the required engine
chamber pressure and thus ullage pressures greater than 100 psi are typical. The pressure-fed
system can be used for any duty cycle (i.e., single burn, multiple burn, and pulse mode), and
is the primary choice for auxiliary control systems (ACS) and reaction control systems
(RCS) of upper stages and spacecraft and for spacecraft main propulsion. In spacecraft,
earth-storable propellants are used almost exclusively. Although the vapor pressure of an
earth-storable propellant usually is so low as to be of no consequence, the propellant vapors
corrode the pressurization system hardware if the mission duration is long.

The basic system parameters of concern to the pressurization system designer in the
preliminary design phase are tank ullage pressure, properties of the propellants, and engine
duty cycle.

2.1.1.1 TANK ULLAGE PRESSURE

As noted, the basic function of the pressurization system is to provide proper pressure in the
ullage space of the propellant tanks. The ullage pressure values must be selected to facilitate
optimum vehicle payload performance. In pump-fed propulsion systems, the importance of
saving tank weight, particularly on upper stages, has resulted in an intensive effort to
maintain the tank pressure as low as possible while still satisfying the other operating
parameters such as pump inlet pressure requirements (ref. 2), tank structure support (ref. 3),
propellant loading, and venting. In pressure-fed propulsion systems, tank weight saving is
also important, but the overall optimization includes the relationship of ullage pressure to
thrust chamber pressure and subsequently to thrust chamber performance. Thus, ullage
pressures greater than or at least equal to chamber pressure plus pressure losses are
characteristic of pressure-fed propulsion systems.

2.1.1.1.1 Pump-Fed System
The interrelated factors that influence ullage pressure in a pump-fed propulsion system are
presented in figure 1. In some cases where the propellant tanks are of monocoque

construction (refs. 3 and 4), the minimum ullage pressure (pressure above ambient) is
determined by the tank structural limit under various load conditions including vibration

13
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Figure 1. - Relation of factors that influence ullage pressare in a pump-fed propulsion system.
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and wind loads during launch and flight. The maximum tank operating pressure, on the
other hand, is influenced strongly by the component operating bands, pressure-level
sequencing, and tank weight considerations (ref. 5). It is not desirable simply to add a wide
safety margin to the required ullage pressure, because a higher pressure level generally means
a thicker pressure vessel; this thickening in turn results in a heavier system that lessens the
payload-carrying capability of the vehicle. At all times, the ullage pressures in the propellant
tanks must be sufficient to produce the pump inlet pressures required to ensure that
propellants enter the engine pumps without cavitation.

Table IV illustrates by example how the minimum required and supplied ullage pressure
levels are determined (at a single condition) for a pressure-regulated, pump-fed,
liquid-oxygen propulsion system (ref. 5). The minimum required ullage pressure is
calculated from engine data, propellant properties, and propellant feedline conditions. The
minimum supplied ullage pressure is determined for known maximum tank pressure and
regulator and relief-valve operating-pressure bands. In the example, a dead band of 1.5 psi is
selected as a safety margin between the maximum regulated pressure and the relief-valve
minimum reseat pressure. As shown in the table, the calculated minimum supplied pressure
exceeds the required ullage pressure by 7.55 psi.

Table IV. —Example of Determination of Minimum Required and Supplied Ullage Pressures
for Liquid-Oxygen Tank in a Pump-Fed Propulsion System (ref. 5)

*
Variable Pressure
psi
Minimum required ullage pressure
Propellant vapor pressure at 164.5 °R 17.00
Required corresponding net positive suction pressure 12.14
Minimum required pump inlet total pressure 29.14
Propellant-feedline pressure loss 2.10
Propellant hydrostatic pressure —2.79
Minimum required ullage pressure 28.45
Minimum supplied ullage pressure**
Maximum permissible tank pressure 42.00
Relief-valve control band —3.00
Relief-valve minimum reseat pressure 39.00
Dead band —1.50
Maximum supplied ullage pressure 37.50
Regulator control band —1.50
Minimum supplied ullage pressure 36.00
Margin: 36.00 —28.45 7.55
*Sample value **Pressure-regulated system

15
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Net positive suction pressure and net positive suction head. terms used to describe pump
inlet pressure requirements, are defined as follows:

where
NPSP

NPSH

Pl(‘c‘

Pf!i(‘

NPSP

Po - P\' (l)

(P, — P)(144)  (NPSP) 144
p;’ pp

NPSH

net positive suction pressure, psi

net positive suction head, Ibf-ft/lbm

propellant vapor pressure at the pump inlet, psi

propellant density, lbm/ft?, at the pressure and temperature at the pump inlet
arca conversion factor, in 2 /f1?

pump inlet total pressure, psi

Pu t Pacc + P[:lr (3)
ullage-gas pressure, psi

propellant hydrostatic pressure due to acceleration, psi

propellant-feedline pressure loss due to friction, psi

P,.. and Py, are defined by the expressions

_H(F/W)p,

ace T 1728 (4)

16
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K% \ 144
. L 5
Pfl‘lC D) < A ) pp g, ( )

H = effective height of propellant liquid column from gas/liquid interface to
pump inlet, in.

F = engine thrust, Ibf
W = projected vehicle weight, lbm
1728 = volume conversion factor, in.3 /ft>
K = line loss coefficient, dimensionless
w, = propellant mass flowrate, Ibm/sec

A = feedline duct cross-sectional area, in.?

Ibm-ft

= gravitational conversion constant, 32.17
g, gravitation version con , Ibfsoc?

As shown by equation (3), the pump inlet total pressure is the algebraic sum of the
ullage-gas pressure, the propellant hydrostatic pressure due to acceleration, and the pressure
losses in the propellant feedline. Therefore, the ullage pressure required to provide a
prescribed NPSH will vary with the axial acceleration (the load factor F/W), propellant level,
propellant flowrate, and propellant temperature.

The NPSH required varies with different pump designs (ref. 2) and also is affected by
variations of the propellant mixture ratio (MR) and propellant temperature. Propellant MR
(the ratio of oxidizer mass flowrate to fuel mass flowrate) and propellant temperature can
vary during engine operation. The MR changes normally are planned functions, whereas
propellant temperature changes are functions of incoming heat to the propellant. Hence,
any calculation of the required NPSH must specify the MR and the anticipated propellant
temperature at the time. Consideration of these variations is necessary in establishing the
minimum ullage-gas pressures to meet the pump NPSH requirements under ail conditions.
Table V shows some typical design values for the variation in required pump NPSH as the
MR varies from 4.8 to 5.5 (ref. 5).

17
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Table V. = Varlables Affecting NPSH Requirements for Pumps on §-2 Engine (S-11 Vehicle) (ref. $)

Required NPSH
o of fluid)
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Neenread vatue 3t the pumponlet flanpe of minimum required

NPSH at nominal enpine nducer loweate and speed
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varations engine manufatunny tolesances eto ) 652 2280
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of propeliant feed duct) 066 ol
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(MBIof 4K 28R 148 81
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NPSH requeed a1 pusp getes Nacpe e MR - 8 8 37 ke 159 91
Corrections Yur bosies 1 pusep antet duct for MR -4 8 403 4¢ 73
Cossection for addatv o doct loswses for MR - 5 8 ban s
NPSH sequized at entrance of pumpantet duct for MR - §.S 433 213 K¢

In the Centaur propulsion system, separate turbine-driven boost pumps mounted at the tank
sump are employed to minimize the tank ullage pressure requirements (ref. 6). The boost
pumps also eliminate the need for recirculating propellants through the feed lines during
prelaunch and launch operations to minimize temperature stratification. Once sufficient
flow goes through the pump, ingested viapor bubbles will collapse at the pump discharge,
and the pump can perform satisfactorily even with boiling in the bulk liquid. An
examination of tables 1T and 11 shows the effect of boost pumps: the Centaur, the only
vehicle using them, has ullage pressures approximately 2397 lower than those in the other
LH./1.0, stages.
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2.1.1.1.2 Pressure-Fed System

In a pressure-fed propulsion system, the ullage pressures in the tanks must be sufficient to
overcome the feed-system resistance and injector pressure drop and force propellants into
the combustion chamber at the desired chamber pressure. The required ullage pressure thus
is a function of the engine chamber pressure and propellant-feed-system pressure losses, and
engine performance is directly affected by ullage pressure. In addition, suppression of
undesired propellant-vapor bubble formation and pressurant gas bubble formation in
propellant feedlines, components, engine coolant passages, and injectors may require a
higher ullage pressure than would be chosen otherwise. The interrelated factors that
influence ullage pressure in a pressure-fed propulsion system are presented in figure 2.

In optimizing the mass of pressure-fed propulsion system, an important consideration is the
mass of the pressurant tank, which depends on the amount of gas required to expel the
propellant. For a single-burn mission, a rapid expulsion of the propellant burn can be
modeled, adiabatic expansion in the pressurant tank being assumed. However, in planetary
missions, the number of engine firings can easily exceed 20. Nominally, there are two
trajectory corrections: the first shortly after insertion into the heliocentric trajectory, and
the second prior to orbit insertion. Usually, these burns are 20 sec or less. Following the last
trajectory correction is the orbit-insertion maneuver, which can be from 600 to 3000 sec in
duration, the time depending on the mission. Following orbit insertion are orbit-adjust and
orbit-trim maneuvers, which range from 1 to 10 sec in duration. There is sufficient time
between engine firings for thermal equilibrium to be reestablished in the propellant and
pressurant tanks. In a typical spacecraft propulsion system for a planetary mission, there are
numerous engine firings that are widely separated in time (days to months). Thus, adiabatic
conditions can be assumed to prevail except for (1) single, widely spaced short burns where
the gas storage-pressure drop is less than 5 percent or (2) very low flows for long time
periods (> 10 min); in either case, isothermal conditions can be assumed (ref. 7). These
assumptions are made only for preliminary analysis. For firm design optimizations, the
designer makes use of the many computer programs available; these programs take into
account many, if not all, of the important variables involved in accurate determination of
the amount of gas required to expel the propellants.

Figure 3 illustrates a weight tradeoff for determing the best ullage pressure and storage
pressure levels for a regulated pressure-fed propulsion system with helium as the pressurant.
Variables include the tank weights for pressurant storage and propellant, the total weight of
pressurant stored, and the weights of the engine assembly, feedlines, and other components
of the propulsion system. Storage-vessel weight is a function of tank wall material density,
required vessel thickness, and required vessel size. Storage-vessel size depends on the gas
mass to be delivered, the residual gas mass, and the pressure level in the vessel after the last
withdrawal period. In turn, the residual mass and pressure are functions of (1) the amount
of heat transferred to the pressurant, and (2) the downstream pressure-drops at rated flow
from the storage vessel outlet to the regulator inlet. Heat transfer within the ullage space
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Figure 2. - Relation of factors that influence ullage pressure in a pressure-fed propulsion system.
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TOTAL SYSTEM

ENGINE ASSEMBLY

PROPELLANT TANK

PRESSURANT AND VESSEL

COMPONENTS

100 200 300
TANK ULLAGE PRESSURE, PSI

(o) SYSTEM DRY WEIGHT VERSUS TANK ULLAGE PRESSURE
(3000 PSI STORAGE PRESSURE)

Assumptions:
® E£qual initial temperatures
® Adiabatic expansion

® Final pressures equal

PRESSURANT PLUS
STORAGE VESSEL

vSTORAGE VESSEL
\_/(PRESSURANT

2000 3000 4000
PRESSURANT STORAGE PRESSURE, PSI

(b) PRESSURANT AND VESSEL WEIGHT VERSUS STORAGE PRESSURE
(250 PSI ULLAGE PRESSURE)

Figure 3. - Variations in system weight as a function of ullage pressure and

storage preésure in a pressure-fed propulsion system.
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also influences the ullage gas density and thus the required amount of pressurant mass
delivered to the ullage. For the example shown, the weight tradeoff shows a minimum
(optimum) tank ullage pressure of approximately 210 psi and a minimum storage pressure
of 3000 psi. These trends are not necessarily valid for all regulated pressure-fed systems.

2.1.1.2 PROPELLANT PROPERTIES

The various liquid propellants in use have a wide range of characteristics that affect
pressurization system desien directly or indirectly. Properties of these propellants can be
found in references 8 through 120 For boosters and upper stages, the bipropellant
combinations LOX'LH, and N, 0,/A-50 have been favored (tables Land 1. For spacecraft
propulsion. the monopropellant hydrazine has been the most popular (table 1.

Vapor pressure and chemical stability in the operating temperature range are two of the
more important propertics that influence design. In general, the storable propellants have
low vapor pressures and good stability, properties that facilitate long-term storage and ullage
pressure regulation without the need for eluborate venting and temperature conditioning. In
contrast. cryogenic propellants have introduced a host of problems associated with
propellant temperature stratification and vapor pressure variation, increased pump NPSH,
and tank ullage venting not found in storable-propellant systems,

2.1.1.2.1 Vapor Pressure

Propellant saturated vapor pressure places stringent requirements on the control of
propellant storage temperature and tank ullage pressure. These requirements, in turn,
determine the need for propellant and pressurant temperature conditioning. tank ullage
venting. and the selection of pressurants, For instance, in the case of the high vapor pressure
(ow normal boiling point) cryogenic hydrogen and oxygen. the tank ullage gas is vented in
order to dissipate the heat infiltrated into the tanks and also to condition the propellant
temperature. In contrast, in the case of Mariner- or Pioncer-type pressure-fed propulsion
svstems, the ullage gas need not be vented to keep the earth-storable propetlants at their
nominal operating conditions. Through the use of state-of-the-art thermal control and
structural techniques, the desiener can achieve a balance such that heat leaks into the
propellant tanks can be more than offset by radiation to space. Space itself offers the best
place for the rejection of heat. The vehicle need not be a heat sink.

For missions aveay from the sun, the designer must be careful not to let the propellants cool
down. In fact. he may have to make provision to add heat to the propellant 10 maintain the
proper propellant temperature.

High-vapor-pressure propellants are an - asset to certain - pressurization  systems.
Fyaporated-propellant pressurization currently is successful with the crvogenic propellants
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and also the storable-oxidizer N,O4 (boiling point 529.7°R). In the Centaur vehicle, the
vapor pressure of bulk propellants (hydrogen and oxygen) boiling in the tanks is utilized to
provide the modest pressure required at the inlet of tank-mounted boost pumps. In systems
requiring higher pressures, superheated vapor is obtained by passing the propellant through
an engine heat exchanger or some other heat source; e.g., the system on S-II (ref. 5). The
boiling point of a propellant (table VI) indicates its suitability for use in an
evaporated-propellant type of pressurization system.

Table VI. — Boiling Points of Common Propellants
(adptd. from ref. 10)

Propellant Boiling point‘ ,°R
Hydrogen 36.7
Fluorine 153.1
Oxygen 162.7
Ammonia 431.6
Nitrogen tetroxide 529.7
IRFNA 600.0
UDMH 605.7
A-50 629.7
MMH 652.2
Hydrazine 695.7
98% hydrogen peroxide 758.7
RP-1 881.7
*At 14.7 psi

It is worthwhile to note that the tank ullage pressure consists of the sum of partial gas
pressures of all the species in the gas mixture. In the case of ullage gas containing only
propellant vapor, an ullage pressure higher than the saturated vapor pressure at the
propellant bulk temperature can be obtained only by pressurizing with superheated vapor;
the vapor, by virtue of its intimate contact with the liquid surface, raises the liquid surface
temperature. However, the propellant has not attained temperature balance with the gas;
thus condensation of gas and consequent decay of ullage pressure will persist until the bulk
of the propellant and the ullage gas come to an equilibrium temperature. For this reason,
pressurization with evaporated propellants is not deemed feasible when required ullage
pressures are greater than 100 psi and long mission durations necessitate sustained
temperature equilibrium. In these cases, inert pressurants invariably are used. However, for
short mission durations, an evaporated-propellant system using ammonia is a possibility.

Another effect of propellant vapor pressure on the pressurization system is the
counterpermeation phenomenon treated in section 2.3.2.1.
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2.1.1.2.2 Chemical Stability

Propetlant chemical stability is important to the pressurization process; propellants must not
react adversely when exposed to the pressurant, to system components, or to system
temperatures. Some rocket fuels tend to decompose violently when heated. It is for this
reason. in addition to vapor pressure considerations, that vaporized propellant as pressurant
is limited chiefly to the oxidizers. Liquid hydrogen is a notable exception: it also has the
advantage of vaporizing as a gas of very low molecular weight.

In some instances, a chemical reaction during heating is an advantage. The oxidizer (N, 0,)
tanks of the Titan 11 and 1T vehicles (ref. 13) are pressurized with N, O, vapor generated by
passing the liquid N, O, through a turbine-exhaust heat exchanger. The N, Oy undergoes
both evaporation and dissociation during the heating: as the temperature increases, the
vapor dissociates in steadily increasing proportion to NO, (refs. 8 and 9). The benefits of
the dissociation lie in reduced molecular weight of the gas. The molecular weight of N, O,
vapor decreases from 92 to 46 Ibm’/lbm-mole at 100 percent dissociation. As a result, a
substantial weight savings is realized by operating at the highest possible ullage temperature
consistent with other considerations such as increased rate of vapor condensation, corrosion
of metals and polymeric seals and valve seats in the system, and heating of the tank wall.

Thrusters employing hydrazine, a monopropellant, are used for midcourse correction
mancuvers on the Ranger, Mariner, and other spacecraft. The pressurization systems for
hydrazine are similar to those for bipropellant systems. One pressurization problem more
critical with hydrazine than with its derivatives (e.g.. MM is its susceptibility to
heterogenous decompaosition when exposed to various surfaces, particularly contaminated or
oxidized surfaces. Heterogencous decomposition increases with temperature, contact surface
arca. and degree of contamination as well as the catalytic activity of the surface (ref. 14).
Thorough cleaning, passivation, and avoidance of large surface arcas such as wire screens are
steps that minimize heterogeneous decompaosition of monopropellants such as hydrogen
peroxide and  hydrazine. Gradual rise of the ullage pressure from accumulation of
decomposed gases was a subject of concern for the long-term storage of hydrazine required
in the 1966 Mariner spacecraft (ref. 15). Since that time, improved materials for tanks,
bladders, and other components exposed to hydrazine have virtually eliminated this
concern.

Occasionally, there exists a requirement for sterilizing the spacecraft, as in the case of the
carly Rangers (ref. 16) and currently the Viking spacecraft (ref. 17). The usual sterilization
process includes the propellant and pressurant, and sterilization heating (= 750" R) usually
produces high ullage pressures, increased corrosion rates in the propellant tanks, and
increased heterogencous decomposition in the fuel tank. In addition, decomposition gases
may be trapped inside the expulsion bladder or diaphragm after sterilization. This latter
condition may result in most of the ullage volume of noncondensible gases being located on
the liquid side. thus rendering the expulsion medium ineffective in delivering gas-free
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propellants. To circumvent this problem, surface-tension acquisition devices in addition to
an expulsion bladder were used for the Mariner '73, and similar devices were developed for
the Viking Orbiter (ref. 17).

2.1.1.3 DUTY CYCLE

Single-burn, multiple-burn, engine throttling, and pulsing operations are engine duty-cycle
requirements that strongly affect selection and design of a pressurization system. All
boosters and some upper stages have single-burn requirements; upper stages with pump-fed
propulsion systems (e.g., Centaur and S-IVB) are required to restart after a period of zero-g
coasting. Multiple-burn and pulsing operations are common in spacecraft. The duty cycle of
spacecraft auxiliary propulsion systems (APS) is primarily a pulse-mode operation, with
some applications requiring a steady-state burn period.

2.1.1.3.1 Single Burn

The single-burn mission generally can be considered as involving the simplest duty cycle for
the pressurization system. The major applications are the bipropellant pump-fed propulsion
systems in boosters and in upper stages where the total duration of mainstage pressurization
is less than ten minutes and occurs within a few minutes after launch. If the single-burn
mission has an engine MR change (a form of throttling), the required ullage pressure changes
because the required engine inlet NPSP and propellant flowrate normally change. The S-1I
vehicle is an example of a single-burn mission with an engine MR shift. Figure 4 (ref. 5)
presents the time-oriented profiles of calculated required and minimum supplied ullage
pressure in the S-II LOX tank during the boost period; the effects of the engine MR shift are
plainly shown.

For the single-burn mission, the pressurant usually is introduced into the ullage at a
temperature significantly higher than that of the bulk propellant. The low ullage-gas density
is maintained, and thus pressurant weight is conserved, by the transient temperature
stratifications that occur in both the propellant (sec. 2.3.1.3) and the ullage gas (sec.
2.3.1.2) during the short duty cycle. Initial pre-pressurization (sec. 2.2.1.1) is carried out
with a ground gas supply, because in some cases it is the only way possible.

2.1.1.3.2 Multiple Start
Multiple-burn missions include a scheduled nonpowered coasting period between burns that
extends the total mission duration considerably beyond that of any single-burn vehicle.

Propulsion systems that have multiple-burn duty cycles also can have throttling capability,
as in Surveyor vernier propulsion system or the S-IVB stage. The S-IVB two-burn missions
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Figure 4. - Example of calculated required ullage pressure vs burn time for
LOX tank in pump fed propulsion system (ref, 5).

typically included a two-minute first burn at relatively constant high engine MR followed by
a 135-minute coast perind before the dual-level-MR six-minute second burn. Approximately
the first minute of the second burn was at low engine MR with the remainder of the burn at
high MR, For any system with multiple-burn capability, provisions must be made so that
adequate ullage pressure is available, or can be made available, at the time the engine is
required to restart,

In cryogenic propellant systems, the stratified ullage gas and propellant in the tank come to
thermal equilibrium during the coasting period after engine shutdown. In the heat and mass
exchange between the ullage gas and the propellant, the *hot™ ullage gas is cooled while the
propellant is either heated or partially vaporized, adding mass into the ullage. In most cases.
the tank ullage pressure shows an initial decay as a result of the heat and mass exchange, and
then a gradual rise as heat infiltrates through the tank wall. Usually, the ullage gas is
stabilized at temperature and pressure lower than its initial vatues immediately after engine
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shutdown. A low-pressure venting mode usually is provided for hydrogen tanks in order to
maintain a low propellant temperature and a low ullage pressure until a subsequent restart is
initiated with the tank repressurized to the ullage pressure required to provide pump NPSH.

In pressure-regulated inert-gas pressurization systems as used in many pressure-fed
propulsion systems, heat is exchanged between the pressurant and its storage vessel and
between the pressurant and the propellant. In some cases, considerable gas cooling may
result from the blowdown process as pressurant flows from the storage vessel. In cases where
the pressurant entering the tank is cooler than the propellant, the ullage pressure can rise
above the regulator set point as a result of heat exchange with the propellant during the
regulator lockup period that follows (sec. 2.3.1.1); this rise can cause the system relief valves
to modulate. The pressurization system designer can avoid this cause of pressurant loss by
heating the gas before it enters the ullage. For example, in the Able-Star stage helium
pressurant was heated by a solid-propellant gas generator adjacent to the storage tank; in the
Pioneer 10 and 11 spacecraft, radioisotope heaters were used to warm the pressurant.

2.1.1.3.3 Pulsing Operation

Almost all spacecraft attitude control and reaction control systems operate by pulsing the
thrusters. Because of the fast response required for pulsing operation, pressure-fed
propulsion systems invariably have been used. Normally, these systems are pressurized by
stored inert gas. The spacecraft propellant tanks often contain bladders, surface-tension
acquisition devices, or a combination of these designs to provide for proper operation in
random ‘‘low-g” fields and to reduce the absorption of gases into the propellants (sec.
2.3.2.2) during mission durations that may extend to days or weeks (ref. 3). An example of
a bladdered tank system is the ERTS orbit-adjust subsystem; the Mariner Mars '73 and the
Viking Orbiter are examples of propellant sytems with a surface-tension acquisition device
and a bladdered tank. Spacecraft such as the ATS, Intelsat, Pioneer, and others are also
spin-stabilized, which aids in orienting the propellant. Gaseous propellants such as ammonia
and propane stored in high-pressure accumulators have been used for pulsing operations (ref.
1); the gaseous propellants are generated onboard the vehicle by pumping liquid propellants
through vaporizers, as in the ATS III (ref. 18), or by extracting vapor from the ullage cavity,
as in the spin-stabilized Explorer 30 spacecraft (ref. 1).

2.1.2 Selection of System Type

The most important single decision in designing a pressurization system is selection of the
type of system. Table VII summarizes the primary types of pressurization systems and their
major variations; selected examples of flight-proven systems are given. In addition to the
systems shown, Freon and other volatile liquids occasionally are used in combination with
metal diaphragms or other impermeable barriers to produce a simple system that maintains
an ullage pressure that is a function only of temperature.
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Table VII. — Types of Pressurization Systems and Major Vartations

Inert Gas Eviporated Propetlant® Combustinn Products®
Stored at ambient temperature undes Boiloff of saturated propellants in tank Turbine exhaust pas
hiph pressure ® Centaur fuel and oxidizer ® Tutan 8 fuel tands
® Thor fue!
® Saturn 1B fue! Drawn from injector manifold Separate sohd-propellant gas
® Allspacecraft with pressure-repulated e Sl fue! generator
systems ® SIVB onidizer ® Lance fuel and oxidizer
Stored at cryapenic tempenature and Evaporated in turbine-exhaust heat Scparate hiquid-propeliant gas
heated in heat exchanges exchanpes generator®
® SIVB oxidizer ® Silovidizer
® LEM Decrent fuel and orvidizer M:in tan¥: injection®
Stored a5 a gas under pfcuun:"
Blowdown from prepressurized condition
® Titan Hoxidize:
® FRTS othitadyua®
® Intelunt®

$picpresurization on prouad provides initiat slar presture
Nt prover on b ekl
M nnprepettan:

The three primary types differ significantly in pressurant storage or source, compatibility
characteristics, and suitability for various wvchicle missions. The choice of the best
pressurization system for a specific mission involves a careful evaluation of the system
design constraints. The best choice is the minimum weight system that operates within the
constraints and is consistent with the program cost and reliability goals. Tables 1, 11, and HI
show that in the past, the “best” choice most often has been some variation of either the
incrt-gas or evaporated-propellant types. Flight experience with a combustion-products
system has been limited to a few military vehicles and to fuel-tank pressurization on the
Titan boosters.

System screening. — For most applications, an initial screening based on comparisons of the
three systems (table VIID will effectively eliminate one or two of the types. The screening
process usually is performed by a team of experienced designers, and the results are justified
to management. The elimination usually is based on pressurant/propellant incompatibility,
pressurant availability, or a judgement that the system type could not be competitive from
the standpoint of weight, cost, and reliability. The combustion-products type has been the
onc most often eliminated, usually on the basis that the resulting gases are at high
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Table VIII. — Comparison of Three Basic Types of Operational Pressurization Systems

Applicability
Feed system Duty cycle Propellant System System
System Single | Multiple compatibility complexity weight
Pump Pressure b b Pulse
urn urn
Inert gas Yes Yes Yes Yes Yes Compatible with all Simple system. Storage Storage-system weight
propellants. However, (location and pressure) may be excessive for
condensation may be may increase complexity. large system.
a problem with some Thermal conditioning
gases {(e.g., nitrogen). (if required) may Gas weight may be
increase complexity. excessive for large
system.
Evaporated Yes Yes Yes Yes? Yes Generally compatible Very simple system in Gas weight may be high.
propellant with own species. flow-restrictor form
(eliminates high- No storage-tank weight.
pressure storage).
Regulator would add
complexity. Separate
evaporator, if required,
is a minor complexity.
Combustion Yes Yes Yes No® No Fuel-rich product Simple system, although Gas weight may be high.
products generally is compatible | less reliable than the
only with its own fuel. | other two. (Gas Storage-system weight
generator and possible relatively low.
gas cooler increase
complexity).

3Generally requires some repressurization before restart.
'Weight penalty for control system when restart is required.
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temperatures and include condensible solids, excessive water, or other objectional elements.
The inert-gas sy'stem is unique in that it cannot be eliminated for any application except on
the basis that the weight of its associated storage vessel makes it appear uncompetitive.
Helium is compatible with virtually all propellants, and in terms of weight is surpassed only
by hydrogen gas at comparable temperatures. It is noteworthy that most pressure-fed
propulsion systems have used inert-gas pressurization, primarily because of the mission duty
cvele (see. 2.1.1.3) and the propellants used (tables I-HE and refs. 1, 19, and 203,

For those system designs where past experience, pressurant/propellant incompatibility,
pressurant availability, or preliminary weight, cost, and reliability tradeoffs cannot eliminate
two of the three pressurization system types, a more detailed system-selection process must
be made. Figure 5 illustrates the relation of relevant factors and the logic of the
svstemeselection process. The process is iterative and involves progressing through the steps
several times at different levels of detail,

After initial screening, the major effort involves detailed weight tradeoffs of the remaining
candidate pressurization systems. Weight caleulations include the total weight of pressurant
as well as the hardware weight associated with storing and conditioning the pressurant
within the system.

For the stored-inert-gas system, for example, by far the most common means of storage (ref.
3. table 1D has been a titanium-altoy sphere containing helium at approximately 3000 psi.
Spheres of this type weigh about 20 pounds per cubic foot of internal volume. Depending
on the pressurant type and storage temperature, the sphere weight can he as much as 11
times the weight of the gas it contains. The high weight ratio corresponds to helium storage
at ambient temperature and makes it clear that storage should be at reduced temperatures if
the stored-gas system is to be weight competitive with an  evaporated-propellant
system.Figure 6 illustrates (1) the variation of gas density with storage and ullage conditions
in several different pressurization systems and (23 the typical variation of storage-tank
specific weight with tank shape and storage pressure (data from ref. 21). Readily apparent is
the wide difference in density between storage and ullage conditions that has been achieved
in the LEM Descent and S-IVB systems, (The supereritical-helium storage system in the
LEM is discussed in section 2.1.2.1: the helium storage system used in the S-IVB is discussed
later in this section),

For the systems still under consideration in the selection process, gas and hardware weights
are combined into a total system weight for evaluation of the impact on stage and vehicle
pavioad. System reliability is evaluated on the basis of system complexity, number of failure
modes, and pumber of hardware components and their reliabitity record. Cost differences
may become significant if the system requires the development of new components or if the
gas is expensive.

To arrive at a final decision on system type, critical fuctors (usually weight, reliability | and
cost) must be weighed in relation to the specific program application. Weight may be the




[€

Downloaded from http://www.everyspec.com

PERMEATION
THROUGH
BLADDER

INERT GAS EVAPORATED PROPELLANT COMBUSTION PRODUCTS
il ASA AL IREAAASS
GAS STORAGE PROPELLANT TURBINE Gas
VAP
TEMPERATLRE BOILOFF EVAPORATOR EXHAUST GENERATOR
AND
PRESSURE
EVAPORATION COMBUSTION
GAS STORAGE TEMPERATURE TEMPERATURE
VOLUME
STORAGE
i
ESSEL DISSOCIATION VIOLENT CONDENSIBLE GAS
WEIGHT DECOMPOSITION SOLIDS COOLER
COMPATIBILITY
WITH
PROPELLANT
A
ULLAGE MOLCE;QSULAR ULLAGE ::xgt?: FROPELLANT sOLlI.':: v
RESTART HEATING
PRESSURE WEIGHT TEMPERATIRE INSULATION PROPELLANT
PRESSURANT GROUND ULLAGE GAS PARTIAL PULSING VENTING PROPELLANT DIRECT
FOR PRE- GAS PRESSURES OPERATION sRATIFICATION | | contact
PNEUMATIC PRESSLRIZATION WEIGHT
CONTROLS l
l PRE- L VENT SiEe
PRESSURANT PRESSURIZATION MASS RE- DIRING
ZAT
WEIGHT GAS QUANTITY TRANSFER PRESSURIZATION COAST PRESSURIZATION sotusiTY
Vi
PROTPAE:‘LKANT SLOWDOWN 00T AT num:z: FOR vsg::sen mssGoAv.S €D
P AN -
WEIGHT CapasiTY UM EXCHANGER PRESSLRIZATION 10ss QUANRTY

SYSTEM WEIGHT
TRADEOFF

!

IMPACT
ON
PAYLOAD

SYSTEM TYPE SELECTION ‘

RELIABILITY

COMPLEXITY

Figure 5. - Relation of factors that influence selection of a pressurization system.




Downloaded from http://www.everyspec.com

LEGEND
() SATURN S-1f ULLAGE CONDITIONS AT
. OUTBOARD ENGINE CUTOFF
L [ SATLRN S-V-B HELIUM
STORAGE CONDITION
[ saTme S-1v-8 OXIDIZER
" ULLAGE CONDITION
T A LEMHELIUM STORAGE CONDITION
[ A LEM FUEL AND OXIDIZER
s - ULLAGE CONDITIONS
L]
§ 1.
-l
£ s
4
; -
$ 3
-l
-
:
A 8
<
4
; :
’m -z-
Ti-6A1-4V {3k
WORKING STRESS =75 000 P51 | S
2
Z
ol l A 4 X ll i A l AL 4 Al A A -
0 100 1000 4000
PRESSURE, PS!

Figure 6. - Variation of pressurant-gas density with storage and ullage conditions,
and variation of storage-tank weight with tank shape and storage pressure.




Downloaded from http://www.everyspec.com

driving factor for payload-critical final stages, but reliability may be of prime importance in
another situation. Table IX illustrates the weight tradeoff for pressurizing the liquid-oxygen
tank in a pump-fed propulsion system for a large stage. In this application, the pressurant
can be either stored helium gas or gaseous oxygen made available by an
evaporated-propellant system with engined-supplied heat exchangers. As shown in the table,
the minimum overall system weight can be achieved only if the helium is stored at 43°R.
This condition réquires accepting the complexity of high-pressure helium-storage spheres
located inside the liquid-hydrogen tank. The final decision was made on the basis of mission
payload implications versus reliability requirements. The system involving helium stored in
the hydrogen tank was rejected for the S-II but accepted for use in the S-IVB. The key
factor involved in the S-IVB decision was the coast period (ref. 22). During coast, significant
amounts of gaseous oxygen pressurant would be condensed into the liquid propellant and
ullage pressure would decay, whereas the helium pressurant would continue to maintain the
tank ullage pressure.

The techniques used to generate the actual numerical values for weight tradeoff studies vary
according to the accuracy required in the results. For fairly gross comparisions, curves of the
type shown in figure 6 are used. Average ullage temperatures for these cases are estimated
on the basis of experience with similar systems. Tank working-stress levels are adjusted for
improved material properties if gas is stored at cryogenic temperatures.

Table IX. — Comparative Weights for Evaporated Oxygen and for Stored Helium as Pressurants

of S-I1 Oxidizer Tank?
Parameter Evaporated oxygen Stored helium®

Pressurant molecular weight, lbm/lbm-mole 32 4

Total weight of gas, Ibm 5000 1000
Storage density, Ibm/ft3 71.5 1.95 120

(liquid, 161°R) (530°R) (43°R)

Storage volume, ft° 65 344 56
Storage tank weight, Ibm Not applicable 7000 1000
Total weight, Ibm 5000 8000 2000
BUllage pressure = 40 psi b Storage pressure = 3000 psi
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2.1.2.1 INERT-GASSYSTEM

Current inert-gas pressurization systems generally use helium or pitrogen as the pressurant
(tables 1, 11 and 11D, Helium usually is preferred to nitrogen or other pressurants because its
low molecular weight gives a system-weight advantage. Also, helium condenses at a lower
temperature (9.4°R) than any other pressurant, an important factor that affects the amount
of residual pressurant mass remaining after the gas is expellied from the storage bottle or
after the expansion process in an ullage blowdown system®*. In addition, the thermodynamic
properties of helium result in a smaller pressure rise than that occurring with nitrogen during
lockup periods in the mission duty cycle.

When an inert-gas pressurant is in intimate contact with the propellant, the ullage space
includes both the inert pressurant and a quantity of evaporated propellant. This condition
exists because the propellant will allow a stable condition only when the correct pressure of
its own vapor exists above the liquid level at the propellant surface temperatures involved.
Therefore, the partial pressure of cach species (inert pressurant and propellant vapor) and
concentration gradient may vary during the flight depending on the temperature of the
propellant surface layer, the gas solubility in the propellant, and the ullage-gas venting loss.
These factors are particularly important in calculating pressurant mass requirements for
applications involving propellants with high vapor pressures,

Inert-gas systems have ranged from simple blowdown systems with no temperature
conditioning to elaborate starage-vessel systems with multiple heat exchangers. The more
claborate designs generally are pursued with the goal of reducing the required amount of
pressurant as well as the volume and weight of associated storage vessels. For example. in
several successful eryogenic-propellant propulsion systems, avaitable conditions were utilized
for storing the helium at as low a temperature as possible, thereby maximizing the storage
density: the helium was then heated to expand it for use as a pressurant. In the Saturn S-1C
svstem. helium was stored in bottles located in the LOX tank: subsequently, the helium was
heated in an engine-mounted turbine-exhaust heat exchanger for fuel (RP-1)-tank mainstage
pressurization. In the Saturn S-IVB system, even lower storage temperatures were achieved
by locating the helium bottles within the LH, tank. The helium was heated in an
engine-mounted turbine-exhaust heat exchanger before use as the mainstage pressurant for
the LOX tank. A separate O./H, burner was used to heat the cold helium for
repressurization of both LOX and LH, tanks.

Inert-gas blowdown-mode pressurization  system. — This system has been used almost
exclusively with monopropeliant propulsion systems simply because the resulting thrust and
specific impulse of a hipropellant engine with a blowdown-mode pressurization system have

*A Blowdown svstem is one in which the ullage space s charped with a fised mass and pressure of inert pas No pressurant
pas is added. and the llape pressure decays as prapellantis consumed untit the pressure rezches a predetermined minimum
value at the end of metar operstion The ratio of initial to final pressure s the “blowdown ratio ™
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not been sufficiently predictable to satisfy the vehicle reliability and performance
requirements. An example of a relatively simple pressure-fed monopropellant propulsion
system incorporating a blowdown system is the Earth Resources Technology Satellite
(ERTS) Orbit-Adjust Subsystem (OAS) shown schematically on Figure 7 (ref. 19).

The function of the ERTS OAS is to correct for minor orbital irregularities during the
lifetime of the spacecraft. The OAS utilizes a hydrazine propellant tank with a bladder and a
nitrogen-gas 5:1 blowdown-mode pressurization system. The pressurant is not thermally
conditioned. The subsystem is designed to deliver 14 600 lbf-sec of total impulse through its
three variable thrust (0.815 to 0.22 Ibf) engines with the propellant tank in the fully loaded
condition (67 lbm of N,H,) and the ullage gas initially at 540 psi (ref. 23). Although
simple, the ERTS OAS design emphasized redundancy. In addition to redundant seals for
test and instrumentation ports within the pressurization and propellant feed systems, the
propellant feed system incorporated redundant shutoff valves, filters, and engine valves.

Stored-inert-gas pressurization system. — This system has been used widely and successfully,
particularly in vehicles with bipropellant propulsion systems. In some vehicles, the system is
used for the oxidizer tank only (e.g., Saturn S-IV and S-IVB); in some, for the fuel tank
only (e.g., Saturn S-IB and S-IC, Thor); and in some, for both oxidizer and fuel tanks (e.g.,
Agena, Atlas, Apollo LEM descent stage, Apollo SPS, Delta, Lunar Orbiter VCS, Titan
[I-Transtage).

A key parameter in the design of this system is pressurant-gas temperature (hence gas
density and pressure) in both storage and ullage conditions (refer to fig. 6). Thermal
conditioning (i.e., heating or cooling or both) of the gas can lead to compact, low-weight
systems. For some applications, however, the complexity and cost associated with thermal
conditioning of the gas may not be warranted. A successful system that did not thermally
condition the stored gas was the Lunar Orbiter VCS. In contrast, in the descent stage of the
Apollo LEM, the helium pressurant was stored under supercritical conditions and then
heated; this system achieved a weight savings of 60% over that of ambient-temperature
high-pressure storage without thermal conditioning. These two systems are discussed in
detail below. ‘

The Lunar Orbiter VCS was designed such that the N, O, /A-50 propulsion system (100 Ibf
thrust) could impart a velocity change of as much as 3215 ft/sec to the 850-lbm spacecraft
for midcourse corrections, initial lunar-orbit injection, and photographic-orbit injection (ref.
24). As shown in Figure 8 (ref. 24), the ullage-gas source was a nitrogen-gas storage sphere
with no provision for conditioning gas temperature. The sphere was made of Ti-6Al-4V
alloy, weighed approximately 21.8 lbm, and had an internal volume of 1579 in3. A
nitrogen-gas mass of 14.74 lbm was loaded into the sphere at 3500 psi and 530°R.
Parallel-redundant normally-closed squib valves isolated the pressurant in the storage vessel
from the rest of the system until first use of the gas was required. Note that the pressurant
in the storage vessel also was the gas source for the cold-gas reaction control system (RCS).
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Of the 21.8 1bm in the storage vessel, only 2 to 3 Ibm were used to pressurize and maintain
the pressure in the VCS propellant tanks: the remaining gas was used for the RCS and for
pressurant reserve. When the squib valves were opened, the pressurant flowed through a
normally-open shutoff squib valve to the VCS pressure regulator, which reduced the gas
pressure to 190 psi. Subsequently, the gas was routed through the check valves and into the
oxidizer and fuel tanks. In the VCS, a single regulator was used to pressurize both propellant
tanks in order to prectude undesired in-flight shifts of propellant mixture ratio: such shifts
could occur if each tank had its own pressure regulator and the regulator setpoint of one
changed during flight. With a single regulator, the setpoint could still change, but cach tank
would have the same ullage pressure. Although each tank had a bladder. check valves were
used to isolate the ullage gases of the fuel and oxidizer tanks. If any propellant vapor
permeated its bladder, the check valves prevented the vapor from entering the other system.
After the VCS completed its function, the normally-open shutoff squib valve was positioned
closed. thus isolating the VCS regulator and tankage from the gas in the storage vessel. Note
that cach ullage has a pressure relief system to prevent overpressurization of the system.

During the 28 engine firings in five different missions, only two internal leakage problems
within the VCS pressurization system occurred. The first was excessive lockup leakage
through the pressure regulator subsequent to the injection mancuver in the first mission.
This leakage was presumed to be caused by contamination of the regulator seat: the leakage
was stopped by closure of the shutoff squib valve following the orbit-transfer maneuver. The
sccond leakage, observed on several later missions, was caused by the failure of the shutoff
squib valve to close completely. However, normal operation of the VCS pressure regulator
prevented the propellant tank pressure from increasing significantly above the regulator
lockup pressure (ref. 24).

In the descent stage for the Apollo LEM, a vacuum-jacketed  (double-walled),
Mylar-insulated, high-pressure container was used to store 48.5 Ibm of supercritical helium
for the pressurization system (shown schematically in figure 9). The helium tank was loaded
with liquid helium at 8”R and topped with high-pressure helium gas that increased the
system temperature to approximately 11-12°R. During the 13 1-hour (maximum) standby
time period. the helium pressure and temperature were increased by incoming heat leak. The
maximum temperature the helium reached prior to outflow was S50°R while the rate of
pressure rise was S to 10 psi‘hr (ref. 25).

Initially, the helium fluid, at a maximum fowrate of §.3 Ibm/hr, passes through the first
loop of the external two-pass fuel-to-helium heat exchanger, where it absorbs heat from the
fuel. The helium is warmed and routed back through the internal helium-to-helium heat
exchanger inside the pressure vessel, The warm helium transfers heat to the remaining
supereritical helium in the pressure vessel and causes an increase in pressure; thus continuous
expulsion of helium is ensured throughout the period of operation. After the helium passes
through the internal helium-to-helium heat exchanger. where it is cooled, it is routed back
through the second loop of the fueltohelium  heat exchanger and is heated to
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Figure 9. - Schematic of the pressurization system for the Apollo LEM descent stage.

. approximately 500°R before being delivered as the pressurizing agent for the
propulsion-system fuel and oxidizer tanks (ref. 25). The use of a supercritical-helium storage
tank and passive control configuration on the Apollo LEM descent stage minimized the

. number of components required and thus achieved a high degree of reliability. In addition,
as noted, in comparison with an ambient-temperature high-pressure storage vessel, a weight
saving of some 60 percent resulted from the smaller size high-pressure vessel used for
cryogenic storage.
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2.1.2.2 EVAPORATED-PROPELLANT SYSTEM

Evaporated-propellant pressurization systems have been used almost exclusively for large
vehicles with pump-fed propulsion systems (table 1), The use has been limited mainly to
oxidizers because of the tendency of most fuels to boil violently under heating: hydrogen. a
fuel. is an exception to this phenomenon. Because of the relatively high molecular weight of
the oxidizer vapor, evaporated-propellant systems for oxidizer tanks require more pressurant
mass generally than comparable inert-gas (helium) systems. The adverse effect of this higher
pressurant mass is effectively minimized, however, because these systems essentially
climinate storage-vessel weight by storing the pressurant as a liquid in the main propellunt
tanks.

The simplest form of evaporated-propellant pressurization is self-pressurization (flash
boiling) in the propellant tank during feedout. This system generally requires a propellant
with a high vapor pressure, and the resulting pressure is very much dependent on the mission
profile. The system is reliable, although the pressurant mass requirements are high because
of low pressurant temperatures and hence high densitics. Additionally, prepressurization
from a scparate system may be necessary to meet engine start requirements (e.g.. the
Centaur vehicle),

More favorable gas-mass conditions exist in the ullage when (1) the pressurant is heated to a
maximum temperature consistent with structural and propellant requirements and (2) the
ullage-gas temperature is stratified (sec. 2.3.1.2). In the Saturn S-11 stage, which incorporates
evaporated-propellant pressurization in both oxidizer and fuel systems, propellant vapor is
superheated to minimize the gas mass required. For mainstage pressurization, the S-1
oxidizer tank is pressurized with relatively warm gascous oxygen (495 2 15”R at maximum
MR: 430 2 15°R at low MR). As shown in figure 10 the oxvegen pressurant is obtained by
extracting a portion of the LOX (temperature approximately 169°R) leaving the pump
discharge area and routing the fluid through a shell-and-tube heat exchanger. The turbine
outlet gas provides the heat source (1076 2 §4°R at maximum MR:; 986 # 63”R at low MR)
for the heat exchanger. Within the heat exchanger, the LOX is vaporized and subsequently
routed into a collector. From there, the gas is routed into the oxygen tank ullage through a
flow restrictor and gas distributor.

The S fuel tank is pressurized  with hydrogen gas extracted from the engine
thrust-chamher cooling jacket. where the fluid s used as a coolant (fig. 10). The
temperature of the hydrogen pressurant ranges from 2007 £ 20°R at maximum MR to 130°
£ 30°R at low MR. The hvdrogen pressurant is collected from the four outboard engines
and is routed to the ullage via the hydrogen-tank flow-control orifice and gas distributor.

In evaporated-propellant pressurization systems, attention must be given to ullage-pressure

decay before and during the engine start trangient. Decay can result from condensation of
the ullage gas due to heat transfer to the propellant or to the structure prior to engine firing
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or from propellant expulsion prior to pressurization system response during the start
transient. Cold-helium prepressurization from a ground source before fiftoff has been used
on all upper stages to reduce the total ullage-pressure decay prior to engine firing. During
carly development of the Saturn S-1, a helium-gas storage system was included in each of
the two propellunt-tank flight-pressurization systems to prevent ullage-pressure decay below
the permissible engine prestart limits. However, ground tests demonstrated that these
storage systems were not required, and they were deleted in flight vehicles.

2.1.2.3 COMBUSTION-PRODUCTS SYSTEM

As noted, combustion-products pressurization systems have been used for a few applications
such as the Titan fuel tanks and several military vehicles: however, this system has been of
limited use because the pressurant obtained often is chemically incompatible with the
propellant, is too high in temperature, or has condensible elements.

The combustion-products  pressurization system used on the Titan vehicles is shown
schematically in figure 1, In this system, an N, O, /A-50 gas generator produces fuel-rich
exhaust gases for engine turbopump operation. The gas-generator combustion temperature is
approximately 2260°R at a mixture ratio of 0.083 (fuel rich); the turbine outlet
temperature is approximately 2130°R. Gas for tank pressurization is tapped off at the
turhine outlet, passed through a gas cooler, and then routed to the fuel tank. The pressurant
injected into the fuel tank is within a temperature range of 650° to 750°R. Flow is
controlled by a flow-control nozzle located downstream of the gas cooler.

Separate gas generators for pressurization purposes only utilize liquid or gaseous propellants
to produce hot-gas pressurant, These systems are simple, reliable, and relatively casy to
control while providing gases at predictable temperature. The system can utilize a
monopropellant or bipropellants, Monopropellants such as hydrogen peroxide (H,0,) and
hydrazine (NS H ) wield an extremely simple generator system and do not require
mixture-ratio adjustments. Bipropellant systems emploving liquid chlorine trifluoride and a
solid grain of sodium azide can produce heated nitrogen for pressurization. The exhaust
gases also contain other constituents, but these are effectively eliminated by filters (ref. 26).
The main disadvantage of these systems is the need to carry additional propellants onboard:
these propellants usually require special handling and tankage.

Solid-prapellant gas generators for pressurization purposes are highly efficient devices that
produce gas by deflagration of solid propellant. The Lance and several other military
vehicles utilize this method of pressurization. The gas produced can be precisely controlled
in rate of production, amount of pressure, and range of temperature. The solid-propellant
gas generators have no moving parts, are relatively insensitive to acceleration, vibration, or
other mechanical phenomena, and may be electrically or mechanically initiated. Problems
include modulating control of the burning process, system reliability, and system weight for

large propellant tanks.
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Main tank injection (MTH is one of several combustion-products systems that have been
investigated in recent years but never used on a flight vehicle. In the MTI system, a
hypergolic reagent is injected into the propellant to produce a chemical reaction that
generates hot gases for pressurizing the propellant tank. This concept is applicable to most
propellants if the reagent and additives are selected to provide immediate reaction with the
propellant. MTI systems have been demonstrated by testing: however, several problems
remain to be resolved (c.g.. transient operation, operating over a realistic reagent range,
propellant inlet conditions, uniform impingement over wide ranges of propellant levels).
Information on MTI is contained in references 7 and 27 through 30,

2.1.3 Initial System Design
2.1.3.1 PRESSURANT-GAS EVALUATION
A number of thermal and physical properties of the pressurant gas are pertinent to the
desien and operation of a pressurization system. Two of these properties have already been
discussed (see. 2.1.1.2). The other properties that must be considered in initial desien may
be summarized as follows:

o Chemical compatibility

e Density ‘Compressibility factor

o Solubility

& Permeativity

e \iscosity

o Thermal conductivityJoule-Thomson coefficient

Cleanliness"Dryness

Chemical compatibility. - Pressurant’propellant compatibility ranks as the major “go’no
go’ item for pressurant selection. As shown in table X (adptd. from refs. 10 and 31, the
inert gases such as argon, helium, and neon are compatible with all common propellants.
Evaporated propellunts (vapors) are completely compatible with their liquid phases. These
compatibility characteristics have been important factors in the selection of pressurants for
operational systems. In addition to pressurant chemical compatibility with propellants,
chemical compatibility of the fluid with system hardware enters into the design problem.
Compatibility  problems with liquid and pascous oxvgen, for example, widely used as

oxidizers. are presented in reference 32
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Table X. — Compatibility of Representative Pressurants With Common Propellants (adptd. from refs. 10 and 31)

Pressurant

Propellant Air Ammonia Argon Helium Hydrogen Neon Nitrogen N,0O4 Oxygen
A-50 I C C C C C C I I
Liquid N,O4 C 1 C C I C C C C
RP-1 I C C C - C C 1 1
UDMH - c C - C C I 1
Hydrazine I 1 C C i C C 1 I
Liquid hydrogen I COND COND C C COND COND 1 I
Liquid oxygen COND 1 C C I C COND COND COND
Fuming nitric acid I - C C - C C { I
Hydrogen peroxide C I C C I C C -
Liquid ammonia I C C C - C C 1 1
Fluorine 1 1 COND C I C I 1

I = incompatible

C = compatible

== no data available
COND = chemical compatibility not a problem, but normal propellant liquid temperatures will induce excessive pressurant condensation
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Fvaluation of the use of products of combustion as pressurants (see. 2.1.2.3) has covered
gases generated from the catalytic decomposition of hydrazine and other monopropellants
as well as combustion gases from either separate gas generators or main tank injection.
However, none of these pressurants has appeared to be attractive enough to gain wide
application, largely because of the compatibility problems involved. Almost all generated
gases are produced at high temperatures that are beyond the safety limits of most
propellants or even of the tank materials, For space vehicle applications, the generated gases
would have to be cooled before they could be introduced into the tank. Additional
problems include possible contamination of the propellant by the condensible species, and
chemical reactions of propellant vapor with the reactive components in the generated gases.

Density /Compressibility factor. ~ The density of an ideal gas is a function of its molecular
weight, temperature, and pressure, as shown by the equation

144 P X MW
. I e (
Pia RT ( ))

where
p.y = ideal-gas density, tbin /!
P = gas pressure, psi

MW = molecular weight, Ibm/lbm-mole

H

R = universal gas constant, 15455 fi-Ibf'(lbm-mole-*R)

1

T = absolute temperature, °R

The ratio of p,4 1o real-gas density p, . is the compressibility factor Z (ref. 33):
7 = p;d/pxr (7)

Real-gas density can be obtained from thermodynamic data (ref. 9 or 34), or it may be
calculated from the following equation if 7 is known:

144 P X MW

= R (%)

This equation shows that, for a given temperature and pressure, the pas density is equivalent
to MW'7.
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The various pressurants available represent a wide range of densities and thus a considerable
apparent variation in pressurization-system weight. Helium has been used extensively as a
pressurant not only because it is compatible with all propellants but also because it is
generally the lightest gas at any given ullage pressure and temperature. However, the weight
advantage of any gas becomes less pronounced when the tradeoff includes the hardware
weight and system complexity sometimes involved in switching to a system involving a
pressurant with a lower MW/Z (sec. 2.1.2).

The pressurant temperature both in the operating ullage and in any storage spheres
frequently is used in system design as a means of affecting the density of whatever gas is
being used as pressurant. The compressibility factor affects the weight of a stored-gas
pressurization system. A Z > 1 at high pressure produces an initial gas density lower than
ideal in the storage vessel; and a Z < 1 in the region of low pressure and temperature
sometimes occurring in nearly discharged pressurant vessels results in higher density of the
residual gas remaining in the vessel after expansion. In the broad sense, the goal is to operate
with the highest possible gas temperatures in the ullage while maintaining the gas storage
tanks (if any) at a minimum temperature until late in the final withdrawal period. For some
systems, it is desirable to minimize the residual gas mass in the storage vessel. In the
Able-Star stage, the gas was heated toward the end of its final withdrawal cycle. This action
resulted in minimum required weight of pressurant as well as minimum weight and volume
of the storage tanks. In actual application, the achievement of this goal is tempered by the
mission practical limits and the characteristics of the particular propulsion system.

In pump-fed propulsion systems, a turbine-exhaust heat exchanger frequently is used for
evaporating propellant or for heating a stored inert pressurant. Subsequently, the pressurant
gas is introduced into the tank ullage at temperatures significantly higher than the
propellant bulk temperature. The pressurant assumes a stratified temperature distribution
(sec. 2.3.1.2) during relatively short powered flight, and the average temperature in the
ullage remains effectively high. In many instances involving stored inert gas and a tank for
cryogenic propellant, the storage volume and weight can be minimized by locating the
storage spheres inside the propellant tank; for example, the helium storage spheres for the
S-IVB stage are located in the liquid-hydrogen tank. The Atlas vehicle employs externally
mounted storage spheres that are chilled with a liquid-nitrogen bath prior to launch (ref.

35).

In pressure-fed propulsion systems, usually spacecraft with earth-storable propellants, the
mission durations usually are long, and the pressurization system generally is stabilized to
the spacecraft ambient temperature.

The designer’s latitude in setting pressure levels in the ullage space generally is limited by
overall propulsion-system considerations. He does have somewhat more latitude in setting
pressure levels for gas-storage vessels, but even here he is constrained. The objective in using
very high storage pressures is to reduce the volume occupied by the storage vessels. In
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practical applications, however, the accompanying increase in storage-vessel weight and the
resistance of real gases to compression at very high pressures usually result in the design
storage pressure being set at about 3000 psi

Solubility. — Dissolved gases have an adverse effect on engine performance (sec. 2.3.2.2);
hence. gas solubility is an important concern in the pressurant selection. The solubility
generally is affected by temperature and pressure. Because of the higher ullage pressures and
generally longer exposure times, pressure-fed propulsion systems are particularly susceptible
to prohlems due to gas dissolved in propellants. However, the problem of gas sotubility has
been reduced considerably on spacecraft with the use of positive propellant-expulsion
devices such as bladders or bellows. By their very nature, the positive-expulsion devices
separate the pressurant from the propellant and consequently limit the amount of dissolved
gas.

For pressurization-system design, a useful expression of gas solubility is the ratio of the mass
of the gas dissalved in the propellant to the mass of propellant. For pressurant‘propellant
combinations with low solubilitics, Henny's Jaw s applicable, and  the solubility s
proportional to the partial pressure of the gas (ref. 36):

C=Kp (9)
where
C = concentration of dissolved gas, Ibm of pressurant per Ibm of propellunt
K = Hennv's constant, Ibm of pressurant per Ibim of propellant-psi
p = gas partial pressure, psi

The theory of gas solubility, its application. and selected data can be found in the literature
(c.e..refs 7.8, 36, 37, and 38).

Nitrogen gas as used for prepressurization in both stages of the Titan 1 and HI vehicles (ref,
13y and in the Thor booster (ref. 39y illustrates the significance of gas solubility. Nitrogen
solubility in the Titan carth-storable propellants including N, O, s Tow at the level of tank
pressure for pump-fed propulsion systems. On the other hand. nitrogen gas is extremely
soluble even at low pressures in hquid oxyveen (LOX), which is used in the Thor booster.
Hence, the surface Javer of LOX in the Thor tank will contain a high concentration of
nitrogen. The absorption rate or penetration of nitrogen into the liquid depends on the
surface agitation, among other factors. Therefore, prelaunch slosh and launch vibrations in
Thor greatly influence the quantity of nitrogen gas required for prepressurization.
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Permeativity. — At the present time, the terminology used to describe quantitatively the
phenomenon of permeation — the diffusion of gas through a penetrable barrier (membrane,
porous metal, etc.) — is imprecise. Data compilations in the literature (e.g., ref. 40) give
“permeability coefficients”, which express the relative resistance of a given barrier to
passage of a specific gas. In this monograph, however, we are concerned with the ability of
the gas to permeate the porous medium, and shall therefore use the term “‘permeativity” as
describing the property of the gas. Note that either term (permeability or permeativity)
relates to the specific gas/barrier combination rather than exclusively to the gas or to the
porous medium.

In propellant tanks with polymeric or elastomeric positive-expulsion bladders, the
pressurant will permeate the bladder and form free gas bubbles on the propellant side of the
bladder. Susbsequently, these gas bubbles can be absorbed by the propellant and cause the
engine performance problems described in section 2.3.2.2. However, within a given time
period, the amount of pressurant absorbed by the propellant from the ullage of a tank with
a bladder is much less than that absorbed from the ullage of a tank without a bladder.

Helium and nitrogen gases are two of the more common pressurants used in propellant tanks
with bladders. Helium typically will permeate a given material to a greater extent than
nitrogen gas. For example, the permeativity of helium gas through Teflon is 9.5x1071°
Ibm-mole per in.?-hr-psi, whereas the permeativity of nitrogen gas through the same material
is 0.52x1071° Ibm-mole per in.?-hr-psi. When gases such as helium must be used for systems
requiring long-term storage, devices that desorb gas from fluid (e.g., bubble-retention
screens) are sometimes provided in tanks with bladders in order to minimize the gas problem
(ref. 3,17, and 41).

Viscosity. — Gas viscosity greatly affects the rate of gas leakage through small holes (pores)
in tank walls and welded joints. Because of its high acoustic velocity, low molecular weight,
and low viscosity, helium gas tends to flow much more readily through a pore than do other
popular pressurants. Consequently, as a pressurant for a long-term mission nitrogen gas has
been favored over helium, although this selection results in more gas mass being required.

Leakage rates that initially are high enough to be in the turbulent flow regime as determined
by the Reynolds number (i.e., Re >2000) are too high to be tolerable in any case (ref. 40).
However, if the Reynolds number is calculated to be in the laminar flow regime (Re <
1000), the leakage rate is predominately a function of viscosity rather than of molecular
weight and acoustic velocity. In this flow regime, the volumetric leakage rates of helium and
nitrogen are not much different; with current advanced leak detection instrumentation and
weld inspection techniques, helium leak rates as low as 1x10™scc/sec can be detected. Gas
leak rates that fall below the flow regime where the molecular size rather than viscosity
governs are insignificant and negligible, even under long-term storage.

Thermal conductivity/Joule-Thomson effect. — The thermal conductivity of the pressurant
gas has a significant influence on the design and performance of pressurant heat exchangers

49




Downloaded from http://www.everyspec.com

(sec. 2.2.2.5) used on some large pump-fed propulsion systems. The pressurant-side
convective-heat-transfer  coefficient is an almost lincar function of the gas thermal
conductivity. Therefore, the heat-exchanger capacity and tube wall temperature are affected
by the gas thermal conductivity. High thermal conductivity allows greater heat-exchanger
capacity without incurring excessive tube wall temperature. Helium and gascous hydrogen
have thermal conductivitics (0.082 and 0.1 Btu’hr-ft-°R, respectively, at 14.7 psi and
492°R) an order of magnitude higher than those of gascous oxygen and nitrogen (ref. 42).

In stored-inert-gas systems. the blowdown process of the pressurant in the storage sphere
and the additional gas cooling from frictional pressure loss and throttling as the gas is
transferred from the storage tank to the ullage can result in the pressurant being introduced
into the ullage at a relatively low temperature (see. 2.3.1.23. Slow heat transfer from
propellant and tank walls can then result in excessive ullage pressure rise during regulator
lockup periods (e.g., during interorhital coast). This condition can lead to unseating of relief
valves and wasteful venting of gas overboard. The higher the gas thermal conductivity, the
closer the temperature remains to the equilibrium value during gas flow periods, with
consequently less change remaining for the period after regulator lockup. Also, high thermal
conductivity increases the heat transfer to the pressurant in the storage vessel, thus reducing
the residual mass at the end of withdrawal. High thermal conductivity therefore is an
advantage in stored-inert-gas systems.

The Joule-Thomson effect (the change in gas temperature with gas pressure as the gas
expands through a throttling device) is often overlooked in choosing pressurants or
estimating the gas outlet temperature. For example, nitrogen gas when subjected to a nearly
isenthalpic throttling process (as in a pressure regulator) will drop in temperature. This
lowering of the temperature produces a higher nitrogen-gas density in the ullage than might
otherwise be anticipated and in addition could cause icing within the regulator if the gas is
not dry. In contrast. when helium gas is throttled, the downstream gas temperature usually
is warmer than or equal to the upstream temperature, the effect depending on the upstream
pressure.

Cleanliness'Dryness. — If the gas is not clean and dry as required before being placed in
service (ref. 43), contaminants such as dirt, hydrocarbon, and water can jam system
mechanisms, clop filters and small flow restrictors, score system surfaces, or cause the
pressurant to react unfavorably with the propellant (e.g.. hydrocarbons react with liquid
oxygen). Thus, gas cleanliness requirements (ref. 44) primarily are based on (1) permissible
contamination levels in pressurization-system components, (29 gas chemical reactivity with
the propellant, and (3} cost of cleaning the gas to remove contaminant that can accumulate
from manufacture to point of usage.

The gas dewpoint is the temperature at which the water vapor in the pressurant will
condense. If the water vapor does condense, this fluid can become entrained in the gas flow
and cause unstable flow or malfunctions of system components. In addition, the moisture
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can settle onto a surface and promote corrosion. These problems can be avoided by
maintaining the gas temperature above its dewpoint. For example, in some
pressure-regulated storage systems, the storage-vessel is maintained by a heating system at a
temperature that precludes the pressurant from condensing within the pressure regulator or
in other critical elements in the gas transfer system. A moisture content no greater than nine
parts per million (ppm) by volume is typical of a pressurization system requirement for
pressurant gas. This requirement corresponds to an approximate dewpoint of 382°R at 14.7
psi, 458°R at 2000 psi, or 471°R at 4000 psi.

2.1.3.2 DESIGN APPROXIMATIONS

In the initial system-design phase, quick approximations of the maximum allowable tank
operating pressure levels, propellant tank volume, the pressurant mass, and the storage-vessel
volume (if applicable) are often required so that structural designers and other members of
the design team can commence their evaluation. Experience has shown that conservative
estimates of these parameters are best, because if the preliminary values are acceptable,
further refinement of the calculations and assumptions normally decreases the resulting
overall system weight. Hand-calculation methods are presented in the literature (e.g., ref. 7);
however, the guidelines and equations given below typically are employed in “first-cut”
calculations.

Operating pressure levels. — Approximate levels are determined for both propellant tanks
and gas-storage vessels.

Propellant-tank operating pressure is the sum of pressure resulting from propellant fluid
head P,.. and the ullage pressure P,. Maximum design operating pressure is the (calculated)
peak internal pressure to which the tank will be subjected at any time. The maximum
permissible tank pressure usually is taken as approximately 1.1 times the maximum design
operating pressure. For quick-cut approximations (cf. eq. (4)),

Pre = ol (10)
where
H, = initial fluid height in propellant tank, in.
4 = average value for load factor F/W
For pressure-fed systems
P, = maximum chamber pressure (1D
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For pump-fed systems

P, = max. NPSH X 1%4- (12)

For gas-storage vessels, the maximum permissible pressure is 1.1 times the maximum design
storage pressure. Usually, the design storage pressure is obtained from tradeoff studies that
aim at minimizing system overall weight (e.g.. fig. 3). However, on the basis of experience. a
maximum design storage pressure of 4000 psi is a realistic value that can be used in licu of a
value obtained from lengthy tradeoff studics.

Propellant tank volume. — The total propellant tank volume V, can be expressed as

V, = Vp+V, (13)
where

V, = total volume of propellant tank, fi?

!

V, = tank volume occupied by propellant, ft?

n

V, = initial ullage volume at vehicle liftoff, ft?

The ratio V', /V has varied from 0.01 to 0.25 for flight-proven liquid propulsion systems.
Pressure-regulator response characteristics and changing propellant-mass requirements are
among the major reasons for ratio variations. Ratios less than 0.07 are typical of most
boosters, upper stages, and some pressure-regulated spacecraft. Ratios greater than 0.10 are
typical of inert-gas blowdown pressurization systems because of the fixed pressurant supply
and the design operating pressure band of the engine. For these systems. V, /V, is equal to
the ratio of the final pressurant density to initial pressurant density in the ullage. For
first-cut approximations:

Boosters and upper stages: Ve = 1.08V, (13
Pressure-repulated spacecraft: Vi & 11V, (13b)

*

Blowdown systems with fixed Vv,
pressurant mass: Vida =0 = (130)

Py

l — —
pi

u

where pg and p, are the final and initial pressurant densities, respectively, in the ullage.
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Total mass of ullage pressurant. — The required ullage-pressurant mass M, is calculated as
the product of the propellant tank total volume V, and calculated final pressurant density

(pf)u :

M, = Ve X (pr)u (14)

For all pressurization systems except inert-gas blowdown, the predetermined minimum
propellant temperature or tank surface temperature (whichever is less) and maximum design
ullage operating pressure can be used to obtain the worst-case pressurant density in
conjunction with available thermodynamic data. For inert-gas blowdown systems such as
the ERTS orbit-adjust system and Mariner 10 (MVM '73), a conservative value for gas
density is obtained when the ullage pressure corresponding to the minimum design chamber
pressure at which the engine will function and the minimum propellant temperature or tank
surface temperature are used. In all systems, factors that will decrease the required
pressurant mass are (1) the amount of heat assumed to be transferred to the gas, (2) the
ullage pressure at nominal (rather than maximum) level, and (3) the partial-pressure
contribution from the propellant vapor to the ullage if the gas and propellant are in intimate
contact.

Storage vessel volume. — The required storage vessel volume Vi, can be expressed as

V., = M. (15)
v (Pi — P)sv

For a first cut, the initial gas density (eq. (6)) is assumed for a pressure lower than that
anticipated, whereas the initial gas temperature is assumed to be ambient temperature
(530°R) unless the gas is thermally conditioned. It may be noted that the assumption of an
isentropic blowdown process for gas usage gives a smaller density difference than
assumption of an isothermal blowdown process and thus yields a larger calculated vessel
volume.

In more sophisticated studies, improved accuracy generally has been achieved in calculating
pressurant mass. A well-known effort for establishing pressurant requirements for cryogenic
propellants has been the computer program of reference 45, which was developed as a
generalized program with particular applicability to the Saturn S-II stage. The program is
rather long and complex, but its correlation with empirical data has produced
dimensional-analysis techniques (refs. 46, 47, and 48) that have been applied to trade
studies (ref. 22). Another generalized program that had its origins in reference 49 has been
refined and improved through an extensive test program (refs. 50 through 57). A third
computer program (ref. 58) is relatively uncomplicated and has been used for numerous
trade-study calculations; although never used specifically for propellants other than
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crvogens, the program is considered suitable for storable-propellant applications. An
example of a computer program for storable propellants is the one used to analyze the
Apollo 8PS (ref. 59) In addition to these computer programs, there have been a number of
programs developed for specific applications,

2.2 DETAIL DESIGN AND INTEGRATION

In the detail desien and integration phase, the specific system selected and roughed out in
preliminary desien is further evatuated, emphasis being placed on hardware design features
that are necessary for successful system design. The overall goal is to coordinate the
fundamental considerations for performance, structural integrity, and fabrication into a
complete and unified design. Typical major detail design tasks for the pressurization
designer are to (1) establish the precise techniques to be used for control of ullage pressure
and (2) integrate proper system components into a functioning overall design.

2.2.1 Pressure Control Systems

The pressurization system must provide for the precise control of ullage pressure that is
critical in the operation of both pressure-fed and pump-fed propulsion systems. For
regulated pressure-fed propulsion systems, the relatively constant ullage pressure permits the
engine to produce a consistent thrust level, mixture ratio, and impulse for both pulsing and
steadv-state thruster firings. When vehicle maneuvers are required, thruster burn time is
controfled to give the necessary changes in vehicle velocity, The accuracy of such mancuvers
depends on repeatability of thrust and impulse levels,

In planctary spacecraft, the propellant tanks are prepressurized to required values. and the
system s essentially locked up. Lockup could occur 30 days prior to mating with the
spacecraft and subsequent Liunch. For noneryogenic propellants, little, if any, thermal
conditioning is required to maintain ullage pressure. For spacecraft containing cryogenic
propeflants, a cooling-coil system usually is provided as part of the propellant management
device to control the temperature of the eryogenic propellant. At the time of launch, the
cooling system is deactivated, and the system depends on the thermal inertia of the cryogen
to maintain ullage pressure at a safe limit. For this reason, the cryogenic tank usually is
maintained at one atmosphere and is not pressurized prior to launch. This practice allows
sufficient murgin before the pressure reaches the safety valve operating pressure,

In blowdown pressure-fed propulsion systems, the ullage pressure is not regulated but
decreases as the pressurant expands into the volume eviacuated by the propellant outflow.
Thus, the basic design consideration is to provide sufficient pressurant and tank ullage
volume to ensure that the ullage pressure does not exceed the maximum allowable value at
the beginning of the mission and does not drop below the minimum required value at the
end of the mission. This consideration differs sienificantly between single- and multiple-bumn
missions because of thermodynamic influences on the pressurant.
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In pump-fed propulsion systems, the function of the pressure controls is to maintain the
desired tank ullage pressures during standby, propellant loading, ground hold, and powered
flight in sequence established according to mission requirements and stage characteristics.
For example, during standby, the maximum ullage pressure is dictated by the safety limits
for personnel. For cryogenic propellants, the propellant bulk temperature prior to tank
pressurization and liftoff is controlled by the ullage pressure which, in turn, is determined
by the back pressure from venting. Duriug prepressurization and after liftoff, the vent valves
are closed (emergency-relief mode only) to prevent loss of ullage gases or propellant fluid.

2.2.1.1 PREPRESSURIZATION

Prepressurization is a part of “on-pad” operations during which pressurant is supplied from
a ground source to increase the ullage pressure to a desired level prior to vehicle launch. For
boosters and upper stages, an inert gas is used (tablesI and II). The ground prepressurization
thus accomplished allows a considerable savings in hardware weight in the on-stage
pressurization equipment. In a broad sense, the self-pressurization process of the Centaur
vehicle ullage while on the launch pad (pressurization by propellant boiloff due to ambient
heat) is also prepressurization. For spacecraft, only those propulsion systems that
incorporate a blowdown pressurization system require prepressurization; for the remaining
propulsion systems, prepressurization is optional. The Mariner Mars 71 (Mariner 8 or 9) is
an example of a spacecraft with a pressure-regulated pressurization system that utilized
prepressurization; in fact, the Mariner Mars 71 propulsion system can be fueled,
pressurized, and monitored before installation on the spacecraft structure. Because the
initial ullage volume is small, preheating of the prepressurization gas to save weight is
unnecessary. Thus, temperature and partial-pressure conditions are stable, and heat and mass
exchange with the propellant are minimal, thereby minimizing venting during boost and
orbital injection (before spacecraft engine start).

Many of the ground prepressurization systems are designed with pressure-makeup capability
after initial prepressurization. The ambient-temperature-helium prepressurization system of
the oxygen tank of the S-IC stage utilized this feature to condition the gas thermally after
delivery to the ullage but prior to liftoff. Ullage pressure decay as heat was transferred from
the gas to the propellant reactivated the prepressurization system, and helium mass was
supplied to the ullage. The result of this operation was that the average temperature of the
ullage gas was lower than that in the previous prepressurization cycle. A negative result of
the procedure was that the propellant, not the tank structure, absorbed the heat. However,
for some vehicles, in particular upper-stage vehicles with cryogenic systems, chilling of the
prepressurization gas may be necessary to avoid excessive loss of ullage pressure as a result
of heat and mass exchange between the ullage gas and cold propellant. If a stable
prepressurization tank pressure is required, pressurant temperature is kept at a level such
that the ullage pressure decay due to heat and mass loss to the propellant is balanced by the
tank heat inputs. The S-IVB pressurization system designers selected a gas temperature of

55




Downloaded from http://www.everyspec.com

approximately 100°R for the prepressurization helium in order to achieve such a heat
balance in the LH, tank,

For boosters and upper stages, gas for prepressurization usually is controlled by means of
solenoid-operated valves, which are energized by pressure switches that sense the ullage
pressure. To avoid pressurant loss, the operating range or band of the pressure switches
(normatly redundant) is set below the minimum relief-valve opening pressure. Control
orifices usually are employved in the supply line to limit pressurant flowrate and to prevent
pressure surges. A pas diffuser (see. 2.2.2.6) usually is installed at the tank pressurant inlet
to minimize turbulence in the ullage volume from the incoming gus.

2.2.1.2 MAINSTAGE PRESSURIZATION

Mainstage pressurization is the operational sequence that maintains or increases the ullage
pressure level during engine mainstage operation. There are four busic systems for control of
mainstage pressurization:

e Pressure-revulated system
e Pressure-switch system

e Puive flow-control system
o Blowdown system

The selection of the system for mainstage pressurization is based on the calculated required
pressure profile at the pump or engine inlet (e.g.. fig. 4) and the maximum allowable tank
operating pressure. The resulting pressure band (ie.. maximum allowable tank operating
pressure less the required pressure) is the control band limit of the mainstage pressurization
svstem. I the resulting control band is large, all four methods are potential candidates.
However, unless the engine is desined to operate with decreasing supplied inlet pressure.
the blowdown mode usually is eliminated from consideration. The passive flow-control
method normally cannot maintain the ullage pressure within the desired limits without
auxiliary equipment such as a relief valve or shutoft valve and pressure-switch sensing
system. 11 the resulting control-band  limits are small, the pressure-switch and  the
pressure-regulated systems usually are the only methods that can maintain the pressure
within the desired limits. The selection of the type of control system will affect the vehicle
weight and complexity. Table X1 presents the comparative advantages and disadvantages of
the four basic systems for control of mainstage pressurization.

A recent advance in pressurization-system design is illustrated by the pressurization system
used on the Centaur vehicle, This system combined the features of the passive flow and
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Table XI. — Comparison of Chief Features of Control Systems for Mainstage Pressurization
sCyos?gr? l Pre;s:r:fi:"i)c?ttl*:(’l Reliability Com;:,ee)ic;;yt and Cost Advantages Disadvantages
Pressure Narrowest of the four Depends on Sophisticated components Depends on Can compensate for Regulator may be
regulated systems reliability complexity changes in pressurant difficult to obtain
of regulator Regulator weight often or flow demand
less than 70 lbm condition Weight increases if more
than one pressure band
Can maintain very is required
narrow bandwidth
Pressure Wider than pressure Depends on number Relatively simple system Low in cost when Usually lighter weight Requires supporting
switch regulated, narrower of components off-the-shelf than pressure- hardware for flow
than others Component weight usually hardware is used regulated system control
less than 10 lbm per
pressure level Can supply multiple Requires redundant
pressure levels sensing system
without severe
weight penalty
Passive Depends on mission Highly reliable; Very simple and light- Low in cost when Simple system Requires relief valves
flow profile and flow second to blow- weight flow restrictor for ullage pressure
control capacity of flow down system is a simple Flow restrictor easy control
restrictor orifice to fabricate or
purchase
Blowdown Depends on mission Highest Simplest and lightest of Not applicable No hardware Suitable only when decay
profile reliability of all systems in ullage pressure is

all systems

Attractive when
propellant fluid
head provides most
of required pump
inlet NPSH

allowable
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pressure-switch control methods with the control capabilitics of an on-board computer.
Valves and flow restrictors meter the pressurant flow into the tank ullage, while the pressure
levels are controlled by a pressure-switch system or a computer-controlled pressure-sensing
and -regulating system.

In pump-fed propulsion systems with long liquid columns and high vehicle accelerations, the
hydrostatic head of the liquid column in the feedline may be all that is necessary to provide
the required pump inlet pressure; in this case, a stepdown pressurization (overboard venting)
or even a simple blowdown mode of operation can be utilized effectively. Stepdown or
blowdown pressurization systems offer the added advantage of imposing both a lower and
essentially constant pressure differential across the tank wall, because the ambient pressure
decreases with altitude and the reducing ullage pressure can be designed to compensate for
this decrease. Since the tank structure design is based on the differential pressure, the
blowdown mode can. in effect, result in reduced tank and pressurant weight (ref. 35).

In any pressurization system, consideration must be given to structural requirements that
may affect the pressurization contro! bands or relief-valve bands. The necessity for providing
a nct positive pressure acting on the concave side of a common bulkhead between two
propellant tanks is an example of a structurally imposed requirement.

2.2.1.2.1 Pressure-Regulated System

A pressure-regulated pressurization system is one in which a modulating pneumatic regulator
(ref. 60) controls the ullage pressure at desired levels during flight. The regulator generally is
pilot-valve operated with a narrow control band and can have an internal or external sensing
element (ref. 60). The use of a modulating pneumatic regulator ensures an essentially
constant ullage pressure during mainstage. Ullage gas weight, ullage temperature profiles,
engine performance, propellant utilization, and propellant loading requirements become
more predictable with a constant ullage pressure; thus, payload-optimization calculations
can be made more accurate.

Many pressure-fed propulsion systems in current launch vehicles and spacecraft are pressure
regulated. In general, both oxidizer and fuel tanks using inert-gas pressurization are
pressurized through a common pressure regulator to minimize the ullage-pressure difference
in the tanks and thereby maintain more consistent engine thrust and mixture ratio.
Consistent repeatability of thrust, mixture ratio, and impulse is essential for both pulsing
and steady-state engine firings because it makes propellant utilization and loading
requirements more predictable. When velocity is trimmed by control of the engine firing
time, as in Ranger and some early Mariner spacecraft, close regulation of ullage pressure is
desired. so that variations in impulse and thrust are minimized (ref. 15). However, this close
regulation is eased by the use of accelerometer-controlled burns rather than timed burns.
The pressure-regulated Mariner Mars ‘71 spacecraft utilized an accelerometer-controlled
burn.
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Pump-fed propulsion systems also can require a pressure-regulated pressurization system. If
the system is pressurized with inert gas and the oxidizer and fuel tanks require the same
ullage pressure level, a single (common) pressure regulator can be used. However, when the
pressurization gas is in the form of evaporated propellants, as is generally the case in
boosters with cryogenic propellants, the pressurization system for each tank must be
separate because of safety and other considerations.

Two types of reference pressures are used with pressure-regulated systems: ambient (gage)
and vacuum (absolute). The gage type has one side of the control element exposed to the
ambient environment such that the actuation force is proportional to the difference
between the regulated pressure and the ambient pressure. The vacuum-reference type
utilizes a sealed evacuated capsule (aneroid) for the reference side of the the control
element, and consequently the actuation force is proportional to the difference between the
regulated pressure and the constant force exerted by the capsule. There are applications of
each type. In the Atlas booster, ambient-pressure reference is advantageously used for both
relief valve and mainstage pressurization regulators (ref. 61). Thus, in absolute values, the
ullage pressures decrease with altitude while the fluid hydrostatic head (particularly for the
LOX tank) increases. Consequently, adequate pump-inlet NPSH is maintained at high
altitudes as well as in early stage of the boost, and tank wall thickness is a minimum.
However, when venting is necessary during atmospheric flight to maintain low propellant
temperatures, as in the Centaur vehicle (ref. 62), vacuum reference must be used for the
ullage-pressure control.

For structural or propellant-conditioning reasons, the system regulator and relief valves can
have dissimilar reference levels. However, in a zero-pressure environment, the regulator
control band could exceed the vent-valve modulation band and create a simultaneous
pressurizing and venting condition. Because the critical design condition for relief valves, is
at zero ambient pressure, the reference pressure (whether ambient or vacuum) will have no
effect (from the tank structure considerations) if the tank structure is designed for the worst
condition at zero ambient pressure.

2.2.1.2.2 Pressure-Switch Systems

Pressure switches are ON-OFF transducers that convert fluid pressure changes above or
below a given set point into electrical signals. These switches are used for both pressure
indication and pressure control. '

The pressure-switch control system, sometimes called a step-regulation or nonmodulating
system, utilizes a number of parallel-connected sets of switches, flow restrictors, and
solenoid-operated valves to implement pressure control. Pressure-switch control systems
have been used successfully in pressure-fed as well as pump-fed propulsion systems. An
advantage is that the pressure switches, solenoid-operated valves, and flow restrictors usually
are much easier to design and manufacture than is a sophisticated pneumatic pressure
regulator.
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In a pressure-switch control system, the switches that sense ullage pressure open
solenoid-operated valves to allow gas flow into the tank ullage in response to a drop in ullage
pressure. Likewise, the pressure switches close these valves to stop the pressurant flow as the
ullage pressure increases above the pressure-switch limit. Figure 12 is an example of a
pressure-switch control system. The redundant pneumatic pressure switches controlling the
primary flow-restrictor shutoff valves actuate/deactuate within the upper portion of the
pressure band (pressure band No. 1 on fig. 12). Some margin is allowed for pressure-switch
band shift (i.c., the switches are designed not to actuate coincident with the pressure-band
upper limit). Similarly, the redundant pneumatic pressure switches controlling the
solenoid-operated valve in the booster system actuate/deactuate in the lower portion of the
band (pressure band No. 2 on fig. 12); again, some margin is allowed for pressure-switch
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band shift. Although figure 12 shows a filter upstream of the flow restrictor, filters normally
are not used unless the flow-restrictor opening is very small (< 0.016 in. diam.).

The example in figure 12 has only one main and one “booster” flow restrictor that
increased the supplied pressurant mass when the flow demand exceeded the capability of
the primary flow system. In the S-IC fuel-tank pressurization system, which had a total
pressure deadband of 8.2 psi, the flow-control system consisted of five valves and flow
restrictors in parallel Four valves were opened at predetermined times with the fifth valve
used as a backup. The backup valve was pressure-switch controlled; normally it did not
operate during S-IC mainstage operation.

2.2.1.2.3 Passive System

Passive systems for flow control offer a simple and relatively inexpensive means of
tank-pressure control adequate for many applications, and have been used with all three
types of pressurization systems. In-a passive system, the flow-restrictor element can be a
simple orifice plate, a flow-control nozzle, or a cavitating venturi (normally used for liquid
flow control). With any of these flow restrictors, the system controls by virtue of preset
calibration rather than by pressure sensing and active valve response. Because there are no
moving parts, a passive system achieves a high degree of reliability and has very low
hardware weight.

Flow restrictors have been so extensively studied and standardized that a high degree of
correlation between calculated (refs. 63 and 64) and actual gas flows can be obtained,
provided that care is taken to avoid conditions such as flow-restrictor corrosion (fouling). Of
the three types — venturi, nozzle, and round-edged orifice — the venturi has the smallest
pressure loss and the orifice plate usually has the largest pressure loss at a given flowrate and
inlet conditon.

A difficulty with the passive flow-control system is its inability to compensate for
unforeseen changes in ullage or pressurant conditions. The pressure-regulated system has this
capability if the change is not beyond the regulator limits. A prime example of unforeseen
changes in system conditions occurred in the maiden flight of the S-IC stage. In this stage, a
critical-flow venturi system controlled pressurization of the LOX tank. Although sufficient
pressure was supplied to the LOX pump inlets at all times to satisfy the NPSP requirements,
the S-IC LOX tank ullage pressure dropped below the predicted minimum limit toward the
end of the burn period. The cause was given as system demand that was greater than
predicted values, which were based on S-IC static firing test data with a critical-flow venturi
system. For subsequent flights, the ullage pressure band was changed to be consistent with
system performance. It should be noted that the S-II stage of the Saturn vehicle was
converted to calibrated-orifice systems for both the LH, and LOX tank pressurization
control effective with the AS-510 flight, and no problems occurred in either system. The
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S-I1 orifice configuration is shown in figure 13. For the pressurant conditions in the S-11
pressurization systems, orifice discharge coefficients of 0.90 £ 0.03 were obtained with this
configuration.
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Figure 13. - Sketch of orifice configuration used in pressurization system of Saturn S-11 stage.

Cavitating venturis are useful when it is desirable to prevent fluctuations in flowrate caused
by fluctuating back pressure on the control valve. Compensation for changes in system
pressure is simplified with cavitating venturi valves, because corrections are required for
upstream pressure changes only. In the design of a cavitating venturi valve that is to be used
for flow-control purposes, the total pressure available and the vapor pressure of the liquid to
be controlied must be known. The difference between these two pressures will be the total
static head available for conversion in the venturi valve to velocity head (ref. 43). The
available head difference also is influenced by the propellant temperature, since the throat
static pressure is the vapor pressure. This flow-control element has been used successfully in
the Titan I (Stage 1) to contro! flow of liquid N, O, to the mainstage pressurization heat
exchanger and in the Apollo LEM descent stage to control the flow of the fuel and oxidizer
to the engine,
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2.2.1.2.4 Blowdown System

The blowdown system of operation derives its name from the ullage pressure decay that
occurs during propellant outflow. The blowdown system does not require a regulator,
isolation valve, or pressurant tank. The gas required to expel the propellant is stored at
initial pressure levels of 300 to 600 psi. When the propulsion system is operating, the gas
expands against a flexible diaphragm, or the propellant itself if a surface-tension device is
used, and forces the propellant into the engine or pump. As propellant is consumed, tank
pressure decreases; in a pressure-fed system, engine thrust likewise decreases. Thus, a
pressure-fed blowdown system would not be suitable for a mission that required maneuvers
to be executed at a constant thrust or for use with an engine designed to operate at a fixed
value of inlet pressure.

A blowdown pressurization system has been used largely with monopropellant propulsion
systems simply because the thrust and specific impulse of a bipropellant engine with a
blowdown-mode pressurization system have not been sufficiently predictable to satisfy the
vehicle reliability and performance requirements. Although a blowdown system can be used
successfully for timed burns, it is more easily adapted to accelerometer-controlled
maneuvers. Reliability and simplicity are the main advantages of the blowdown system,
especially in monopropellant propulsion systems (ref. 65).

The sizing of the propellant tank of a blowdown system generally is based on three design
parameters: initial ullage pressure, final ullage pressure, and propellant volume to be
expelled. In pressure-fed propulsion systems, the final tank pressure is dictated by the
minimum chamber pressure and thrust requirements for the engine; in pump-fed propulsion
systems, the final pressure is set by the pump inlet NPSH requirement. The initial ullage
pressure and volume determine the tank weight in both systems. A weight tradeoff study is
performed to arrive at optimum initial ullage pressure and volume. In pressure-fed
propulsion systems, the decrease in engine thrust with propellant consumption can be
utilized advantageously in spacecraft designs where acceleration or engine minimum pulse
width is limited. In these cases, it is advantageous to make the decrease in engine thrust and
the decrease in engine minimum impulse bit correspond as closely as possible with the
reduction in vehicle weight during flight.

Examples of successful blowdown pressurization systems in spacecraft are the Atmosphere
Explorer OAS, the Intelsat III propulsion system, the Earth Resources Technology Satellite
OAS, and the Pioneer 10 and 11 propulsion systems. All have a bladder within the
propellant tank; the Pioneer vehicles are also spin stabilized.

The ERTS OAS (fig. 7) blowdown system was not thermally conditioned, but the Pioneer
spacecraft ullage gas was heated continuously during its mission. Further, the Pioneer
spacecraft has a monopropellant pressure-fed propulsion system with six variable thrust
engines (0.4 to 1.2 Ibf) and a nitrogen-gas/propellant thermal-conditioning system (fig. 14
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Figure 14. . Schematic of propulsion subsystem on the Pioneer 10 and 11 spacecraft (adptd. from ref. 66).

(ref. 66)). The functions of the propulsion system are to perform precession and velocity
correction mancuvers and to adjust the spacecraft spinrate. To accomplish these functions, a
total impulse of 11 970 Ibf-sec using 56.8 1bm of hydrazine propellant with the ullage gas
initially at S65 psi is required (ref. 66). Because the Pioneer spacecraft travels away from the
sun, the environmental temperature becomes colder and colder. Consequently, to prevent
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the gas from becoming too cold and thereby losing pressure, two plutonium dioxide
radioisotope heating units (RHU) are installed on the tanks to supply two watts (total) of
thermal energy to the pressurant continuously. In addition, each of the three thruster
assemblies has three RHUs to maintain its temperature within design limits. Finally, to
maintain the propellant above 500°R, parallel-redundant electrical line heaters are bonded
to the propellant line (fig. 14). These line heaters are actuated by two series-redundant
thermostats. Neither the ERTS OAS nor the Pioneer spacecraft pressurization systems had
development or operational problems. Much of the success of these pressurization systems
probably can be attributed to the simple design and minimal use of components.

The blowdown pressurization system on the Titan II second-stage oxidizer tank (table II) is
an example of the use of this system on an upper-stage vehicle. In some booster vehicles, the
mainstage pressurization employs a combination of pressure-regulated and blowdown mode
of operation. The time or event at which the blowdown mode is to be initiated depends on
the mission and stage characteristics. Thus, in the Atlas vehicle (ref. 61), regulated mainstage
pressurization ceases at booster engine cutoff and jettison, and both propellant tanks assume
a blowdown mode while the sustainer and vernier engines are firing. The blowdown mode
was advantageous in the Atlas vehicle because it eliminated the need for a separate
pressurization system for the sustainer and vernier engines after the regulated system was
jettisoned with the booster engine package. Even with decaying tank ullage pressures, the
large propellant hydrostatic head resulting from high vehicle acceleration adequately
sustained the engine pump NPSH.

The blowdown mode of pressurization in cryogenic tanks is efficient both from the
standpoint of pressurant consumption and venting requirements. Because of the
bulk-propellant cooling that results from the flashing of propellant to vapor when the ullage
volume increases, the propellant can subsequently absorb a substantial amount of the heat
leaked into the tank before the venting pressure is reached; thus the tank venting loss is
reduced. However, bulk liquid boiling or flashing associated with the blowdown mode
necessitates the use of booster pumps or pumps that are designed to handle saturated liquid
propellants with specified amounts of entrained vapor.

2.2.1.3 REPRESSURIZATION

For upper stages and spacecraft with multiple-burn capability, provisions must be made so
that adequate ullage pressure is available, or can be made available, at the time the engine is
required to restart. In many pressure-fed propulsion systems with multiple-burn capability,
the inert gas in the ullage often is colder than the storable propellant at the end of an engine
burn; therefore, engine “off” periods typically produce an increase in ullage pressure that
obviates the need for any design provision for restart pressure increase. However, the
situation can be different in pump-fed propulsion systems where cryogenic propellants often
are employed. Here, the pressurant is usually “hot” relative to the propeliant, so that heat
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transfer from the gas to the liquid causes ullage pressure decay during long coast periods.
The precise condition depends on the individual system design and mission profile. In the
Centaur stage, for example, ullage pressure levels are maintained by boiloff of the cryogenic
propellants (self-pressurization) during the initial burn period; subsequently the propellant
tanks require only a simple prepressurization prior to engine second start to meet the low
NPSH requirement of the boost pump. On the other hand, in the Saturn S-1VB stage the
ullages are pressurized with heated pressurant during initial powered flight, followed by
continuous hydrogen tank venting during the coast period; as a result of the venting,
extensive repressurization prior to the engine second start is necessary as shown in figure 15
(ref. 67).
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Figure 15. - Ullage pressures in S-1VB tanks as recorded on the AS-509 flight {ref. 67).

The S-IVB is the only vehicle with a separate active system for repressurization (table 1.
The major component of that system is the hydrogenfoxygen burner —a fuel-rich gas
generator operating at Jow pressure and using main tank propellants at tank-head pressures.
A helium heat exchanger in the burner exhaust heats helium (43°R) from the storage vessels
to approximately 250°R for injection into the two propellant-tank ullage spaces. The burner
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operation continues until engine ignition makes available the mainstage pressurization
systems as for the first burn period, i.e., helium heated in the engine heat exchanger for
injection into the oxygen-tank ullage, and gaseous hydrogen from the engine injector
manifold for injection into the hydrogen-tank ullage.

High operating ullage temperature and low helium storage temperature produce substantial
weight savings in the S-IVB stage repressurization system to offset the weight and
complexity of a separate hydrogen/oxygen burner. For a different application, this might
not be the case. The selection of an optimum design of repressurization systems depends (as
it does with the mainstage pressurization) to a great extent on the tradeoff among weight
saving, system complexity, and size of the vehicle.

2.2.1.4 TANK VENTING

The venting system provides for the disposal of ullage gas so that excessive pressure will not
build up in the tank; the system includes the vent and the relief (modulation) modes of
operation. As used in this text, “vent mode” refers to actuation of a valve in response to a
ground or flight-programmer command to expel gases from the tanks, whereas “relief
mode,” which may utilize the same valve, refers to automatic valve operation in direct
response to excessive ullage pressure.

In many earth-storable propellant systems, there is no vent valve as part of the flight system,
only a disconnect (ref. 68) and a flight relief valve. For stages with cryogenic propellants, a
flight vent valve in addition to a flight relief valve is needed. A popular design approach has
been to combine the vent and the relief functions into a single vent/relief valve that is
activated by the flight programmer for vent modes but has an automatic backup relief mode
of operation. Because the gas flow requirements for the vent mode typically are much
greater than those for the relief mode, the flow capacity of the relief valve normally is
oversized. This was the case, for example, for the S-IC oxygen tank 10-in. vent/relief valve
and the S-II fuel and oxidizer 7-in. vent/relief valves.

With cryogenic propellants, the vent system performs several significant functions. The
system is designed to vent boiloff gases during tank filling to maintain the tank pressure at
or below the specified safe limit for equipment and personnel. It is also designed to provide
relatively restriction-free venting to the lowest allowable ullage pressure during ground-hold
operations or after a long dormant period of the vehicle in orbit so as to attain the lowest
possible propellant bulk temperature prior to engine start. The relief mode functions to
prevent over-pressurization and damage to the tank structure. '

With noncryogenic or storable propellants, ullage venting seldom is necessary during normal

operation after the tanks are loaded with propellant; thus, the relief valve serves only as a
safety device.

67




Downloaded from http://www.everyspec.com

When the pressurization system is designed to vent during flight, a determination must be
made whether the mass loss is detrimental to ullage pressure, whether the vented fluid
creates a hazard, and whether the resulting thrust is a problem to the vehicle attitude
control system. During scheduled venting operations, the mass lost normally is not
detrimental to ullage pressure, because the process is simply maintaining the pressure level
below the permissible maximum limit or the ullage mass is being replenished by propellant
boiloff during thermal conditioning. The hazardous aspect of venting occurs when the stage
is ascending or descending. or when there are sensitive surfaces on a stage (e.g.. solar cells,
optical surfaces, or sensors) that should not be contacted by the ullage gas.

2.2.1.4.1 Venting Control

The vent-mode control usually includes a provision for holding the vent valves in a
wide-open position during tank purging. propellant loading. and ground hold prior to tank
prepressurization. Typically, the vent valves are closed during liftoff and atmospheric ascent,
when large slosh waves are present and the possibility of liquid venting with attendant
disturbance of vehicle attitude exists. The wvent valves on hydrogen tanks may be
programmed to open during vehicle coast periods for propellant conditioning and
subsequently close prior to engine restart. For LOX/LH, systems, oxygen-tank venting is
much less frequent as a result of the relatively successful thermal-control designs used in
these tanks (see. 2.3.1.1). The final vent function is tank “safing” after the propulsion
system final burn is complete. Tank safing is the venting process in space that voids the tank
of residual propellant and gas: it may be accomplished in a varicty of ways. For example, in
the Saturn S-IVB stage. a latch-open mechanism on the vent valves that prevented
inadvertent closure during the propellant conditioning period also provided tank safing: in
the Skvlab terminal stage, explosive-actuated vent valves were used to initiate and maintain
the tank safing operation,

The relief mode (vent mode inactive) usually is planned for atmospheric ascent. booster
jettison or staging. mainstage engine start, and attitude maneuvering during coast. Generally,
if the relief mode is to be used for atmospheric ascent (or descent), the system is designed to
preclude the combustion of the gases in the skin boundary layer. One method is to design
the relief system to be inoperative (for normal operations) below the elevation that can
support combustion. For example, the relief system for the Saturn S-IT hydrogen tank was
designed not to vent below 10 000 ft.

The relief mode is not necessarily restricted to one pressure band. For structural and
operational reasons, the atmospheric ascent (or descent) period, coast periods, and
mainstage operation periods may have different relicf-mode pressure-band requirements.
The various relief pressure levels may be met by one set or by several sets of valves. For the
Saturn S-II stage, for example, the hydrogen tank dual valves, pneumatically in parallel,
were designed to have two relief band levels by having two different pilot mechanisms for
different pressure levels.
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2.2.1.4.2 Zero-Gravity Venting

In the calculation of the decay of ullage pressure during zero-gravity (zero-g) venting, the
inability to describe accurately the gas/liquid interface during venting (refs. 69 and 70) and
the assumption that the ullage gas is not superheated (ref. 71) typically result in a predicted
profile much lower than that observed during zero-g venting tests. In the design and
development of the S-IVB and Centaur upper-stage vehicles, considerable attention was
given to zero-g tank venting (ref. 72). In a zero-g environment, the two major venting
problems are (1) the mass loss due to unscheduled liquid expulsion caused by propellant
sloshing or heat ingression into the ullage space, and (2) the potential thrust imbalance
created by the vented fluid (sec. 2.2.1.4.3).

When the ullage gas is colder than the propellant, sloshing of the propellant can result in
increased heat and mass transfer among the liquid propellant, the ullage gas, and the tank
wall. This behavior tends to increase the rate of ullage pressure change and cause
unanticipated gas venting (ref. 73). Slosh (ref. 74) during low-gravity conditions can result
from the following causes:

e Vehicle attitude-control maneuvers
e Residual kinetic energy generated from liquid slosh during engine firings (ref. 75)
e Mechanical springback of tank-wall lower section when the engine shuts down

e Mechanical springback of the aft bulkhead

Unexpected mass venting occurred during a flight of the S-IVB stage. Approximately 11 500
seconds after liftoff, a sudden increase in the oxygen-tank ullage gas temperature caused the
S-IVB oxygen-tank ullage pressure to rise rapidly and subsequently cause the relief valves to
modulate. Prior to the incident, the S-IVB oxygen-tank ullage gas had been at an average
temperature lower than the bulk temperature of the liquid-oxygen; this condition occurred
because the ullage gas was in contact with the common bulkhead, which was being chilled
by the liquid-hydrogen propellant. The increase in ullage-gas temperature in the S-IVB tank
was caused by the forward movement of the oxygen as a result of a 180-deg roll and
180-deg pitch maneuver of the vehicle. Since the mass loss due to venting occurred after the
final engine burn, the lost mass and any resulting thrust imbalance did not affect the
mission.

Venting liquid propellant during zero-g coast periods is undesirable for stages with restarts
remaining in the mission. For these stages, the aim is to keep the propellant within the tanks
for maximum burn-time capability. Liquid venting (i.e., expulsion of liquid in lieu of gas)
can occur as a result of liquid-propellant movement, which can be caused by vehicle
dynamic conditions, maneuvers, drag, or surface-tension forces in the liquid. To preclude
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venting of liquid, several methods have been used to orient the propellant away from the
vent valves (ref. 76). In one method, anti-slosh baffles have been installed inside the
propellant tanks to absorb the slosh energy and minimize the possibility of venting liquid
overboard as the result of tank wall or aft bulkhead springback motion (ref. 72). In another
method. a settling thrust is used for propellant orientation. On the Centaur stage, small
thrusters are fired during coast periods to provide a low continuous acceleration on the
order of 10°° to 10* g's to maintain the liquids in a settled condition. On the S-IVB stage,
continuous propulsive venting was used to accomplish the same purpose, and in addition
such venting was employed to condition the propellant temperature prior to
repressurization for the second engine burn.

Thermodynamic venting® (ref. 77) has been proposed to circumvent the problem of venting
directly from the tank ullage, but it has not been used in any current system. The basic
concepts involved in thermodynamic venting have been demonstrated in the cryogenic
storage systems used on the Apollo Service Module, where the systems supply both LOX
and LH, for the fuel cells and gascous oxygen for the crew. Surface-tension devices and
mechanical separators are other concepts suggested (not flight proven) as means of
preventing liquid venting (ref. 78).

2.2.1.4.3 Vent Thrust

Vent thrust is the force created by the venting fluid (in a direction opposite to the motion
of the fluid) as it underpoes a momentum change on leaving the vehicle, The fluid may be
gascous or liquid or a combination of the two phases. Vent thrust can be an aid for settling
or orienting the propellants (as in the S-IVB stage) and for propellant retention, or it can be
a problem by creating unwanted changes in the vehicle attitude.

During mainstage operations, vent thrust normally is not a problem, but the thrust
generated is required to be below a predetermined maximum limit. The reason is that the
vehicle control system is designed to correct for thrust loads from zero to the predetermined
limit. For the Saturn S-11 stage, for example, neither the oxygen-tank nor the hydrogen-tank
vent system was permitted to impose more than 180 Ibf onto the vehicle during S-1C and
S-11 mainstage operations.

In periods when the vehicle attitude control system is not active, any appreciable side thrust
can cause undesired attitude changes. To minimize adverse thrust from pressure venting,
balanced or symmetrical venting exhausts have been used. In a balanced vent system, the
flows between the exhaust ducts or nozzles must be equalized and in addition any
asymmetrical force induced by the impingement of the venting exhaust plumes on the tank
skin surfaces must be limited. These impingements have been known to cause appreciable
disturbances in vehicle attitude. An example is the substantial yaw moment that occurred in
an carly Centaur flight (refs. 79 and 80); the yawing motion increased propellant slosh,

*Thermoadynamic venting is the process of a fluid being extracted from a tank, expanded through a Joule Thomsan valve
to produce a temperature drop, subsequently rauted throuph a heat exchanger to caol the remaining fluid in the tank, and
then vented overhoard
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which increased the heat and mass transfer between the liquid and the ullage gas and
resulted in increased ullage venting that further aggravated the vehicle attitude disturbance.
In the S-IV, S-IVB, and Skylab terminal stages, successful balanced venting was achieved
with diametrically opposed exhaust ports.

2.2.2 System Components

In a pressurization system, the design and operating characteristics of the functional
components and their integration determine the system performance and reliability. In
pressure-fed systems, which usually are required to operate for extended periods under
severe duty cycles and extreme temperature and pressure fluctuations, stringent demands
are placed on component material properties. For instance, because of extended life
requirements and the nature of the space environment, such factors as long-term chemical
compatibility, sublimation of materials in space, corrosion, contamination, creep, and
fatigue of materials become important considerations in the design of reliable valves.
Furthermore, requirements for low leakage exert added emphasis on component design and
materials. In fact, most anomalies in long-term pressure-fed propulsion systems have resulted
from leakage of propellant across engine valves or from leakage of pressurant gas across
regulators or check valves.

The improvement in system reliability through quad or series redundancy is accompanied by
increased system cost, weight, and complexity, and possibly by degradation of performance.
In addition, series-connected propellant valves have not been widely used in cryogenic
propellant systems because it is difficult to properly synchronize valve opening and closing
and because extreme pressures can occur when the cryogenic propellants are trapped
between valves. Quad arrangements of regulators and check valves were used in Apollo
Service Module and Command Module systems (ref. 81) and series-connected check valves
were used in Gemini spacecraft (ref. 82).

The current trend in circumventing the long-term leakage problem for extended missions is
to isolate both the pressurization and the propellant systems by means of series- and
parallel-connected explosive (squib) valves (ref. 83). Such an arrangement is not applicable
to attitude control systems if frequent engine firings are required. Life capability, leakage
characteristics, and zero-g operation remain as major concerns in design of pressurization
systems for attitude control.

In the pump-fed booster propulsion systems, the life requirements for the system
components generally are not critical, but the components are required to operate under
more severe environments of vibration and acceleration than are the components in a
pressure-fed system. However, components in pressure-fed systems usually have narrower
tolerances in terms of percentage than do components in pump-fed systems. In pump-fed
propulsion systems, regulators, solenoid-operated valves, vent valves, and relief valves are
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flow-control wvalves that normally are pilot-valve operated.  Pilot-valve-operated
pneumatically actuated controls usually are used for the larger valves to minimize weight of
the actuators, electrical power consumption, and sensitivity to vibration and acceleration.
The requirements for electrical power and actuation gas have been further reduced in some
applications by the use of latching valve mechanisms and latching solenoids, at the expense
of slightly increased component weight and increased cost.

2.2.2.1 TANKS
2.2.2.1.1 Pressurant Tanks

Pressurant tanks (i.e., gas-storage vessels) usually are of monocoque design. usually operate
at high stress levels, are internally mounted within the vehicle, and are insulated from
deflection of vehicle structure by appropriately designed mountings. Except where problems
in installation space arise, the tank shape usually is spherical because of the sphere’s
structural efficiency and hence weight advantage over other configurations. The alloy most
often used to construct the pressurant tanks has been Ti-0A1-4V (ref. 3).

Significant changes in pressure and temperature are serious problems with pressurant tanks.
In addition to the influence of external environments, the temperature gradients resulting
from heat of compression during tank charging and decompression cooling during pressurant
discharge must be evaluated. so that adequate strength marging and sufficient volume at
time of pressurant demand can be ensured. Tank pressure charging usually can be
programmed to ensure temperature/pressure combinations that are consistent with a tank’s
capabilitics. On the other hand, the pressurant consumption schedule normally is not known
precisely but rather must be predicted for a particular mission. These hypothetical
consumption schedules, necessarily conservative, become the basis for the depletion
analysis,

The “first-cut™  analytical methods presented in section 2.1.3.2 are applicable for
approximating the required pressurant tank volume: however, much more detailed
information on tanks may he obtained from reference 7.

2.2.2.1.2 Propellant Tanks

For propelant tanks, efforts have been made to minimize stage dry weight by the use of the
monocoque or semi-monocoque tank construction and by the use of a common bulkhead
between oxidizer and fuel tanks (ref. 3). In general, the monocoque tank structure is
designed to withstand only the internal fluid pressure. The structural rigidity necessary to
resist buckling or collapsing of the tank shell and common bulkhead is provided by the
pressurization system, which maintains the required minimum pneumatic pressures in the
tanks and a pressure difference within the required range across the bulkhead.
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The propellant tanks in the Centaur (ref. 4) and Atlas (ref. 84) vehicles are of monocoque
construction. The tank skin must be stabilized at all times by internal gas pressure or by the
application of tensile load. During tank assembly and transport, support is provided by
applying tensile forces to ground handling adapters attached to the forward and aft
cylindrical tank rings. In the case of the Centaur, structural integrity is maintained with
standby pressure of 4 psig in the (forward) fuel tank and 10.5 psig in the oxidizer tank after
the stage is erected. Emergency tensile load is also available during this period. For the
Atlas, the ullage-pressure requirements similarly ensure that both tank monocoque
cylindrical shells are subjected to a tensile stress. On the other hand, the structure for the
tanks of the S-II stage is designed to provide adequate support during transport and
assembly without the need for internal pressure or mechanical tensile forces.

A common bulkhead normally is designed to take forces that cause a tensile load to be
applied to its structural facing (positive pressure differential). To ensure that this condition
exists, the proper magnitude and direction of pressure differential across the common
bulkhead are maintained by control of ullage pressure during ground hold and powered
flight. In the determination of the total pressure differential required for the common
bulkhead, the loads on the common bulkhead due to acceleration during powered flight are
included. In S-IVB and S-1I stages, the common bulkhead provides some degree of rigidity
to withstand a limited amount of negative pressure differential.

Detailed information on propellant tank design is presented in reference 3.

2.2.2.2 PRESSURE REGULATORS

The pressure-reducing regulator, the most common type of pressure regulator in airborne
systems, is treated in detail in reference 60. In pressurization systems, these regulators are
used to reduce pressure and control the flow of pressurant gas as required by the system.

In many single-stage regulator designs, a flow-responsive element such as a flow-limiter valve
or a critical-flow orifice (ref. 60) is incorporated in the line to minimize the tendency to
overpressurize under the initial high-flow startup conditions (ref. 85). Another advantage of
a flow-limiter in series with the pressure regulator is a reduction in the required flow
capacity of the relief valve; in the event of a failed-open regulator, the relief valve has to
handle only the limited flow to prevent rupture of the propellant tank. In some
pilot-operated-regulator designs, the main regulator valve usually remains in the closed
position below the minimum designed inlet pressure while the pilot valve stays open (ref.
86). In this case, the flow-limiting function is served by the restriction in the pilot valve.

Pressure regulation band. — The variation of regulated pressure about its desired value
(called the set point) is known as bandwidth. Bandwidth denotes regulator accuracy and is
expressed in maximum percent deviation from the set point (bandwidth ratio) or in psi
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deviation from the set point. Accuracies generally decline if the upstream pressure is either
substantially higher than or nearly the same as regulated pressure, or if regulated pressure is
sct close to zero psig.

In pressure-fed propulsion systems where velocity trims are performed, as in Apollo, Ranger,
and Mariner spacecraft, accurate predictability of impulse is required. Both shutdown
impulse and steady-state thrust tolerances are limited to a practical minimum. This
limitation influences the required ullage-pressure regulation by decreasing the permissible
regulator bandwidth. The portion of thrust error or tolerance (in terms of percentage of the
nominal thrust) contributed by the regulutor deadband ranges from one-half to one times
the bandwidth ratio. For example, the thrust error due to tank pressure variation could be
1.5 to 3 percent if the regulator bandwidth ratio were 3 percent. Other sources can
contribute to thrust error (e¢.g., variations in check-valve pressure drop, expulsion pressure
differential. and other feed-system pressure drops). These variations can anmount to as much
as the chanpge due to the regulation bandwidth. In allocating the budget for the regulation
bandwidth, an error analysis usually is performed fo determine the distribution of the
system pressure tolerances (ref. 87).

In a pump-fed propulsion system, the permissible lower limit of the pressure regulation band
is determined by the algehraic sum of the worst-case combination of pump inlet NPSP, the
propellant vapor pressure, and the propellant feedline pressure loss: a margin for safety (in
terms of pressure) also is included in the total. The upper limit of the regulation band is
determined by the tolerances on the regulator. In addition, the upper limit is kept below the
relicf-valve minimum reseat pressure; otherwise, the system can be subject to unnecessary
venting.

Regulator failure modes. — Both component development and flight experience indicate
that the pressure repulator is one of the more unreliable components in ullage pressurization
systems in pressure-fed propulsion systems (ref. 88). This characteristic stems from the
inherent desien of the regulator, in which a number of moving parts are required to function
quickly. continuously, and precisely under widely varving flow, pressure, and temperature
conditions. Repulator malfunctions or failures encompass a number of different modes and
causes. These problems are treated in reference 60,

Experience indicates that the regulator parts made of materials that are considered to be
compatible  with the propellants still are subject to corrosion, swelling, creep. or
contamination by products of corrosion. Swelling and creep of Teflon and other polymers
when exposed to oxidizers have caused valve seat leakages and regulator malfunctions. In
the so-called “flow decay™ phenomenon, contamination can be produced internally by the
reaction of the oxidizer N, O, with some metals to form complex nitrate particles (ref. 89).

2.2.2.3 PRESSURE SWITCHES

Pressure switches for space vehicles have to exhibit high reliability under extreme
temperatures and high vibration levels. In the past, pressure switches generally were regarded

74




Downloaded from http://www.everyspec.com

as poor in resistance to vibration; they were subject to chatter, arcing and fusing of contact
points, and changes in contact resistance at the 25 to 50g vibration levels produced by
rocket engines. However, recent design improvements in pressure switches have alleviated
many of these problems. In pressurization-system control, pressure switches have been used
in conjunction with shutoff valves to control pressure by functioning as either ON-OFF
regulators or relief valves (ref. 43). The Centaur pressurization system is an example of a
pressure-switch control system.

Many switch designs have an inherent problem known in the switch industry as “first-cycle
stick””; the term refers to the fact that the first operation of the switch, especially after it
has undergone an extreme temperature change, will be different from subsequent
operations. This difference is caused by the movable elements within the switch
repositioning themselves after an extreme temperature change or after being brought from a
pressure that was initially zero (ref. 43). The Belleville-spring pressure switches that
terminate the prepressurization gas to the tank ullages in the S-II stage were subject to this
kind of sticking.

Another pressure switch “sticking” phenomenon has occurred in development test
programs. In this malfunction, the Belleville spring inside the pressure switch “sticks’ and
causes the actuation point of the switch to rise above its design limit. This behavior can be
detected by design verification tests of the switch. Usually the only solution is redesign of
the switch or the Belleville spring.

Details on the design of the Belleville spring and the pressure switch itself as well as
guidelines on the selection parameters used to achieve the proper pressure-switch
configuration may be obtained from reference 43.

2.2.2.4 VALVES
2.2.2.4.1 Vent Valves

In storable-propellant systems such as the Apollo RCS, venting is required only during
propellant loading operations. This venting is accomplished by manually connecting vapor
exhaust lines to disconnects on the the tank. On completion of propellant loading, the vapor
disposal lines are disconnected, and the tank vent coupling is capped in preparation for the
mission.

In cryogenic-propellant systems such as those on the S-II, S-IVB, S-IC, and Centaur stages,
the tank vent and relief functions are combined in a single component to reduce weight. The
valve venting function usually is performed by a pneumatic actuator controlled by a
solenoid-operated pilot valve. In some designs, a fail-safe feature is incorporated by using
normally-open solenoid pilot valves, so that in the event of an electrical failure on the
ground the pilot pressure is applied and the vent valves are opened (ref. 5).
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Nontoxic and nonhazardous propellant vapors normally are expelled into the atmosphere
and require no supporting exhaust system. However, toxic and hazardous propellant vapors
arc routed from the vent valves through mated couplings to a facility disposal system. At
initiation of tank prepressurization, the vent valves are commanded to close. Seconds prior
to launch, the plumbing from the facility disposal system is disconnected from the stage by
separation of the coupling halves,

Size. — In addition to its weight, the vent-valve size is a prime consideration and often will
govern the type of component selected for a given application. The operating pressure and
temperature, the flow medium, the flow capacity (and corresponding pressure drop), and
the Ieakage requirements are factors that influence the selection of the vent-valve size.

During loading of cryogenic propellants, the vent valves usually are required to exhaust a
maximum volumetric rate, because of the combined effects of high boiloff rate, high loading
rate. and low ullage pressure. The latter is important for personnel safety as well as for
maintaining low propellant temperature. The vent ducts and valves usually are sized
according to the required filling rate and the allowable venting back pressure during
propellant loading. In the S-IVB vehicle, full-open venting (latched open) also is used during
LH, tank safing following propellant depletion (ref. 73).

For the loading of storable propellants, the vent valves are sized to accommodate a specified
loading rate with a specified suppression pressure being maintained on the propellants.

Actuation. — Vent valves may be actuated by handwheels, fevers, solenoids. electric motors,
diaphragms, or cylinders. The final choice depends on the forces required, power available,
need for remote control, response characteristics, contamination sensitivity, maintenance
requirements, cost. available space, and weight (ref. 43). On small storable-propeliant
systems where venting is necessary only during propellant loading. handwheel or
lever-operated vent valves are used extensively. In cryogenic-propellant venting systems,
remotely actuated vent valves normally are used. These remotely controlled valves generally
are pneumatically actuated by an actuator (ref. 90) that is controlled by the flight
programmer or by a signal from the ground controller. The controlling actuator may be
cither an integral part of the vent valve or a separate device pneumatically linked to the vent
valve (ref. 90).

In cryogenic-propellant systems, a frequent problem is the freezing of moisture in the vent
valve pneumatic-actuator area or in the valve poppet area, the valve thereby being rendered
inoperative. The moisture often is introduced by the control gas or by the surrounding air.
To minimize this problem, the control gas is dried by a desiccant or other means to decrease
its dewpoint. and a purge is utilized to keep moisture from entering the vent valve through
the venting duct. Check valves at the actuator vent port also are used to prevent
cryopumping in the actuator areas.
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2.2.2.4.2 Relief Valves

In most tank pressurization systems, relief valves (ref. 60) are primarily safety devices that
function only under abnormal or emergency over-pressurization conditions. Under
emergency conditions the valves must always function to relieve the excessive pressure
levels. Frequently, there are no alternate methods to relieve the system, especially in time to
prevent system rupture. '

Relief valves often are installed with the inlet port directly exposed to the pressure source.
For example, the relief valve may be installed in the pressurization line between a check
valve and a propellant tank to limit pressurization of the tank in the event of regulator
failure in the open position, regulator seat leakage, or excessive temperature rise in the
propellant tank during pressure lockup periods. When relief-valve leakage is undesirable from
the standpoint of either pressurization-fluid management or propellant-vapor hazard, the
relief valve may be isolated from the propellant tank ullage by incorporating a burst disk at
the valve inlet. Under normal system operating conditions, operation of the relief valve is
not required, and the burst disk maintains leak-tight system integrity. The relief valve is
subject to operation only after rupture of the burst disk, which usually is designed to occur
within the system relief-pressure range. Figures 8 -and 10 illustrate typical system
installations.

Frequently, relief valves are made integral with pressure regulators (pressure-level
modulating control devices) or vent valves (contolled or programmed pressure-limiting
devices). However, the automatic pressure-limiting function of the relief valve remains
unchanged.

Problems related to relief valves are leakage, slow response, failure to reseat, and failure to
open. These and other problems are treated in reference 60.

2.2.2.4.3 Check Valves

A check valve is a fluid-flow control device that permits free flow in one direction and
prevents or restricts flow in the opposite direction (ref. 60). In pressurization systems, check
valves are also employed to isolate upstream components from propellant vapors. In
hypergolic-propellant systems, check valves installed in common pressurization lines lessen
the potential for hazardous mixing of propellants. Typical check-valve installations are
shown in figures 8, 9, and 10.

In spite of their relative simplicity, check valves frequently are one of the more troublesome
components in pressurization systems. Chatter, closing time, contamination, and other
check valve operational problems are described in reference 60. The isolating function of the
check valve establishes a general requirement for meeting stringent leakage requirements.
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System requirements often dictate check valves with low cracking pressure; this feature in
the valve often does not allow for sufficient force in the check direction to ensure consistent
scating. Excessive internal leakage in the reverse (checked) flow direction is the failure mode
most frequently encountered with check valves (ref. 91). When selecting the poppet scal
material and design, the designer must consider internal leakage, compatibility, flow
resistance. duty cycle, and the predicted environmental conditions (ref. 60). Scries or
series-parallel (quad-redundant) arrangements of check valves (fig. 9) are often employed to
provide the redundancy necessary to offset faiture modes.

2.2.2.4.4 Isolation Valves

An isolation valve is a two-way control valve used to isolate the pressurant supply from the
downstream pressurization system. “Two-way™ solenoid valves are most commonty used in
this capacity: however, explosive-actuated shear-disk valves also have been employed when
no prescurant leakage is permissible over long periods of system inactivity. Figures 8 and 9
illustrate typical isolation-valve installations.

During long-term storage of systems under pressure, the normally closed isolation valves
prevent over-pressurization of the propellant tank in the event of excess regulator leakage.
Since the solenoid-operated valve is a reusable component, a single valve can provide the
same function during inactive mission periods between engine firings. On the other hand,
the explosive-actuated valve is normally a single-operation component; hence, additional
valves are required for repeat isolation of the pressurant supply. For extended mission
duration and a limited number of engine restarts, as in the Mariner ‘71 spacecraft (ref. 83)
and certain other small spacecraft, an assembly of explosive-actuated valves is used to
provide positive valve sealing and isolation of the pressurant supply. Figure 16 presents an
arrangement of explosive-actuated valves that provides the desired repeat-isolation capahility
(e.g.. for multiple engine starts). Fach engine start involves the actuation of a normally
closed valve, and cach shutdown, the actuation of a normally open valve. The actuations are
exccuted in succession, starting from the regulator end of the circuit. Thus, any failed valve
can readily be bypassed by activating the following one for the same function. In any
tradeoff study between explosive-actuated and solenoid-operated isolation valves, it should
be noted that the high-pressure, high-capacity, low-leakage, pilot-operated solenoid valves
presently available may not he as reliable as the explosive type.

The explosive-actuated valve is a single-operation device, but it is subject to several failure
modes: (a) injection of metal particles into the fluid flow, (b) leakage of the combustion gas
from the cartridge (squib) into the fluid flow, (¢) high-velocity ejection of the cartridge
closure as a result of faiture of the threads, and (d) failure to actuate on command. The
latter probhlem is overcome by utlization of the explosive-valve assembly illustrated in figure
16. Additional information on explosive valves may be found in reference 60.

78




T R R R RS

Downloaded from http://www.everyspec.com
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Figure 16. - Arrangement of explosive-actuated valves for multiple engine starts.

For the reusable solenoid-operated valves, one of the most serious failure modes involves
seizure of the armature in the coil housing, the result being an inoperative valve. This
condition normally is initiated by corrosion or fretting of metal-to-metal mating surfaces
under vibration, followed by galling and ultimate seizure under actuation. In most instances,
this problem may be resolved by the use of flexure mounting of the moving element to
remove the scrubbing action and by the addition of nonmetallic (polymeric) guide elements
to the armature to prevent metal-to-metal contact. However, the most common failure of
solenoid-operated valves is internal leakage.

2.2.2.5 PRESSURANT HEAT EXCHANGERS

A heat exchanger is a device that heats or cools a fluid by transferring heat between the
fluid and a heat source or heat sink. In a pressurization system, a heat exchanger that warms
and expands the pressurant gas can thereby provide the desired gas pressure with less gas
mass. Some vehicles utilize a heat exchanger because the heat source is readily available and
the additional system weight penalty is small. Nonetheless, the addition of a heat exchanger
to a pressurization system does result in a weight penalty and adds an additional complexity
to system tradeoff studies. Not all vehicles require a heat exchanger; in particular, many of
the pressurization systems associated with small spacecraft do not require one. Even some
vehicles that have a heat exchanger may not require one for all applications. An example is
the helium pressurant system used in the S-IVB to pressurize the oxygen-tank ullage. The
gas is stored in spheres that are submerged in the hydrogen propellant at approximately
43°R. In the current design, the gas is routed through a heat exchanger to expand it prior to
its pressurizing the oxygen tank ullage; however, the gas could be routed through the
oxygen propellant (163°R) and into the ullage, or the gas could be injected into the oxygen
propellant and permitted to rise through the propellant into the ullage area.
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There are many types of heat exchangers; however, the shell-and-tube type is the most
commonly used for acrospace pressurization systems. Figure 17 illustrates a shell-and-tube
heat exchanger (4 coils) typical of the type used to vaporize liquid cryogenic propellants for
evaporated-propellant pressurization. A common heat source for a heat exchanger is the hot
exhaust gas from the turbine. Turbineexhaust heat exchangers have been used on the stages
in the Saturn V vehicle to vaporize liquid oxypen and to expand gascous helium for
pressurization: heat exchangers on the Titan vehicles vaporize liquid N, O, for use as
pressurant. In the Apollo SPS, the propellant is used in a heat exchanger to warm the
relatively cold gascous helium pressurant (fig. 18).

For fucl-tank pressurization on the Saturn S-II and S-IVB stages. gascous hydrogen is
extracted from the engine regenerative cooling jacket for mainstage pressurization of the
hydrogen tank, thus eliminating the need for a separate heat exchanger. The amount
required for tank pressurization is small in comparison with the total hydrogen flow through
the enpine regenerative cooling jacket: therefore, the temperature and pressure of the tapoff
gas depend almost entirely on the performance of the cooling jacket. Because of the small
volume tapped off and the relatively stable flow and temperature conditions during engine
firing. problems of startup, heat-transfer degradation, flow capacity, and flow stability do
not occur in the hydrogen system as they often do in liquid-oxygen or inert-gas heat
exchangers.

2.2.2.5.1 Startup

In an evaporated-propellant pressurant system such as that used for liquid oxygen on the
S-11 stage, it is necessary for the engine gas generator to be started and generate exhaust
gases in sufficient quantity to provide the heat source for the heat exchanger before the
evaporative process is initiated (fig. 10). A check valve is incorporated upstream of the heat
exchanger to delay propellant flow into the heat exchanger and also to isolate the heat
exchanger from the liquid-oxygen-pump bleed during the initial phase of engine startup (ref.
5). Therefore, the pressurization line and the heat exchanger initially are free of any oxygen
propellant. When the oxygen-pump discharge pressure has increased to a sufficient level (75
to 100 psi). the check valve opens and allows liquid to flow into the heat exchanger. Thus,
the valve prevents the very fow flows that might flash and blow gas back into the pump.
Also. the check valve minimizes the pressurant flow surge into the ullage and the thermal
shock to the heat exchanger as the propellant is introduced into the heat exchanger.

The fuel’helium heat exchanger of the Apollo LEM descent stage (fig. 9) was subject to

startup problems during development. During startup, the heat-transfer process within the
heat exchanger caused the fuel to freeze. On the basis of analysis and tests, the heat
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exchanger fluid flowrates were modified such that the fuel would flow through the heat
exchanger without freezing and yet heat the helium gas to an acceptable temperature.

2.2.2.5.2 Heat-Transfer Stability

Effective heat-exchanger design for pressurization systems involves maintaining the overall
(heat source to pressurant) heat-transfer coefficient within acceptable limits throughout the
service life of the system. The magnitude of the overall coefficient is a function of the
heat-exchanger  physical  desien  (materials,  fluid  velocities, etc) as well as  the
thermodynamic properties of the pressurant (sec. 2.1.3.1) and the heat-source fluid.

If the heat-source fluid (e.g., turbine exhaust gas) consists of the combustion products of an
oxidizer and a hydrocarbon fuel such as RP-1, it contains a large percentage of condensible
or reducible carbon. To an extent that depends on the temperature of the heat-exchanger
tube wall, a thin laver of carbon (soot or coke) may be deposited on the tube wall. This
coating represents an additional resistance to the heat flow and results in decreased
heat-exchanger performance. For example, it was observed in tests on the F-1 engine heat
exchanger that the overall heat-transfer coefficient and the heat-exchanger capacity dropped
gradually with the operating duration (ref. 92). Investigation revealed that increase of the
liquid-oxygen (pressurant) flowrate lowered the tube-wall temperature of the heat-source
side to the point (< 390°R . the triple point of CO, ) where carbon deposition occurred. The
overall effect of such a coating is called the fouling resistance (or fouling factor) and
becomes a part of the system thermal resistances that make up the overall heat-transfer
coefficient. Fouling factors for heat-exchanger design are obtained experimentally by
determining the overall coefficient for clean and dirty heat-exchanger conditions.

Another potential problem with low temperatures of the tube wall is the clogging of flow
passages by freezing of the water vapor contained in the turbine exhaust gases generated
from burning oxveen and hydrogen. This condition occurs, depending on the pressure, when
the wall temperatures are below the triple point of water. Proper heat-exchanger design
usually entails balancing the heat-transfer film coefficient on the pressurant side against that
on the heat-source side so as to attain the desired tube-wall temperature. The coefficients
usually are adjusted by changing the geometry to change the flow velocity of the respective
fluids.

2.2.25.3 Flow Capacity
The heatexchanger capacity range is the range of stable pressurant volumetric flowrates that

the heat exchaneger can handle. The heat-exchanger critical flow capacity is that point in
system performance where the pressurant volumetric rate is at a maximum and an increase
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in pressurant mass flowrate produces a decrease in pressurant volumetric flowrate; that is,
the system exhibits a critical-flow-capacity point when

g_v?/ =0 (16)
where
Q = pressurant volumetric flowrate, t3/sec
w = pressurant mass flowrate, Ibm/sec

When a heat-exchanger system is operated in a flow range beyond its critical-flow-capacity
point, the ullage pressure may drop with increased pressurant mass flowrate. This condition
is further aggravated when the engine mixture ratio is decreased, because the temperature
and flowrate of the turbine exhaust gas typically decrease (ref. 93).

Figure 19 shows that the heat exchanger for the J-2 engine (used on Saturn S-II and S-IVB
stages) has a critical-flow-capacity point within its design flow range. The Saturn S-II
pressurization-system designers were aware of this phenomenon and attempted to operate
within the flow range where an increase in mass rate resulted in an increase in volumetric
rate. The orifice in the S-II mainstage oxygen pressurization system was thus designed with
the engine-heat-exchanger critical-capacity point when all five engines were operating as one
of its design parameters. By contrast, the developmental J-2S engine (if available) would
have provided performance free of critical-point problems, because the critical point
occurred at flowrates above the maximum operating point (fig. 19).

2.2.2.5.4 Flow Stability

A heat-exchanger system is said to be stable when (1) its measured outlet pressure and
temperature do not vary more than + 2 percent from nominal value and (2) the frequencies
of oscillation are relatively constant at a given mass flowrate (ref. 94).

Instability in boiling flow systems is a frequent problem. Efforts to determine its causes and
describe it mathematically have not been successful because of the complex coupling
between vapor generation and hydraulic phenomena, including time lags, slip velocities
between phases, and geometric distribution of the phases. The frequencies of instability
induced by vaporization or by rapid density change without phase change range from about
5 Hz to about 10 kHz (ref. 95).
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Low-frequency flow oscillations have occurred when a LOX heat exchanger was operated at
low pressurant flowrates (ref. 96). These flow oscillations occur in the tubes at low fluid
velocities and are believed to be induced by forced convective heating of the fluid, which
then undergoes large changes of density from the tube inlet to the outlet (ref. 97). The
phenomenon does not seem to be as pronounced with helium gas as with vaporized liquid
oxygen, presumably due to the narrower range of density change in helium (ref. 96).

The flow-oscillation problem usually is circumvented by arranging the heat-exchanger coil in
two sections in series. The preheater section, having tubes of smaller flow area, provides
stability at low flowrates by maintaining a high fluid velocity until the fluid has passed
through the temperature range of maximum density change. The superheater section,
consisting of larger tubes and reduced fluid velocity, provides a high heat flux to raise the
fluid temperature to the design point.

2.2.2.6 PRESSURANT DISTRIBUTORS

A pressurant distributor is a passive component that spreads the gas flow entering the tank
ullage space into a definite pattern. The flow pattern may cause the incoming pressurant
kinetic energy to (1) be dissipated and not mix with existing ullage gases or (2) form a
vortex and induce gas mixing. When the gas flow pattern dissipates the incoming pressurant
kinetic energy, the distributor is known as a gas diffuser. The gas diffuser is installed inside
the tank near the top of the forward bulkhead, and thus minimizes any disturbances to the
liquid-gas interface. A diffuser usually consists of a number of screened or perforated baffles
arranged in series (ref. 72).

Although a simple passive component, the gas distributor has been subject to development
and operational problems. Flow-induced acoustical problems occurred during the
development of the gas diffusers for the S-IC oxidizer and fuel tanks; vibration and fatigue
problems occurred during the development of the S-II oxidizer-tank gas diffuser. In each
case, these problems were eliminated by redesigning the component to strengthen it.

For propellant tanks without positive-expulsion devices, the gas distributor must be sized
and shaped to minimize the propellant surface disturbances that can occur during
repressurization in a low-gravity field. Successful designs have included toroidal distributors
and distributors that aimed the gas flow at the tank wall. In the S-IVB and Centaur stages,
propellant settling prior to injection of the pressurant into the tank was used as a means of
overcoming low-gravity effects on propellant location; in addition, in both stages the gas
diffuser was made toroidal to minimize propellant surface distrubance.

In many of the large pump-fed (booster) propulsion systems, the gas is introduced into the
tank at temperatures higher than the propellant temperature. Therefore, any heat and mass
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transfer through mixing or fluid disturbances can result in undue heating of the propellant
and cooling of the ullage gas. In these cases, the gas distributor is used to diffuse the
pressurant so that a stratified temperature profile in the ullage gas is obtained. The benefits
of temperature stratification are discussed in section 2.3.1.2.

Mixing of ullage gas and incoming pressurant gas is sometimes desired when ullage pressure
risc is not wanted during a subsequent quiescent period (regulator lockup). This is
particularly true with small pressure-fed propulsion systems (e.g., a pulsing RCS), where
ullage pressure must be maintained above a minimum level and the normal operating level is
not much higher. Gas impingement or pas mixing also may be required in specific
applications where heat transfer to the propellant or other heat sink is desired to preclude
overheating of the tank walls by a hot pressurant. The gas distributor for these systems may
be a simple tube or duct exit port, a flow restrictor, or a sophisticated vortex tube.

2.2.27 ANCILLARY COMPONENTS

Other components or hardware elements that make up the pressurization system are lines,
disconnects and couplings, seals, filters, and measurement transducers.

Lines. — The primary function of the lines in the pressurization system is to transport the
pressurant from its source to the system components (i.e., the pressure regulator, check
valve, ete)) and from these components to the ullage of the propellant tank without
producing excessive loss of gas pressure in the lines or excessive loss of gas mass through
leakage at the joints. Pressure loss of the gas is caused by (1) friction in the lines, (2) bends
in the lines, and (3) the increased velocity of the gas due to pickup of heat as it flows
through the lines. The analytical techniques that handle these problems are described in
references 43, 63, and 98,

The cross-sectional shape of the line may be any geometric form, but the shape almost
universally used is the circle. Typically, flanged, bolted connections are used on the ends of
lines with larpe diameters (> 1 in)) but have been used in lines with diameters as small as %
in. Fiared-tube fittings and threaded connectors usually are employed on lines with a
diameter of 1'2 in. or less. However, spacecraft designers are now attempting to eliminate
static-seal connections and use in-place welding or brazing of the joints wherever possible
(ref. 68). The ATS spacecraft, for example, has brazed line connections. For additional
information on lines, consult reference 98,

Disconnects and couplings. — Disconnects and couplings provide interfuce connections of
fluid lines between vehicle systems and ground equipment or between stages on the vehicle.
Disconnects are used in fluid systems to provide rapid or easy connection of lines and to
protect the system from entry of contamination: they can be disconnected remotely. The
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coupling or decoupling operation normally requires less than 1 sec and is executed by a
simple sliding or rotary motion of the coupling ring. Examples of disconnects that are
remotely disengaged are those on the Saturn vehicle by which vehicle fluid lines are
connected to GSE by the umbilical lines of the launch tower.

A coupling is a manually-actuated mechanical connector that requires more than a few
seconds for actuation (ref. 68). Quick disconnects have been used for cryogenic
propellant-tank vent systems, while the coupling has been a popular choice for
earth-storable propellant-tank vent systems.

Detailed information on disconnects and couplings and problems with these devices may be
found in references 43 and 68.

Seals. — Seals are elements within a disconnect or coupling that prevent leakage of the fluid
being transported. This type of seal is known as a static seal. Static seals fall within two

groups:

(1) Elastomer O-rings or molded-in-place seals for systems wherein the temperature
is within 380° to 960°R and wherein the seal material is compatible with the
propellant vapor and pressurant.

(2) Metal pressure-assisted or diametral seals with either soft plating or Teflon
coating (depending on the environment) for temperature extremes (hot gas to
cryogenic).

The elastomer seal is the simplest type, is most reliable, and is inexpensive. This seal is
generally the first choice if compatible with the environment. The metal pressure-assisted
seal is the most common choice for cryogenic and hot-gas systems. For additional
information on static seals, consult reference 68.

Filters. — A filter is a device in a fluid system that controls contamination by trapping
particles entrained in the fluid. The system performance requirement for a filter often is
expressed in terms of the size of the largest particle that can be tolerated in the fluid
downstream of the filter under all applicable system conditions. This performance
characteristic is a measure of the “degree of protection” offered by the filter and is a direct
function of the pore-size distribution of the filter medium and the initial cleanliness level of
the filter.

A penalty in total system pressure loss must be tolerated in order to provide the protection
afforded by a filter during the vehicle mission. This penalty may be minimal if the filter
remains clean, but can increase significantly as the filter becomes clogged and approaches its
limit of contaminant capacity. This performance characteristic is a measure of the useful
service life offered by the filter and is a function of the filter configuration and design.
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Degree of protection and contaminant capacity of a filter are mutually opposing
characteristics, in that the finer the filter rating the shorter the service life it can provide
within a given envelope size.

Detailed information on filters may be found in references 43 and 98.

Mcasurement transducers. — The principle measurement transducers used in pressurization
systems are temperature and pressure transducers. Many types of pressure and temperature
measurements may be applicable to pressurization system performance. General information
as to measurement type may be found in the literature (e.g.. ref. 43); a survey of
instruments and their characteristics is presented in reference 99.

2.3 DESIGN EVALUATION

In the final phase of pressurization system design, the performance of the complete
integrated system is evaluated and possible problems are examined, special attention being
given to the effects of heat transfer and mass transfer and to system dynamics.

2.3.1 Heat-Transfer Effects

Heat transfer is the flow of thermal energy between and within material bodies as a result of
a temperature difference. Heat can be transferred by conduction, convection, radiation, or
any combination of these processes. Heat transfer among the propellant, the pressurant, and
the tank wall plavs an important role in the pressurization system performance. Amoneg the
effects of heat transfer are thermal imbalance that results in propellunt boiling or freezing.
propellant and pressurant stratification, and temperature gradients in system components.

2.3.1.1 THERMAL CONTROL

In pressurization system design, thermal control js the pracess of achieving an acceptable
degree of thermal equilibrium among the system gases, propellants, tank structure, hardware
components, and the anticipated environment. A variety of methods is used for thermal
control.

In cryogenic-propellant systems, the common bulkhead and tank wall insulation are
designed to minimize heat transfer or produce a thermal balance that will limit venting to
the tank containing propellant with the lowest boiling temperature. For example, to
maintain the LOX tank for the S-IVB stage in thermal equilibrium, the common bulkhead is
desiened to transfer heat from the LOX tank to the LH, tank at a rate approximately equal
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to the rate at which heat is transferred into the LOX tank from the environment through

the aft bulkhead. Thus, venting of the S-IVB LOX tank is minimized.

In the Centaur vehicle (ref. 4), the common bulkhead consists of a structural bulkhead and

an insulation bulkhead separated by plastic mesh and fiberglass mat insulation. The space
_between the bulkheads is filled with gaseous nitrogen prior to tanking. A vacuum is formed

when the trapped nitrogen condenses after the cryogenic propellants are loaded.

For most earth-storable systems, the problem is the same as that with the cryogenics:
prevention of excessive boiloff of propellants. Usually, adequate control of propellant
temperature is achieved with passive systems such as insulation or shadow shields or both. In
a few earth-storable systems (i.e., those intended for missions to Mars and beyond), the
problem is to keep the propellant from freezing. For this purpose, heaters (electric or
radioisotope) are used to maintain the propellant feedlines and tanks above the temperature
at which the propellant will freeze (see fig. 14).

2.3.1.2 VARIATION IN PRESSURANT TEMPERATURE

In the design of any pressurization system, a major analytical effort involves the prediction
of the temperature of the pressurant gas at various locations and mission times. The effort is
motivated largely by the impact of temperature on gas density and thus on system total
weight. Gas thermodynamic computations are the most important single function
performed by the various computer programs for pressurization-system design. The
programs account for change in gas temperature due to heat transfer and flow processes
throughout the system.

In many small pressure-fed propulsion systems, the storable propellants, the pressurant, and
the system hardware are at essentially ambient temperature. If the propellant expulsion
takes place intermittently with sufficient “off” time, then an isothermal condition can be
assumed to prevail. However, in some cases, the duty cycle may require long sustained
engine firings. When this occurs, the pressurant temperatures in the propellant-tank ullage
and storage vessel may drop considerably below the ambient temperature as a result of gas
expansion with insufficient time to recover its temperature from heat transfer from the

_ pressurization lines, tank, and propellants. The resulting lower pressure gives rise to various
problems, the nature of which depends on the characteristics of the propulsion system and
mission involved.

In vehicles such as spacecraft where the ullage-space heat transfer is minimal, the reduced
gas pressure must be considered in the design (ref. 100), particularly if the long sustained
engine firing extends to propellant depletion. The most frequent solution is simply to
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provide additional gas to make up the difference. In stages such as cryogenic-propellant
boosters where the heat transfer is not minimal, the temperature of the confined ullage gas
will be increased by heating from the propellant and the tank wall. This increase can result
in the ullage pressure rising above the regulator lockup pressure. In extreme cases, the ullage
pressure rise can exceed the relief-valve setting and cause undue loss of gas. In addition, for
pressure-fed propulsion systems, thruster operation outside the regulated pressure band may
cause the thrust to shift beyond the allowable tolerance.

The pressurization system for the Apollo SPS includes a sophisticated technique for
controlling the pressurant temperature during its expansion into tank ullage space (ref. 81).
Figure 18 shows this system, which incorporates a helium/propellant heat exchanger in both
fuel and oxidizer circuits. The heat exchange between the pressurant and the propellant
causes the ullage gas temperature to remain close to the propellant temperature, thus
reducing ullage-temperature excursions to a minimum,

In the larger pump-fed propulsion systems, temperature variations in the ullage are more a
function of location and stratification. These systems usually are programmed for a single
burn and are pressurized with a pressurant heated significantly above the propeltant bulk
temperatures, particularly in the case of cryogenic-propellunt systems. The temperature of
the ullage gas exhibits a stratified condition varving from the entering pressurant
temperature at the top of the tank to the propellunt temperature at the gas’liquid interface.
This temperature stratification is modified by heating or cooling at the tank wall and upper
bulkhead. In almost all cases, stratification of ullage gas temperature is desired because it
reduces heat transfer to the propellant while maintaining a high effective pressurant
temperature, thus requiring less gas mass. Fluid distrubances (e.g., propellant sloshing,
impingement of the incoming pressurant flow) tend to reduce the temperature stratification
and can adversely affect tank venting and the pressurant weight requirement.

2.3.1.3 STRATIFICATION OF PROPELLANT TEMPERATURE

The propellant temperature varies over the length of the tank as a result of convective
heating during propetlunt loading and ground-hold operations, acrodynamic heating during
atmospheric flight. and interface heat transfer between the pressurant and vapor of the
propellant. This thermal distribution, termed propellant temperature stratification, has been
the subject of a great deal of study and experimental investigation (refs. S0, 101, and 102).

Although earth-storable propellants exhibit temperature stratification, this phenomenon is

of concern principally with cryogenic propellants. For these propellants, it has been shown
that pressurization with noncondensible gas at the same temperature as the propellant
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successfully precludes any contribution to propellant temperature stratification from the
gas/liquid interface (ref. 103).

When propellant temperature increases, the propellant density p, decreases and the
propellant vapor pressure P, increases. Thus, to maintain a given pump inlet NPSH, the
required pump inlet total pressure must increase. As was shown in equations (1) and (2),
this increase must be provided by an increase in ullage pressure P, . Consequently,
stratification of propellant temperature plays an important role in establishing the minimum
required ullage pressure for a pump-fed propulsion system. In the case of liquid hydrogen,
the propellant vapor pressure may vary as much as 4 psi/°R for the usual tank pressure
ranges in pump-fed propulsion systems. Figure 20 shows the liquid-hydrogen temperature at
the pump inlet during a flight of an S-II stage (ref. 104). The temperature curve exhibits a
rapid rise near the end of the powered flight, indicating that the warmer layers of propellant
had accumulated in a relatively shallow region near the gas/liquid interface.
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Figure 20. - Variation of LH2 temperature at pump inlet during Saturn S-I1 flight (ref. 104).
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Another phenomenon of component temperature was observed during the test program on
the S-H vent/relief valves (ref. 106). To actuate the vent portion of the valve, much more gas
was required when the valve actuator was at liquid-propellant temperature than when it was
at ambient temperature. The apparent reasons were that (1) the actuator leak paths were
larger at cryogenic temperatures, and (2) the ambient-temperature actuation gas was chilled
by intimate contact with the actuator body; thus additional gas mass was required to
maintain the desired pressure level. Because helium was used as the actuation gas, no
problems of condensation occurred when the actuator was at liquid-hydrogen temperature.
It was considered not cost-effective to change the valve design to reduce the size of the leak
path.

2.3.1.4 TEMPERATURE GRADIENTS IN SYSTEM COMPONENTS

Normally, the component environment and system requirements determine the temperature
gradient that the component must be designed to satisfy. Components can be designed to
transfer heat from the fluid to an external environment or from one fluid to another (heat
exchangers). These components usually have large internal temperature gradients. Rapid
heat conduction can be an important design consideration in components that contain
clastomeric seals or other mateials subject to damage by excessive temperature (ref. 43).

In components used with cryogenic fluids, it is normally desired to have a small temperature
gradient within the component; thus, the temperature of the component assembly s
approximately the same as that of the fluid medium. Insulation has been used to isolate the
component assembly from its surroundings to prevent heat gain by convection and radiation
(ref. 43). This practice helps to prevent loss of crvogenic fluid by evaporation, but should
the component assembly have temperature-sensitive parts, the designer is faced with the
choice of (1) replacing the elements with ones that are not temperature-sensitive, or (2)
modifying the component design so that the critical level of the temperature-sensitive part is
not reached.

Cryopumping has been observed as the result of the temperature gradient within the
component. Cryopumping can occur in components in earth-storable-propellant systems
(ref. 105) as well as in those in cryogenic-propellant systems. In cryogenic-propellant
systems, check valves normally are installed on pneumatic actuator vent ports to prevent
cryvopumping of atmospheric gas into the actuator.
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2.3.2 Mass-Transfer Effects

Mass transfer is the transport of a constituent of a fluid from a region of high concentration
to a region of lower concentration. Mass transfer may occur within the gas or liquid phase
and ceases to exist when the concentration gradient is zero.

Propellant and pressurization system performance are adversely affected by mass transfer
between the propellants and the pressurants. The principal effects of such transfer are gas
bubbles on the liquid side of the expulsion bladders and propellant on the gas side. In
system design iterations, these effects are minimized through proper selection of
pressurants, bladder materials and thicknesses, operating conditions, and hardware.

2.3.2.1 COUNTERPERMEATION

Counterpermeation is the migration of propellant vapor through a permeable expulsion
device to the ullage side simultaneous with migration of the pressurant through the device to
the propellant side. During storage of a propellant with a relatively high vapor pressure (e.g.,
N, O,) in a tank having a permeable expulsion device such as a bladder or diaphragm, a large
volume of the pressurant that migrates through the bladder from the ullage side to the
propellant side may remain undissolved in the form of bubbles. The gas bubbles
subsequently remain entrapped on the liquid side until they are ingested by the engine. In
the Gemini-5 system, ingestion of gas bubbles that had developed during ground hold was
considered responsible for occasional erratic thruster performance during flight (ref. 107).
The mechanism for gas bubble formation is described in reference 108.

It has been substantiated by tests with N, O, propellant that pre-injecting N, O, vapor into
the ullage or mixing it with the pressurizing gas prevents gas bubbles from forming on the
liquid side (ref. 109). This observation indicates that counterpermeation will be more
"pronounced with helium gas than with nitrogen gas and with high-vapor-pressure oxidizer
(e.g., N,O,) than with the fuels. Also, if the ullage has to be pressurized during storage or
ground hold, a high ullage pressure should be used to maintain a low ratio of vapor pressure
to ullage pressure.

In the Lunar Orbiter propulsion system, Teflon bladders with aluminum foil laminates were
used in an attempt to reduce gas permeation of the bladder (ref. 24). Thus far, this
technique has not been widely accepted because of an associated reduction in bladder cycle
life. Gas traps employing the surface-tension principle (ref. 41) were incorporated in the
Mariner '71 Teflon-bladder tank to circumvent the gas-ingestion problem. In the MOL
Program (ref. 110), separate pressurization systems were used for the oxidizer and fuel
tanks, and pre-injection of a small amount of N,O, into the N,O,-tank ullage was
planned; the MOL program did not become operational, and the benefits of this design
remain unproven.
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Propellant trapped on the ullage side of a permeable expulsion device becomes unavailable
to the engine. This amount can be a sizeable quantity, especially if cryopumping has
occurred. Cryopumping causes propellant to be condensed on the ullage side of a permeable
expulsion device: because of this condensation, propellant permeation is greatly in excess of
that which would normally occur under uniform temperature conditions.

2.3.2.2 PRESSURANT DISSOLUTION IN PROPELLANT

The infiltration of pressurant bubbles into the propellant and the subsequent bubble
collapse and diffusion of the gas throughout the propellant is known as gas dissolution in
propellant. Without accompanying agitation or convection, the gas dissolution process is
extremely slow, and it may be several days before a tank of propellant becomes saturated
(ref. 111). Gas dissolution changes the propellant quality and subsequently affects the
propulsion system performance in many ways.

The thickness of the gas-saturated propellant layer increases with time, and it is difficult to
compensate for the variation during propellant loading. As the gas/propellant mixture flows
through the feedlines to the engine, the decrease in pressure from the initial level at the tank
liberates the gas, and two-phase fluid flow may occur. The gas when released from the
saturated propellant changes the effective propellant density and mass flowrate to the
engine. This change, in turn, affects the engine mixture ratio and performance if the gas
solubilitics in the oxidizer and the fue! are substantially different (e.g., nitrogen gas with
N, O, and MM, Tests conducted with nitrogen-saturated propellants have demonstrated
large shifts (13 percent) in engine mixture ratio and consequently large variations in thrust
(ref. 112).

Startup response is critical in engine pulsing operation, as it has a direct bearing on the speed
of response of the vehicle attitude control system and, hence, on propellant consumption
and on engine stability (ref. 113). Dissolved gases in propellants have an adverse effect on
the engine startup transient. As the gas-saturated propellant enters the empty engine injector
manifold during startup, it degasses and generates a back pressure in the manifold that slows
the filling of the manifold volume with the propellant. This effect plus foaming and
unsteady jet flow from the flow restrictors cause ignition delays and combustion roughness.
Gases released from saturated propellants also have an adverse effect on the response of
engine thrust to throttling control.

In some instances. however, gas-saturated propellant has not been harmful to the
performance of the propulsion system. For example, the dynamic performance of the
Sunvevor throttleable vernier engine using gas-saturated propellants was studied (ref. 114).
Engine firing of 6 scconds in duration were conducted at various times during a 30-day
storage period. Fngine thrust response to the throttling command deteriorated with each
engine operation as a result of the dissolved gas being released from the saturated propellant

94



Downloaded from http://www.everyspec.com

within the propulsion system. Analyses showed that the degradation of engine dynamic
response was not harmful and no modifications to the system were required. The principal
reasons were that (1) the phenomenon was not structurally harmful and (2) the engine
operated in the closed-loop mode, i.e., the engine would continue to operate until the
desired velocity was obtained. A subsequent series of closed-loop propulsion tests
substantiated the analytical conclusions by demonstrating that the vehicle attitude and
velocity requirements of the Surveyor mission could be met even with gas-saturated

propellants.

Low-frequency “chugging” is a combustion-instability phenomenon that often occurs when
gas is dissolved in propellants. This instability stems from the coupling of the pressure
oscillations in the feed system and the combustion process in the engine chamber. Reference
115 contains additional information on the phenomenon of gas-induced combustion

chugging.

When gas is trapped in the propellant, the velocity of sound in the fluid in the feedline may
be so reduced that multiple flow resonances can occur at relatively low frequencies, even
with a feedline several feet long. With high sonic velocity in the fluid, the resonances occur
at higher frequencies, where the resonance amplitudes are greatly attenuated because the
damping from the injector and other system resistances becomes more effective (ref. 116).
Another effect of reduced sonic velocity in the fluid in the line is an increase in the
water-hammer effect at the valve inlet after the engine cutoff.

When a pressurant is very soluble in the propellant (e.g., nitrogen gas with N, O,
propellant), the mass loss through gas dissolution in the propellant can be significant for
extended mission durations. When such ullage mass loss is likely to occur, the system has
been demonstrated not to be adversely affected or has been modified prior to flight. Typical
system modifications are the selection of a different pressurant, or the use of less permeable
material for the tank bladder, or the use of a gas-liquid separator in the tank sump, or a
combination of all these steps.

Some Agena vehicles had a bipropellant (oxidizer-N,O,; fuel-75% N,H,4, 25% MMH)
reaction control system, the SE-5 RCS, with a gaseous-nitrogen pressurization system for
the tanks, which had Teflon bladders (ref. 117). During the 105-hour coast period following
the second burn of the SE-S RCS, an isothermal pressure decay of about 110 to 165 psiin
the gaseous-nitrogen storage sphere was noted. The system was determined to be operating
properly, but the cause of the additional required ullage mass was wrongly attributed to
slow propellant leakage through the engine valves. Subsequent analysis revealed that the
pressure decay in the storage sphere should have been attributed to ullage mass loss due to
gas diffusion through the Teflon bladder and subsequent absorption of pressurant by the
propellant (ref. 117). The system was not redesigned because the absorbed pressurant did
not adversely affect the propulsion system performance.
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2.3.3 System Dynamics

In the system-dynamics evaluation, factors considered are (1) the startup transients in the
pressurization system and (2) dynamic interaction of the system with the other systems
(c.g.. coupling with the vehicle structure (pogo phenomenon)). In most instances, the
dynamic coupling effects can be simulated only qualitatively by simplified analytical
models. More complex  approximations are necessary  to  correlate  these  factors
quantitatively with the actual vehicle performance and to predict, during the design stage,
potential dynamic interactions in any future systems. Resonances within the pressurization
system do occur, but these can be damped by selective component positioning and by
proper duct design. Duct resonances that couple with the resonant frequencies of a pressure
regulator may require major redesign of the repulator if added damping in the sensing line of
the regulator does not cure the problem.

2.3.3.1 STARTUP TRANSIENTS

In cryogenic-propellant pump-fed propulsion systems, feedline “water hammer” resulting
from system activation does not occur, because the feedlines usually are filled with
propellant at all times except possibly during extended periods of zero-g coasting. Even
then, a low thrust gently settles the propellant back into the feedline prior to system
pressurization. However, many earth-storable pressure-fed propulsion systems are configured
with a propellant isolation valve (prevalve) near the tank outlet and a second propellant
shutoff valve near the engine injector. The line between the two valves normally is void of
propellant prior to the opening of the tank prevalve; sometimes this line is very long. The
pressurization system is isolated from the ullage initially by an isolation valve or by a burst
disk. If the pressurant isolation valve is opened before the propellant isolation valve, full
regulated tank pressure is available to force the propellant quickly into the lines to the
engine valves, the result being high fluid surge pressures and possible damage to the engine
vilves. This problem is avoided by proper actuation sequence.

The tank ullage volume of a pressure-fed propulsion system usually is charged with a low
ullage pressure before launch. When the system is initially activated, the propellant isolation
valve is actuated first to allow the propellant to fill the lines to the engine propellant valves
under the low ullage pressure before the pressurant isolation valve is opened. For pump-fed
propulsion systems, the ullage is prepressurized to a level designed to provide pressure above
the minimum startup requirements at the time the propulsion system is activated (sec.
2.2.1.1). In addition, the feedlines usually are full of propellant with the isolation valves
(prevalves) in the open position. Pressurization system activation begins with the start
sequence of the engines. For vehicles that use evaporated propellants for mainstage
pressurization (e.g., the Saturn S-II and S-IVB stages), ullage gas replenishment normatlly
occurs after the engine has been started.
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2.3.3.2 ULLAGE-COUPLED POGO

Most occurrences of pogo phenomena have been associated with longitudinal structural
oscillations stemming from dynamic coupling of the elastic vehicle structure and the engine
and the propellant feed system. This most common form of pogo, called engine-coupled
pogo, has occurred to a significant degree in the Thor, Titan, and Saturn vehicles. A
somewhat different type of pogo instability has occurred on most Atlas flights (refs. 118
and 119), although the results are essentially the same. Here the longitudinal oscillations
occur near 5 Hz for about 20 to 30 sec immediately following liftoff. Dynamic analyses
indicate that the engine system does not play a significant role in this case, the unstable
coupling occurring through the operation of the pressure-regulation system for both the fuel
and oxidizer tank ullage. Pogo of this type is referred to as ullage-coupled pogo,
pneumatic-coupled pogo, or sometimes as “bloating”.

When the ullage volume immediately after liftoff is small, the vehicle longitudinal vibrations
cause unacceptable variations in tank ullage volume and pressure. This condition is further
magnified by the variation of pressurant flow into the ullage as a result of regulator
responding to the ullage-pressure oscillation through its sensing line. Acting as an effective
axial force on the vehicle structure, this oscillating pressure provides the necessary potential
for sustaining the pogo oscillation.

Measures for preventing pogo usually consist of changing the gains and phases of the various
subsystems so that the closed-loop system includes adequate damping. In the case of
ullage-coupled pogo, one readily applicable solution is to change the resistance and
capacitance of the regulator sensing line; for example, the incorporation of an in-line
double-plenum chamber in the pressure-regulator sense line will dampen the rapid surges of
ullage pressure.
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3. DESIGN CRITERIA and

Recommended Practices

3.1 PRELIMINARY DESIGN

The pressurization system shall be cost effective, meet mission performance and
rcliahility goals, and have minimum weight consistent with other factors involved
in the intended application.

Base the system sclection and initial design on (1) the given design parameters of ullage
pressure, propellant properties, and duty cycle (sections 3.1.1.1 through 3.1.1.3) and (2)
features of flight-proven pressurization system that best fit the given design parameters. The
design selected should not conflict with the following given constraints:

® Program reliability goals e Enginc restart capability

® Overall vehicle weight ® Variable thrust capability

® System size ® Propellant compatibility

® Cost ® Propellant/pressurant compatibility
® Puvload requirements e Engine control accuracy

In evaluating pressurization system design and potential alternatives, use the methods of
system-type sclection described in section 3.1.2. Evaluate the cost effectivencss of the
system candidates with a method like that in reference 1. Establish the initial design as
described in section 3.1.3.

3.1.1 Basic Design Parameters

3.1.1.1 TANK ULLAGE PRESSURE
The design range of tank ullage pressure shall meet all prelaunch and flight ullage
pressure requirements with acceptable margin but shall not be so wide as to

require unnecessary tank wall thickness

For pump-fed propulsion systems, determine the minimum required ullage pressure from (1)
the given pump inlet NPSH requirements, (2) the anticipated worst-case propellant
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conditions, (3) calculated worst-case propellant feedline losses (eq. (5) and ref. 120), and
(4) calculated minimum propellant hydrostatic pressure P... (eq. (4)). Repeat this activity a
sufficient number of times over the mission duration to obtain an adequate plot of ullage
pressure vs time.

For pressure-fed propulsion systems, use the given engine inlet pressure requirements,
anticipated worst-case propellant conditions, and calculated worst-case system pressure 10ss
from tank outlet to engine inlet to determine the minimum required ullage pressure. Repeat
the calculation at enough points in time over the mission to obtain an adequate pressure vs

time profile.

For a pump-fed propulsion system, use a pressure-regulated system when the design ullage
pressure tolerance band is less than 2 psi. Primarily consider a pressure-regulated ullage for a
pressure-fed system when the engine-inlet pressure tolerance band is less than 50 psi.

To obtain an initial maximum design operating pressure for the propellant tank, multiply
the maximum supplied ullage pressure by 1.1. Elements that may modify the initially
calculated maximum tank operating pressure are propellant temperature, propellant
hydrostatic head, propellant acquisition devices, tank positive expulsion devices, and tank
slosh suppression devices. Use reference 7 or 121 to determine whether these factors modify
the initially determined maximum tank operating pressure.

3.1.1.1.1 Pump-Fed System

In a pump-fed propulsion system, the tank ullage pressure shall be sufficient to
preclude pump cavitation and inadequate pressure for tank or bulkhead structural
stabilization.

Use the logic illustrated in figure 1 and the factors listed in table IV as guides in proceeding
with the determination of ullage-pressure design values. When the pump is not part of the
engine, consult reference 122 for design considerations.

Determine the minimum required ullage pressure (sec. 3.1.1.1). Allow reasonable values for
safety margin, flow-controller operating band, dead band (between flow-controller cutoff
and relief-valve minimum cracking pressures), and relief-valve control band. For
pressure-stabilized tanks, the minimum tank ullage pressure must be established at a level
adequate to maintain tank structural integrity. Consult reference 7 or 121 for guidance.

3.1.1.1.2 Pressure-Fed System

In a pressure-fed propulsion system, the tank ullage pressure shall be sufficient to
satisfy the engine inlet pressure requirement under all expected conditions.
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Use the logic illustrated in figure 2 as a guide in determining the required ullage pressure for
a pressure-fed propulsion system. Consult the liquid rocket engine manual (ref. 123) for
existing state-of-the-art pressure-fed engines and their coresponding thrust levels.

Conduct a system weight tradeoff study with both propellant-tank and pressurant-vessel
pressures as independent parameters. Assume an adiabatic gas-blowdown process in the
pressurant vesse! for initial calculations, except for (1) short, widely spaced engine burns
where the gas pressure drop is less than § percent of its initial value or (2) very low flows for
long times (> 500 see). For these conditions, assume an isothermal gas-expansion process.
Use the analytical method presented in reference 7 to determine the gas mass requirements.
The weight tradeoff curves shown in figure 3 should be used as a guide to the technique and
content of the trade study. Obtain from engine system designers a predicted engine chamber
pressure and pressure-drop allowance in the propellant feedlines.

3.1.1.2 PROPELLANT PROPERTIES

3.1.1.2.1 Vapor Pressure

The propellant vapor pressure shall not result in excessive ullage-gas venting.
excessive ullage-pressure fluctuations, or excessive propellant permeation of a
tank bladder.

Determine the saturation properties of the propellant in order to arrive at a maximum
allowable fluid temperature consistent with engine requirements such as pump NPSH.
References 9, 10, and 11 provide thermodynamic properties of most propellants. Consider
expected heat inputs to the propellant and determine if the liquid bulk temperature must be
conditioned through the use of onboard heat sources or sinks or through venting of ullage
gas that causes liquid boiloff and the lowering of propellant temperature.

Use the fluid saturation properties to determine the contribution of propellant vapor
pressure and mass to total pressure requirements. This knowledge will aid in the selection of
pressurization system type (sec. 3.1.2).

3.1.1.2.2 Chemical Stability

Propellants and their vapors, when exposed to the pressurants and the
pressurization-system hardware ar the temperature of and for the duration of the
application, shall not generate chemical reactions that degrade the pressurization
system performance or propellant performance.

Conduct an inve

estigation with respect to propellant chemical compatibility with proposed
pressurants (sec. 3.1.3.1).
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Use the following summary as an initial guide to compatibility characteristics of the popular
propellants with common rocket materials and to storability and stability data:

e Liquid hydrogen and oxygen are compatible with stainless steel, nickel alloy,
aluminum alloy, and Kel-F. In addition, liquid oxygen is compatible with copper
and Teflon.

e Nitrogen tetroxide is compatible with aluminum, titanium, stainless steel, nickel
alloy, and Teflon. Its stability is a function of temperature (ref. 9); its storability
in the named materials is good as long as it is kept dry. Refer to available
propellant manuals (refs. 10 and 11) for information on the storability of wet

N, O,.

e Monomethylhydrazine and hydrazine are compatible with aluminum, 304 and
347 stainless steel, titanium, Teflon, Kel-F, and polyethylene. If kept from
contact with air, MMH is stable at least to its normal boiling point (652.2°R);
hydrazine is stable up to about 780°R. Avoid contact with copper, copper alloys,
molybdenum, and iron oxide, as these metals can cause MMH and hydrazine to

decompose or ignite.

® RP-1 is compatible with aluminum, steel, nickel alloys, copper, Teflon, Kel-F, and
neoprene. It has good stability and storability up to its auto-ignition temperature
(930°R). '

References 10, 11, and 28 (tables 1-4) should be used as supplemental sources of data on
material storability, stability, and compatibility.

The design should ensure that the tanks can be readily flushed, cleaned, passivated, and
loaded without being contaminated. Components with large catalytic surface areas such as
finely woven wire screens that cannot be thoroughly cleaned and decontaminated should be
avoided. If surface-tension acquisition devices (refs. 3 and 10) are employed, primarily
consider a woven-wire mesh design, especially if the hole diameter is smaller than 0.005 in.
For holes larger than 0.005 in., a perforated-sheet configuration may be a possible alternate.

To minimize propellant decomposition and ullage pressure rise, avoid high storage
temperatures. If the system has to be sterilized at high temperatures, consider sterilizing the
system without propellants and pressurants and subsequently transferring the fluids through
sterilized transfer systems. If propellants or pressurants must be included in the sterilization
process of the spacecraft, provide sufficient tank strength to withstand the high pressures
generated.
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3.1.1.3 DUTY CYCLE

3.1.1.3.1 Single Burn

A pressurization system for a single-burn duty cvele shall wtilize the predicted
transient thermal conditions within the tank to ensure that the minimum amaount
of gas shall be required

Desipn to conserve weight by maintaining the ullage gas temperature at a maximum
consistent with constraints such as safety and hardware operational temperature limits. To
minimize the ullage gas mass, evaluate the possibility of heating the pressurant or
superheating the propellant vapor prior to introducing the gas into the ullage space. To
maintain a high average ullage gas temperature, use a gas distributor (sec. 3.2.2.6) to prevent
gas mixing disturbances. To further reduce ullage gas temperature decay due to mixing.
employ baffles in the propellant tank to minimize propellant sloshing at the gas’liquid
interface. Consult references 3 and 76 for baffle design for slosh suppression,

3.1.1.3.2 Multiple Start

A pressurization system for a multiple-start duty evele shall provide adequate
ullage pressure for the rank thermal conditions and gravity conditions predicted
Jor cach engine start and burn duration

For a pump-fed cryvogenic-propellant propulsion system, make provisions for controlling
propeflant temperature (and corresponding vapor pressure) rise in keeping with NPSH
requirements for restart. This control can be achieved by providing for overboard venting of
the ullage gas (see. 3.2.1.4.2). During coast periods, this operation allows the lowering of
liquid temperature by boiloff. With  temperature  and  vapor  pressure  controlled,
repressurization requirements can be met through the techniques presented in section
3.2.1.3.

For carth-storable propellants and a stored-gas pressurization system, thermally condition
the pressurant prior to its entering the tank ullage, so that ullage pressure rise during coast
periods due to relatively cold pressurant being heated to tank/propellant temperature is
precluded.
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3.1.1.3.3 Pulsing Operation

A pressurization system for a pulse-mode duty cycle shall have response
characteristics consistent with that mode of engine operation.

Obtain data on thruster responses required for pulsing operation from the engine supplier or
engine handbook (ref. 123). The stored-inert-gas method of pressurization is recommended
generally as the most direct method of providing quick-response capability. Whether the gas
is stored in a storage vessel and pressure regulated or stored in the initial tank ullage volume
and permitted to expand (blowdown mode) is determined by the design limits on engine
inlet operating pressure. If the specific application warrants a different type of system,
investigate evaporated-propellant or combustion-products systems, in which high-pressure
gases are stored in an accumulator, which in turn meets the thruster response time
requirements. Accumulator sizing should be consistent with thruster size and expected
pulsing-sequence duration in conjunction with pressurant generation rates. For spacecraft
wherein propellant tanks are not spin-stabilized, a positive-expulsion device such as a
bladder is recommended for proper propellant orientation (ref. 3).

3.1.2 Selection of System Type

The selection of system type shall identify a minimum-weight pressurization
system that is consistent with the design constraints, cost limitations, and

reliability goals of the application.

Begin the selection process by obtaining a thorough definition and understanding of the
constraints and requirements imposed on the design by its intended application. Supplement
this information with propulsion-system physical data such as tank dimensions, initial ullage
volume (if defined), materials, and temperature limitations on structure.

Judgment is a key element in the screening; premature elimination of any system variation
may penalize vehicle performance. Therefore, the screening should be accomplished by a
team of experienced designers and the results justified to management in reviews. It is
recommended that tables VII and VIII, or ones similar to them, be used as a guide in
evaluating the three basic systems for the application being considered.
Pressurant/propellant compatibility problems should be considered the strongest reason for
climinating a system type, although judgments that a system type could not be competitive
with respcet to weight or reliability for the application are acceptable if gross deficiencies
are apparent. Primarily consider an inert-gas pressurization system for spacecraft.

If more than one system remains in contention after the screening, all should be the subject

of detailed weight and reliability analyses. Calculate pressurant weight by use of a digital
computer program that includes the heat- and mass-transfer effects pertinent to the
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application. The programs of references 45 and S8 are recommended. Make system layouts
to identify hardware requirements and provide sizing data for component weight estimates.
Place emphasis on the volume and weight of any gas storage vessels. Estimate system
reliability on the basic of the number of components and their individual reliability (either
demonstriated or estimated). The system finally selected should be one that yiclds the best
compromise in weirht, reliability, and cost as each of these factors relates to the overall

MISSION SUCCess.

3.1.2.1 INERT-GAS SYSTEM

An o inerr-gas pressurization system shall have pressurant mass as well as
storage-vessel volume and mass at a mininnen consistent with the application: the
design preseurant mass shall allow for leakage and gas dissolution.

Generally, helinm is recommended as the pressurant for inert gas systems because of its low
molecular  weight (MW = 41bm/Ibm-mole).  Consider other  pressurants if  specific
characteristics of the application warrant,

Whatever pressurant is used, minimize the gas quantity by using the pressurant at the
maximum temperature permissible within structural, component. and propellant limitations.
Consideration should be given to maintaining the highest possible average ullage-gas
temperature by minimizing heat transfer between the pressurant and the propellunt and
between the pressurant and tank walls,

Store the inert gas where the temperature s as low as possible, thereby maximizing the
pressurant storage density. Consider concepts such as insulated vessels loaded eryogenically
or vessels submerged in cervogenic propellants. (These vessels must be capable of
high-pressure storage) If the pressurant mass requirements are relatively high, as for a
typical pressure-fed propulsion system, conduct a trade study similar to that illustrated by
firure 3 to determine the optimum storage and ullage pressures. The effects of pressurant
compressibility should be included in the trade study.

To be able to store the gas cold and use it warm, a pressurant thermal conditioning system
should be utilized. Ha heat exchanger or hot-gas supply is available with the engine, use it if
possible. However, a separate gas generator or heat exchanger should be considered for
repressurization and for optimization of system performance.

For all inert-gas systems, analytically determine the mass of pressurant gas lost through the
phenomena of gas permeativity and gas solubility in propellant. Include this amount in the
desien pressurant mass, In addition, include in the design mass an amount for system leakage
to the environment. For blowdown systems, no gas leakage to the environment is allowable,
However, for gas systems with storage vessels, gas leakage to the environment is unavoidable,
Unless otherwise specified, allow a pound of gas per year of vehicle service for all inert gases
except helium: for helium, allow 0.2 Ibm per year of vehicle service.
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Select the pressurant on the basis of a tradeoff that includes all the factors above.

3.1.2.2 EVAPORATED PROPELLANT SYSTEM

An evaporated-propellant pressurization system shall have gas mass at a minimum
consistent with the application and shall meet response requirements without the
need for excessive ullage volume. '

Minimize the evaporated-propellant pressurant requirements by injecting the pressurant at
the maximum temiperature allowable within structural, component, and propellant
limitations. Minimize ullage-gas condensation and propellant stratification by limiting heat
transfer to the bulk propellant (secs. 3.2.2:6 and 3.3.1.3).

Store the pressurant in liquid form in the main propellant tank whenever possible to
eliminate storage vessel weight. Investigate the feasibility of using engine-supplied heat
exchangers (sec. 2.2.2.5) to vaporize and superheat the pressurant. If thermal conditioning is
not feasible, consider only propellants having sufficiently high vapor pressure to overcome
system resistances and satisfy engine inlet requirements. Examples of propellants with high
vapor pressures are ammonia, oxygen, and hydrogen.

If the proposed propellant has not been used in an evaporated-propellant system, the
chemical stability of the evaporated propellant should be investigated to determine
characteristics of the propellant during vaporization and superheating. Also, the
compatibility of the propellant vapor with exposed materials should be determined (ref.
32). : ‘ :

To preclude severe decay of ullage pressure between vehicle liftoff and engine ignition and
to minimize the ullage-pressure slump during the engine start transient, the addition of a
ground prepressurization operation using a noncondensible fluid (e.g., cold helium) or a
separate inflight pressurization system is recommended.

3.1.2.3 COMBUSTION-PRODUCTS SYSTEM -

A combustion-products pressurization system shall have gas mass at a minimum
consistent with the application. The pressurant shall be at an acceptable
temperature and shall be free of condensibles that may impair propulsion system
operation. : ’

Before giving serious consideration to any combustion product as a pressurant source,
establish its compatibility with the propellant and exposed materials. The temperature of
the combustion products, when injected into the propellant tank, should be a maximum
consistent with structural, component, and propellant requirements.
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A trade table similar to that presented in reference 124, modified to include the specific
combustion products systems being considered, should be prepared to facilitate comparison
of this system with other system types.

3.1.3 Initial System Design
3.1.3.1 PRESSURANT-GAS EVALUATION

The pressurant shall be compatible with the tank materials and the propellant and
shall possess thermodynamic properties appropriate for the application.

Use table X as a guide for pressurant selection. The handbooks on gas properties (refs. 7, 8,
9. 34, 36-38, and 42) should be used to evaluate the effects of the gas density,
compressibility, solubility in propellants, permeativity through bladders, viscosity, and
thermal conductivity for the range of temperatures and pressures of interest to the
application. Consideration should be given to the method of gas transport and packaging
that will preclude degradation or contamination of the pressurant.

Chemical compatibility. — Use inert gases or evaporated propellant when practical from
other design standpoints. When it is desirable to use other types of pressurants, investigate
thoroughly the chemical compatibility of the pressurant gas with the propellant that it will
contact. Use table X ag an initial guide to the compatibility of common pressurants with
propellants (ref. 31).

Take care also to ensure that the pressurant and the materials that it may contact are
compatible. Survey the literature on material compatibility. Oxygen, being a strong
oxidizer. is especially likely to react with many materials used for seals, lubricants, cleaners,
and other applications. Reference 32 lists a number of materials both compatible and
incompatible with oxyeen. Excessively expensive materials required for compatibility with a
given pressurant may be cause for selection of a different gas. If compatibility information is
not available, make suitable tests,

Density /Compressibility factor. — Maintain the pressurant density consistent with the design
objectives of minimum total gas weight and minimum weight and volume for any gas storage
tank. Use a gas whose compressibility factor has a minimum adverse effect on the pressurant

storage volume and weight.

Pressures in the system should be a maximum in the storage vessels and a minimum in the
ullage. If pressurants are to be stored, they should be maintained at as low a temperature as
possible, If the propellant is crvogenic, consider the possibility of storage within the
crvogenic-propellant tank. Provide for the introduction of the pressurant into the ullage at
maximum permissible temperature. For either a ervogenic- or ambient-temperature storage
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vessel, consider the addition of heat to the gas after it leaves the storage vessel but prior to
its entering the tank ullage. For storage vessels not stored in a cryogenic-temperature
environment, consider the addition of heat to the gas mass in the storage vessel. These
guidelines should be followed in a manner consistent with the practical physical limitations
of the system (sec. 3.1.2) and tank heat-transfer conditions (sec. 3.3.1).

Solubility. — The solubility of the selected pressurant gas should be a safe factor below the
minimum allowable for the application. Use the calculation method presented in reference
36 and the gas solubility data available in the literature (e.g., ref. 38). For propellant tanks
with a positive-expulsion device, evaluate the phenomenon of gas permeativity first and
determine if sufficient pressurant would come in contact with the propellant to be a
problem; if the propellant is N, O, or IRFNA and prolonged exposure is anticipated, then
use helium as the pressurant.

If nitrogen is used for liquid-oxygen tank prepressurization, conduct the pressurization at as
fast a rate and as late as possible prior to boost to restrict the dissolved nitrogen to a shallow
surface layer of the propellant. Predict the amount of dilution that will occur from surface
agitation during prelaunch slosh and launch vibration. Determine if the diluted propellant
will have an adverse effect on engine performance; if so, propulsion-system designers should
consider the diluted layer as unusable propellant.

Permeativity. — For a propellant tank with a positive-expulsion device such as a bladder,
calculate the amount of gas that would diffuse through the material to the propellant side
during the vehicle misssion, using analytical methods like those in reference 108. If
pressurant solubility in propellants is relatively low, gas permeativity may not be a problem,
regardless of the calculated amount of gas in contact with the propellant. If a pressurant
with relatively high permeativity and high solubility is selected because of other
considerations, examine the use of gas separators to circumvent the problem of excessive gas
in solution.

Viscosity. — Use gas viscosity as a means of controlling the system leakage rate through
welds, joints, and other flow paths. Calculate the leakage rate through a flow path, using the
techniques recommended in reference 40. Compare the calculated leakage with the allowed
leakage to determine if alteration of the system or alternate pressurant selection is
necessary. For a spacecraft, if no allowable leakage rate for the system is specified, use
1x10°% scc/sec of helium for allowable external leakage rates of fill and purge valves, tank
shell, isolation valves, filters, engine valves, and transducers (ref. 125). For boosters and
upper stages, the same allowable external leakage rate may be used if none is given for initial
system evaluation. For these vehicles, a greater leakage rate may be permissible because of
the shorter mission duration. Refer to previous flight-proven vehicles of similar design and
application for additional information on permissible leakage rates.
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Thermal  conductivity /Joule-Thomson  effect. — Select  a pressurant whose  thermal
conductivity gives the desired heat-transfer effects in the ullage and. if applicable, in the
pressurant heat exchanger. Evaluate gas thermal conductivity in conjunction with duration
of regulator lockup periods for stored-gas systems. If projected pressurant waste would be
excessive during lockup, selection of a gac with a lower thermal conductivity may be
warranted.

o

Determine the gas temperature change (if any) during throttling (e.g.. by a pressure
regulatory: then evaluate gas conditions downstream of the throttling device.
Cleanliness'Dryness. - Use reference 44 a< a guide to maintaining and specifying gas
cleanlinessdryness prior to usage. For stored pressurants, unless otherwise specified, specify
that no more than 9 ppm of water vapor by volume is permitted in the gas,
3.1.3.2 DESIGN APPROXIMATIONS

The approxinations made for initial system design shall provide values adequate

Jor detail desien and integration
Use equations (101 through (15) for initial approximation< of the required propellant tank
pressures and volumes, ullage-gas masses, and volume, maximum operating pressure, and gag
mass in the storage vessels, In calculating the gas mass to be stored, add some mass to allow
for svstem leakage. Experience has shown that budgeting a systen gas loss of one pound per
year of mission for a nitrogen pressurant system has heen a conservative assumption.
For more precise hand calealations of the propellant tank and storage vessel variables, use
methods presented in reference 7. Ultimately, the pas mass requirements ¢an he refined with
use of computer programs like those of references 45, 4958, and 59,
3.2.1 Pressure Control Systems
3.2.1.1 PREPRESSURIZATION .

The prepressarization gas pressure shall nor decav excessivelv becatse of hear
rranster prior o engine start

If prepressurization is required, supply from a ground source a pressurant compatible with

the propellunt and tank materials, To minimize any ullaye pressure decay prior to mainstuge
pressurization, thermally condition the prepressurizing gas to o temperature as close as
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possible to the propellant temperature by (1) permitting the heat exchange between the
propellant and ullage gas to occur prior to liftoff and continuously repressurizing the ullage
during this time interval or (2) delivering the pressurant in a chilled condition to the tank
ullage or (3) accomplishing both (1) and (2).

Pressure switches (used to actuate solenoid-operated control valves) should have operating
pressure bands below those of the tank relief mode, thus avoiding unnecessary loss of
pressurant. Size control valves, distribution lines, and flow-control orifices to prevent or
minimize pressure surges imposed on the tanks, because these surges may cause structural
damage.

For prepressurization system plumbing with unlined bellows, gimbal joints, or flexible hose,
design the system such that the gas-flow Mach number is less than 0.25. Use the
mathematical procedures outlined in reference 120 to determine the susceptibility of the
bellows convolutions to failure from flow-induced vibration. If a problem exists, use
the design improvements suggested in references 98 and 120.

Design the prepressurization system with a gas distributor at its ullage space entry point.
Examine the possibility of using a common ullage-space entry point for the tank
prepressurization systems for the mainstage pressurization system and for the vent/relief
system, thus eliminating the need for more than one gas distributor and reducing the
number of tank penetrations.

3.2.1.2 MAINSTAGE PRESSURIZATION

The mainstage pressurization control system shall maintain ullage pressure at the
levels and in the sequences required without incurring an unacceptable system
weight penalty.

Determine the permissible pressure control band for the mission. Special attention should be
given to the blowdown mode for (1) a vehicle mission that has a low total impulse
requirement, (2) a pressure-fed propulsion system where acceleration limits dictate a
decreasing thrust profile, and (3) a pump-fed propulsion system where acceleration head
increases to compensate for decrease in ullage pressure. A weight, cost, and reliability study
should be undertaken before a decision is reached regarding the selection of this type of
pressurization system. Eliminate the blowdown mode from consideration if ullage pressure
decay during mainstage operation is not allowable.

If the pressure control band is large and if the engine system permits the supplied inlet
pressure to vary within the limits of the control band, consider the use of passive flow
control; however, overboard venting must be allowed, because such venting is probable with
the passive flow-control system. For relatively narrow control bands, evaluate the use of a
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pressure-switch system or pressure-regulated system. Use table XI as an aid in determining
which control system best fits the particular design application. For control systems
requiring a pressure sense point, desien the system to sense ullage pressure.

If the mainstage pressurization system is not a blowdown system. and therefore has
flow—control elements (regulator, solenoid valve, or flow restricton), desien the gas flow to
be sonic through the element, with the maximum effective flow arca of the ¢lement no
greater than one-fourth of the inlet pipe arca. For system performance evaluation, place «
pressure  and  temperature  transducer  upstream of  the  flow-control element. For
pressurization system plumbing with unlined bellows, flexible hoses, or gimbal joints, design
the system such that the gas-flow Mach number is less than 0.25. Use the mathematical
procedures outlined in reference 120 to determine the susceptibility of the bellows
convolutions to flow-induced vibration failure. If a problem exists, use the design
improvements described in references 98 and 120,

3.2.1.2.1 Pressure-Regulated System

A pressure-regulated system shall provide reliable control of wllage pressure within
specified control bands without incurring excessive costs for development and
procurement of components

In pressure-fed and pump-fed propulsion systems, if pressurization is performed with an
inert gas, a pressure-regulation system common to both fuel and oxidizer tanks should be
considered, provided that both tanks require the same ullage-pressure level. Use check valves
or other isolation means downstream of the regulator to prevent the oxidizer-tank ullage gas
from mixing with the fuel-ink ullage gas. If the pressurant is not inert or if the ulluge
pressure requirements differ, use separate pressure-regulation systems.

To minimize ullage-pressure variations between static and  dynamic pressurant flow
conditions through the repulator, use a pressure regulator with external sensing (see,
3.2.2.2) The sense line should connect the regulator control element to the tank ullage
space. Pvaluate a modulating-type pressure repulator (external sense) with a fail-open design
and with the capability to be placed fully open via electrical stimulus regardless of tank
pressure. During normal  mainstage operations, the regulator flow area should be
approximately half of its maximum opening.

If the tunk reliel valves are desivned  with an ambient sensing port and if the
pressure-regulator design chosen requires a reference pressure for operation, investigate the

possibility of having the reference point of the pressure regulator at ambient pressure,

Refer 1o section 3.2.2.2 of this monograph and to reference 60 for more detailed
information on pressure-regulator selection and design,
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3.2.1.2.2 Pressure-Switch System

A pressure-switch system shall have sufficient incremental steps to maintain ullage
pressure Wwithin specified limits without excessive undershoot and

overshoot.

Determine the number of pressure bands required for the mission. Minimum required ullage
pressure, relief-valve reseat pressure, propellant stratification, and propellant-utilization shift
are factors that influence the number of required pressure bands. The number of series
assemblies, flow-restrictor sizes, and overlapping pressure-switch actuation points should be
established to minimize ullage pressure perturbations as the incremental flow paths are
opened or closed. For each pressure band, design the pressure-switch system with maximum
redundancy to increase reliability, because the weight penalty associated with this system is

minimum.

The flow-control element should be a flow restrictor. For each flow restrictor, there should
be two identical pneumatic pressure switches installed in parallel to control the position of
the shutoff valve(s). Multiple electrical circuits (per switch) are recommended to enhance
system reliability. In addition to a primary flow restrictor, include in the design a “booster”
flow restrictor that increases the supplied pressurant mass should the flow demand exceed
the primary-system capability. Unless otherwise specified, design the system such that
pressurant will enter the tank should an electrical power failure occur.

3.2.1.2.3 Passive System

A passive flow-control system shall have flow capacity adequate to maintain
ullage pressure within specified limits under all anticipated conditions.

From pressurization computer programs, test results, or a combination of both, obtain the
required pressure, temperature, and flowrate profiles of the pressurant into the ullage. When
sizing a flow restrictor, consider the effects of gas expansion and heat transfer as the
pressurant is routed from the flow restrictor to the tank ullage. Use the design information
on flow-restrictor sizing obtainable from references 43, 63, and 64. Verify during ground
tests of the propulsion system that the passive flow-control system is adequate to maintain
the desired ullage-pressure band.

For gas flow systems where pressure loss is important, use a critical-flow venturi to minimize
pressure loss through the flow restrictor. Reference 126 provides information on venturis.

For gas flow systems where pressure loss is not critical, primarily consider the use of nozzles
(ref. 127). As an alternate, consider a round-edge orifice.
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Should a commercial round-edge orifice that provides the required flow area be unavailable,
make an orifice similar to the one shown in figure 13. Design the orifice so that the ratio of
the inlet pipe area to the orifice effective flow area is not less than four. The orifice hole
should be circular and centered within the pipe. Instrumentation ports should be located 232
pipe diameters upstreara and (if applicable) 8 pipe diameters downstream from the orifice
plate (ref. 63).

3.2.1.2.4 Blowdown System

A blowdown system shall use available heat sources to increase the ullage pressure
during inactive time periods of the propulsion system.

Analyze the tank ullage-pressure requirements including dynamic head of the propellant to
determine if a blowdown system is feasible for the entire mainstage periods. or for a portion
of mainstage operation. Establish the pressurant requirement on the basis of total tank
volume and terminal ullage pressure as dictated by either engine chamber pressure (in
pressure-fed propulsion systems) or pump inlet NPSH requirements. Conduct a weight
tradeoff study, using the maximum permissible supplied engine (or pump) inlet pressure as a
constraint, to arrive at the optimum initial ullage pressure and volume and to assess the
adequacy of ullage pressure levels throughout mainstage operation.

When multiple engine firings of significant duration are involved, the mission duty cycle
should be taken into account to determine if enough time is available between mancuvers
for sufficient ullage pressure recovery by pressurant warming, thereby minimizing pressurant
requirements. If time between mancuvers is not adequate for desired pressure recovery,
consider the use of heaters. Conversely, when system operation consists of a single engine
firing to propellant depletion, the rapid continued increase in ullage volume causes the
pressurant pressure and temperature to decrease continuously. This steady decrease could
freeze the pressurant: therefore, suitable means for keeping the gas above freezing point
should be provided (e.g., heaters).

For bipropellant systems wherein propellant densities are substantially different, the
designer should balance the respective pressure variances to maintain aceeptable ratios of
oxidizer-to-fuel pressure. When storable propellants are used, the danger of propellant
freezing as chilled pressurant is introduced must be considered.

3.2.1.3 REPRESSURIZATION

The repressurization system shall he a minimum weight system that satisfies the
engine restart requirements and the program reliability goals.

A repressurization process is required when the tank thermal control (sec. 2.3.1.1) restricts
the ullage pressure to a value less than that needed for engine restart. Review the mainstage
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pressurization system and the ullage-gas/tank thermodynamics to evaluate means of
reducing or eliminating the need for repressurization.

In a manner similar to the trade study used for the selection of system type (sec. 3.1.2),
perform a weight tradeoff study to determine which repressurization system gives the
minimum weight and complexity.

To decrease the weight required to support the repressurization process, utilize the gas
diffuser and as much of the other mainstage pressurization plumbing, pressurant, and
hardware components as possible.

3.2.1.4 TANK VENTING
3.2.1.4.1 Venting Control

Venting control shall protect a tank from over-pressurization and limit pressure as
required for propellant temperature conditioning.

To enhance reliability, the relief valve should operate independently of the vent valve;
however, consider the possibility of one valve body incorporating both capabilities. For
more information on vent and relief valves, refer to sections 3.2.2.4.1 and 3.2.2.4.2.
Investigate the possibility of incorporating valve position indicators into the design.

The relief function for each propellant tank should consist of two redundant automatic
pneumatic relief valves that are installed in parallel and are mechanically actuated by tank
pressure. In establishing automatic relief characteristics for the vent control system, the
designer should ensure that the operating ranges of the mainstage pressurization system and
the relief-valve pressure do not overlap, unless this condition is necessitated by operational
requirements. The relief-valve operating range should be as narrow as possible and as close to
nominal tank pressure as possible.

When the propellant requires evaporative cooling (i.e., a cryogenic system), the venting
system should also have two valves that are installed in parallel and can be placed in the
OPEN position by an electrical or pneumatic control device. Evaluate the use of
vacuum-jacketed pressure lines for required plumbing between the tank and valves so that
the entry of excessive heat into the vent system and propellant tank can be prevented. For
propellants whose vapors are classified as toxic or hazardous, examine the use of disconnects
to mate the vent system to a facility disposal system during ground tests.

3.2.1.4.2 Zero-Gravity Venting

Zero-g venting shall be at a minimum and shall not involve mixed phase or liquid

flow.
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Thermal control techniques (sec. 3.3.1.1) and slosh baffles (ref. 76) that minimize ullage gas
heating should be evaluated as a means of minimizing the requirement to vent.

If a dircct vent method is utilized, ensure that liquid propellant is kept away from the vent
opening. One method is to scttle the propellant by continuous propulsive venting or by
firing small thrusters; another is to use slosh baffles (ref. 76).

Flight-proven thermodynamic vent systems (ref. 77) should be considered as an alternative
to direct venting for control of ullage pressure and propellant temperature.

3.2.1.4.3 Vent Thrust

The thrust induced by vent exhaust plumes shall not produce adverse changes in
vehicle attitude.

Determine from the overall mission profile anlaysis whether propulsive or nonpropulsive
venting is desired. Provide sufficient instrumentation in the vent system to determine the
thrust fevel. For propulsive venting, install the system exit nozzles parallel to the
longitudinal axis of the vehicle:if necessary, install them at an angle that minimizes the vent
exhaust plume impingement onto the vehicle. Vehicle disturbances are easier to correct by
the attitude control system when the forces are parallel to one of the stage axes.

Unless otherwise specified, for nonpropulsive venting, install two diametrically or
longitudinally opposing flow restrictors for cach tank to be vented immediately downstream
of the common line from the tank. Again, the flow restrictors should be paralle! to one of
the vehicle primany axes. Unless a system requirement dictates otherwise, the exhaust
plumes should be outward, away from the vehicle. To obtain equal thrust from a set of
opposing flow restrictors, the Mach number upstream of the flow restrictors should be less
than 0.1, and the restrictors should be identical in configuration.

3.2.2 System Components

The reliabiliny: and redundancy of system components shall be consistent with the
program requirements for the overall system.

To provide system reliability, component arrangements and redundancy should be based on
the known failure modes and failure rates and on compliance with the required system
reliability. For example, series-connected redundant valves should be employed if the
potential failure modes are leakage or failure to close. Quad arrangements (two paralle!
branches of series-connected valves) should be used if the component failure modes
encompass both failure to close and failure to open. When valves larger than % in. in
diameter are required, use pilot-operated, pneumatically actuated valves to minimize weight,
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electrical power drain, and sensitivity to vibration and acceleration. Latching mechanisms
and solenoids are recommended for additional reduction in electrical power drain. Electrical
components should incorporate Zener diodes for suppression of back EMF.

3.2.2.1 TANKS
3.2.2.1.1 Pressurant Tanks

The integrity of the pressurant storage vessel shall not be adversely affected by
the changes in or rates of change in pressure and temperature during its service

life.

Use 4000 psi as a first cut approximation for the maximum operating pressure level of the
storage vessel. Use the equations presented in section 2.1.3.2 to approximate the required
pressurant mass and corresponding volume of the storage vessel, Final determination of the
operating pressure and volume of the storage vessel should be made when the required
pressurant mass is optimized from computer programs (e.g., refs. 45 through 49 and 59) and
the storage pressure is optimized from weight tradeoff studies similar to the one illustrated

by figure 3.

Use reference 121 (or equivalent) to determine the required wall thickness of the storage
tank. Primarily consider a vessel of spherical shape and made of Ti-6A1-4V alloy. However,
the final selection of the shape and material should be based on the space available in the
booster, upper stage, or spacecraft and on the pressure and temperature extremes the vessel
will be subjected to during its service life. Verify by tests that the vessel will withstand the
pressure and temperature extremes anticipated during pressurant loading and venting during
its service life.

3.2.2.1.2 Propellant Tanks

The pressurization system shall provide pneumatic pressure as necessary to
maintain safe stress levels in propellant tank sidewalls and bulkheads.

Use reference 7 or 121 for guidance in sizing the tanks and in selecting tank materials.

When propellant tank collapse due to structural instability is possible in the event of
pressure loss, provide a highly reliable pressurant source control and provisions for pressure
venting; e.g., utilize a portable pneumatic console with its own gas supply capable of
pressurizing or venting the tanks to a safe pressure level during ground operations whenever
the primary pneumatic source is not attached to the vehicle.
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For internal common bulkheads, establish the allowable pressure difference and facing-sheet
temperature band of the common bulkhead for ground hold, boost. staging. and flight
conditions in terms of their effect on the pressurization system. In the evaluation, consider
the entering gas temperature and local temperatures along the gas side of the bulkhead.
Then determine if a relatively wide range of ullage pressure requirements can be satisfied by
a constant ullage pressure in ecach tank. Where ullage pressure shifts are necessary,
step-up/step-down methods are recommended. The possible benefits of sensing the liquid
pressure at the bulkhead itself should be explored.

3.2.2.2 PRESSURE REGULATORS

A pressure regularor shall, within size, weight, and cost restrictions, provide
modulared control of ullage pressure as required for pressure-regulated systems

Reference 60 provides detaited information on pressure regulator selection and design. The
pressure repulator should be configured and sized to give the desired flow and regulation
band for the propellant tank ullage pressure profile and start transients. Evaluate the use of
a flow limiter as the flow-responsive element upstream of the repulator to minimize
overpressurization during system startup. The flow limiter with minimum pressure drop is a
critical-flow ventori. For additional information on flow limiters, use references 60 and 90.
The pressure-regulator response should be fast enough to keep pressure overshoot at engine
shutdown within limits, Size the system relief valve according to the maximum flow allowed
by the flow limiter. Flow limiters are neither required nor recommended for back-pressure
and differential-pressure regulators.

Pressure repulation bands. - For most pressure-fed and pump-fed propulsion systems, the
pressure-regulator bandwidth  ratio should be no greater than 3 percent. Narrower
bandwidth ratios are recommended for applications wherein accurate velocity trims by burn
time are required: two-stage repulators may be required for these applications. Also, for
systems that substantially reduce the supplied pressure (10:1) or for systems in which the
regulator set point is very close to zero psig (within 0.5 psi), two-stage regulators are
reccommended for maintaining the bandwidth ratio within permissible limits.

Regulator failure _modes. — The regulator design should be evaluated and potential
deficiencies of the particular desien identified in relation to the common failure modes. [t is
recommended that proven concepts be incorporated in the regulator design to avoid the
failure causes. Use references 60 and 90 or similar material as aids in determining the design
improvements.

Make sure that the materials used in the regulator are compatible with the intended
propellant and pressurant. It should be known or demonstrated by test whether the pressure
repulator materials have any tendency to react chemically with the propellant and
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pressurant fluids. In a hydrogen system, choose materials that are not subject to hydrogen
embrittlement by the hydrogen gas.

The use of metal-to-metal seals should be restricted. Consult reference 43 or 60 for
guidance.

3.2.2.3 PRESSURE SWITCHES

A pressure switch shall operate within the design bandwidth as speedily as
necessary without sticking or other malfunction and shall respond to pressure
changes within specified time limits.

Use reference 43 for details of pressure-switch design. Consider the following parameters in
selecting a pressure switch: (1) operating pressure band, (2) anticipated life cycles, (3)
switch response, (4) repeatibility requirements, (5) vibration and shock environments, (6)
temperature environment, (7) switch electrical rating, and (8) fluid medium.

If pressure-switch response to short pressure peaks is desired, the pressure-switch sense line
should be kept to an absolute minimum length. A long sensing line serves as a surge damper
and thus decreases switch sensitivity to short pressure oscillations.

If gas pressure is applied too rapidly, the pressure switch sensing capsule may not have time
to fill because the flow restrictor that admits the pressure into the capsule may be extremely
small, and an observed actuation pressure higher than the design band can result. Likewise,
if gas is removed too rapidly, an observed deactuation pressure lower than the design band
can result because of the flow-restrictor capacity. Consequently, the predicted rate of
pressure application and removal in the proposed application should be one of the
pressure-switch specifications and, during testing of a pressure switch for actuation and
deactuation points, the rate of pressure application or removal should be the same as that
specified.

When life-cycle testing a pressure switch, cycle the unit within its design operating band

rather than from zero to the operating range and then back to zero. The reason for this
practice is that it simulates the conditions that occur during actual operation (ref. 43).

3.2.2.4 VALVES
3.2.2.4.1 Vent Valves

A vent valve shall not leak excessively, shall have adequate flow capacity, and
shall operate reliably under all conditions of the application.
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Size. - The time allotted for propellant servicing during ground operations establishes the
basis for determining vent capacity. Verify by tests that the vent valve has sufficient flow
capacity for the conditions anticipated during ground servicing prior to launch.

In storable-prapellunt systems wherein a suppression pressure is to be maintained on the
propellant by the ullage gas, it is recommended that the vent valve that normally is located
within the ground support equipment be sized to provide the flow resistance needed to
maintain the suppression,

In cryvogenic-propellant systems, the valve vent size and flow area should be based on the
maximum permissible ullage pressure that can be imposed on the propellant tank. Unless
otherwise specified. the requirement for vent flow capacity should be determined by
summing the propellant boiloft rate and the propellant fill rate. To minimize the valve size,
and that of on-board and ground connecting lines and disconnects, the fill rate of crvogenic
propellants should be reduced during the initial tank chilldown.

Actuation. - Handwheel- or lever-operated actuators are recommended for vent valves for
storable-propellant systems. The valve materials should be resistant to products that result
from moist atmosphere combining with the propellant. Verify the desien through testing.
Incorporate locking mechanisms in the actuator design to prevent (1) inadvertent closure of
the vent valve during propellant servicing and (2) exposure of personnel and the spacecraft
to damaging propellant vapors. To verify valve closure, consider the use of a “CLOSED™
position indicator to assure proper poppet closure prior to disconnection of the vapor
exhaust lines. Further, it is recommended that the design include a closeout cap as a
redundant seal to the vent valve poppet.

In ervogenic-propellant systems wherein vent valves are remotely controlled. consider dual
independent (redundanty solenoid actuator controls for maintaining the valve poppet in the
open (venty position. The vent valve desien should incorporate “OPEN" and “CLOSED™
position indicators for case of determing poppet position. The materials, finishes, and design
configurations for the vent poppet and actuator mechanism should be able to tolerate minor
formation of moisture and ice. Consider the use of check valves at the actuator vent ports to
avoid crvopumping condengible air into the actuator. Consult reference 90 for additional
information concerning actuators.

3.2.2.4.2 Relief Valves

A orelict valve shall nor leak excessively, shall have repeatable and adeguate
Honveerclioving characteristics. and shall operate reliably under all conditions of the
application

Consult reference 60 for detailed information on relief valves. Unless otherwise specified.

the relief valve should be able to maintain the pressure at a level less than 1.1 times the
maximum operating pressure of the system.
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Since relief valves function only under abnormal or emergency overpressurization conditions
in most system installations, they should be tested periodically to establish confidence in
their capability to function on demand. When no leakage of the relief valve is allowed, the
valves should be isolated from the ullage by a burst disk at the valve inlet. Relief valves that
are isolated from the system by burst disks may have to be removed from the system for the
periodic functional checkout.

Verify that the valve seat materials will meet the mission duration and operating
requirements.

3.2.2.4.3 Check Valves

A check valve shall not be subject to excessive internal leakage in the checked
flow direction and shall not introduce high flow resistance in the flow direction.

Consult reference 60 for information on the design of check valves.

For critical applications, use series or series-parallel check valve arrangements to achieve the
desired leakage control and redundancy. In these configurations, keep the flow resistance
across each branch at a minimum to preclude prohibitive system resistance in the event of
blockage in one flow branch.

In systems with a pressurization system common to both the fuel and oxidizer, use the
longest practical line length (and largest line volume) to separate the regulator and check
valves; this practice extends the period for leakage of propellant vapors to form
unacceptable concentrations upstream of the check valve. Because of the possibility of
minor crossfeed of propellant vapors in this type of system, the materials used in the check
valves should be compatible with propellants, pressurant, and all utility fluids.

Make sure that valve seat materials will meet the mission duration and operating
requirements.

3.2.2.4.4 Isolation Valves

An isolation valve shall (1) control pressurant leakage to a safe factor below the
maximum tolerable and (2) be able to respond to the needs of the system.

For system applications wherein zero leakage and limited multiple engine firings are

required during the mission, an assembly of explosive-actuated valves as illustrated in figure
16 is recommended. Consult reference 60 for information on design of explosive valves.
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For system applications wherein some  pressurant leakage can be tolerated, the single
solenoid-operated isolation valve is  recommended as a more cconomical  choice.
Solenoid-operated valves are particularly attractive in systems supporting extensive multiple
engine firings with short quicscent periods between firings. Consult reference 90 for
additional information on solenoid valve design.

3.2.2.5 PRESSURANT HEAT EXCHANGERS

The heat exchanger desien and  heat source shall be consistent with the
prossurization svstem requirement to heat inert gases or o evaporate propellant

Primarily consider a shell-and-tube heat exchanger design with turbine exhaust gases flowing
over the helically-voiled tubes and the pressurant flowing inside the tubes (fig. 17). Consult
reference 128 for methods of determining the required heat exchanger coil leneth, diameter,
and other variables. Determine if a filter is required upstream of the heat exchanger
pressurant inlet to prectude the possibility of contaminants being ingested by the heat
exchanger and subsequently fouling the system. If o filter is required, determine if the
pressure drop across the filter presents a problem or significantly affects the delivered level
of pressure to the ullage area. Use reference 9% or other snitable guide on filters to make the
determination.

In pump-fed propulsion systems, the turbine (gas generator) exhaust gases should be given
prime consideration as a heat source to heat the inert gases or to generate propellunt vapors.
If the pressurant s hydrogen and the engine is regeneratively cooled by hydrogen.
investipate the possibility of extracting the vapor from the engine regenerative cooling jacket
and avoiding the need for a heat exchanger. If this method is used. the gaseous hydrogen
should ahsorh the maximum possible heat at the point of extraction. In pressure-fed
propulsion  systems where the pressurant is colder than the propellant, evaluate the
possibility of using the propellant as the heat source.

3.2.25.1 Startup

The startup flow into the heat exchanger shall produce neither gas blowback into
the pump nor excessive flow swrge into the tank wllage space

To prectude the flow of pressurant prior to the actual circulation of the fluid heat source (or
heat sink) within the heat exchanger, evaluate the use of a check valve, burst disk. or
solenoid valve at the port where the pressurant enters the heat exchanger. For pump-fed
propulsion systems, heat exchangers used for propellant evaporation should be isolited from
the engine pump and should be free of propellant before and during system start-up.
Consider the installation of @ check valve or burst disk in the Jine between the heat
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exchanger and pump discharge to accomplish the isolation. Specify the required check-valve
spring load or disk burst pressure to preclude the flow of propellant prior to the actual
circulation of the hot gas source within the heat-exchanger shell.

3.2.2.5.2 Heat-Transfer Stability

Heat-transfer efficiency shall remain within acceptable limits, Wifhout appreciable
degradation from fouling or. clogging, throughout the heat-exchanger operating
duration.

Although an analytical heat-transfer coefficient may have been determined during initial
design development, test the heat-exchanger system under operational conditions to
determine the overall heat-transfer coefficient. Consult reference 128 or other heat-transfer
text for the method to be used and instrumentation required to determine the overall
heat-transfer coefficient. ‘

To preclude potential fouling of the heat exchanger, maintain the heat-exchanger tube wall
temperature a safe factor above the triple point of any of the fluid condensible components.
Water vapor (triple point = 491.71°R) and carbon dioxide (triple point = 389.69°R) should
be considered as the two materials that are prime contributors to heat-exchanger fouling.
Carbon monoxide gas is another condensible substance (triple point = 122.59°R); however,
its critical temperature (239.29°R) is below that of the carbon dioxide gas, and if the
system prevents deposition of carbon dioxide condensate, no problem should exist with
carbon monoxide.

3.2.2.5.3 Flow Capacity

The flow capacity of the heat exchanger shall be sufficient for producing the
necessary pressurant volume flowrates with the available heat source and the
range of propellant mass flowrates anticipated.

The heat-exchanger critical-flow capacity should be greater than the maximum required
pressurant volumetric flowrate. The required pressurant volumetric flowrate is the liquid
propellant volumetric expulsion rate from the tank times a factor greater than one. The
factor adjusts for heat losses. For initial estimates, use 1.2 to 1.5 as the range for this factor.
If more than one heat-exchanger system will supply the pressurant, design each heat
exchanger to supply that fraction of the required volumetric flowrate Q equal to Q/(n-1),
where n is the number of heat-exchanger systems and the (n-1) factor allows for
manifoliding losses. :

To determine the pressurant volumetric rate supplied to the ullage, divide the supplied mass
flowrate by the pressurant density evaluated at tank pressure. Assume an isenthalpic
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expansion process from heat-exchanger outlet conditions to tank pressure to determine the
pressurant density. For example, if the heat-exchanger outlet pressure and temperature are
675 psia and 414.7°R for an oxygen pressurant and the tank pressure is 40 psia. the
supplied density is 0.322 Thm/ft* at 381.7°R (ref. 9).

To determine if the heat-exchanger critical-capacity point is reached within the design flow
range, analvtically construct a plot of volumetric flowrate versus mass flowrate as shown in
figure 19 for the maximum and minimum ullage pressure design levels. Tt is assumed that the
heat-exchanger system performance characteristics are known (i.c., outlet pressure and
temperature band versus flow). Should the graphical results be unacceptable. redesign the
heat  exchanger to increase  the  heat-transfer  coefficient. Verify improvement in
heat-exchanger performance by tests,

3.2.2.5.4 Flow Stability

The fluid flowe through the heat exchanger shall be stable and free of variations
thar may precipitate tube burnout or other structural failure.

The minimum required heat-exchanger mass flowrate should be greater than the mass flow
that produces low-frequency pressure oscillations. To preclude high-frequency pressure
oscillations. choose a suitable combination of system resistances (inlet control orifice,
heating section, downstream flow-control device, and volume between heat exchanger outlet
and downstream flow control device) by the methods suggested in references 94,95, or 97.
Flimination of flow instability is not certain until the design corrections are tested under
operational conditions.

To preclude tube burnout, determine a tube thickness and material that will withstand the
operating wall temperatures required by the heat-transfer process. Tube burnout possibilitics
may require a compromise between maximum heat exchange and minimum component
weight.

3.2.2.6 PRESSURANT GAS DISTRIBUTORS
The gas distributor shall introduce pressurant into the tank so that its speed and
dircetion will provide the desired distribution of ullage-gas temperature but will
not induce stractarally damaging vibrations

If gas diffusion with minimal ullage fluid disturbances is desired (usually the case with

single-burn. short-duration missions), install a diffuser inside the tank near the top of its
forward bulkhead.
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If ullage-gas mixing (de-stratification) is desired to prevent ullage pressure rise during
regulator lockup, examine the possiblity of injecting the pressurant into the ullage space at
high velocities with the use of flow restrictors or vortex tubes. Also, evaluate the use of a
mechanical fluid agitator such as a fan installed in the ullage space to assist the gas

distributor in mixing the incoming pressurant and ullage gas.

Verify through system ground tests that the gas distributor (diffuser) accomplishes the
desired effect on the temperature distribution of the ullage gas; during the tests, look for
adverse effects such as flow-induced acoustical vibrations that could cause structural failure
of the gas distributor. If necessary, strengthen the structure to preclude vibration.

For tanks with positive expulsion devices such as bladders or diaphragms, use a gas
distributor with plates to prevent extrusion of the bladder into the gas inlet port in

the event of a pressure reversal during testing.

3.2.2.7 ANCILLARY COMPONENTS

The ancillary components shall perform their functions in the pressurization
system without introducing excessive leakage or unaccepatable pressure drop.

Lines. — Use lines of circular cross section whenever possible. Unless otherwise specified, use
a factor of safety of four in determining the required wall thickness of the lines. The
working pressure of the lines should be no less than the maximum pressure of the pressurant
at its source, except when the line has a relief valve; in this case, the working pressure of the
line may be lowered to be equal to the maximum operating pressure of the relief valve.
Consult reference 98 for additional information on lines.

For a line whose inner diameter is greater than 1 in., use flanged bolted connectors at the
line inlet and exit. For lines with inner diameters less than 1 in., use flared-tube fittings and
threaded connectors in boosters and upper stages; in spacecraft, use brazed- or
welded-in-place connections.

The total pressure loss within any line segment is the sum of the pressure drops due to
friction, bends in the line, and increased velocity resulting from heat addition. To determine
the pressure loss due to friction, use equation (5) when the Mach number of the gas does
not exceed 0.2; when Mach > 0.2, use the equations for Fanno flow given in reference 43.

Attempt to minimize the number of bends within the line. When possible, construct line
bends with a ratio of bend radius to line inner diameter of 2 or greater. With this ratio, the

resulting pressure-loss coefficient normally is less than 0.1,

To evaluate the effects of heat transfer from the line wall to the gas, use the equations for
Rayleigh flow given in reference 43.
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Disconnects and couplings. - Use quick-disconnects for (1) case of installation, (2 rapid
connecting and disconnecting, (3) preventing entry of contamination or (4) remote
disconnecting of fluid lines. Use quick-disconnects for all pressurization-system vehicle ‘GSE
interfaces except the propellant-tank vent valve/GSE interface. For this interface, use
quick-disconnects for eryogenic propellants and couplings for carth-storable propellants.
Consult reference 68 for additional information on disconnects.

Scals. - Use a static seal at a line inlet or exit with a disconnect or a flanged bolted
coupling. For inert-gas systems, use elastomer O-rings or molded-in-place sealsthowever, for
pressurants that are heated above 9607R. consider the use of a metal pressure-assisted or
diametral seal. Consult reference 68 for additional information on seals.,

Filters. - Consult references 43 and 98 for information on the design or selection of filters.
Use filters at locations that will protect critical components. Typical filter locations are the
inlets to pressure regulators and pilot valves and the outlets of the gas storage tank. Design
the filter to withstand any pressure surges that are anticipated for the system. Specify
low-temperature requirements for the filter if it will be subject to gasat cold temperatures
as a consequence of gas expansion from the storage tank or if it will be exposed to gas at
crvogenic temperatures. If frequent filter removal is anticipated for replacement and for
verification of filter cleantiness, design the fitter holder to be removed and installed casily,

Transducers.  Use references 43 and 99 a5 <ources of information on design and selection
of pressure and temperature transducers. Use pressure and temperature transducers as a
means  of  determining  storage-vessel  conditions,  tank  ullage  conditions, and
pressure-regulator performance or as sensing devices in a flow-restrictor nicasuring system.

3.3 DESIGN EVALUATION
3.3.1 Heat-Transfer Effects

The hear mransfer benween, among. and within the ullage ga, propellant, and
svsrens compeonents shall not degrade performance of the pressurization systen!

Use reference 63 or 64 to obtain information on methods for heat-transfer analysis. Use
references 7 and 43 for specific applications of heat-transfer principles to pressurization
system desien. Follow the guidelines given in sections 3.3.1.1 through 3.3.1.4 below.

-

3.3.1.1 THERMAL CONTROL

The ner eftect of heat transfer through the propellant tank walls and bulkheads
shall be a thermal condition that minimizes tank venting and maintains propellant
remperature within design limits
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The isulation configuration should be considered concurrently with the selection of the
propellant tank pressures and pressurant temperatures. Perform a detailed analysis that
compares the pressurization-system weight penalty against the tank-insulation weight
penalties. : :

When the tank configuration incorporates a common bulkhead, investigate the possibility of
balancing heat transfer to achieve a condition that requires venting only the tank with the
lower-boiling-point propellant (e.g., venting only the hydrogen tank in oxygen/hydrogen
propellant vehicles). To preclude gas venting of the tank with the higher-boiling-point
propellant, the common bulkhead should be designed to pass heat from it at a rate sufficient
to offset the heat entering the tank. :

Verify the configuration by tests before incorporating it in the vehicle design.

3.3.1.2 VARIATION IN PRESSURANT TEMPERATURE

Variations in ullage-gas temperature shall be consistent with design objectives for
limiting the gas weight required in the system.

Examine the particular mission in question to determine the most advantageous gas
temperature profile. For single-burn missions (booster-type vehicles), a stratified profile is
generally recommended to conserve ullage-gas mass. Warm pressurant should be introduced
through a properly designed tank diffuser (sec. 3.2.2.6). Analytical values of the thermal
and concentration gradients along tank walls, bulkheads, and the gas/liquid interface should
be examined to verify that the boundary-layer conditions favor minimum heat transfer. Give
special attention to ullage-gas temperature control during any low-gravity operations. Use a
prototype, preferably a full-scale model, of the pressurization system and tank in a test that
duplicates the single-burn mission events. With the ullage area properly instrumented with
temperature transducers, verify the analysis through test.

Internal tank structural members should be adapted to inhibit or damp propellant slosh
disturbances. Use reference 76 as a guide on design for slosh suppression. Consider using
scaled-down models of the tank and pressurization system in a shaker system to evaluate the
effectiveness of the slosh suppression devices used.

In earth-storable propellant systems, use a gas distributor to mix the incoming pressurant
with the ullage gas and thus attain a relatively uniform gas temperature in the ullage. Do not
permit the ullage-gas temperature to become colder than the freezing temperature of the
earth-storable propellant. By maintaining the temperature of the ullage gas warmer than the
freezing temperature of the propellant, the potential phase change of the propellant surface
is avoided. If the analytical results show that the ullage-gas temperature could fall too low,
consider the use of electric or radioisotope heaters or a heat exchanger in the ullage space or
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pressurant supply line. Verify through tests with a prototype model that the ullage-gas
temperature remains above the propellant freezing temperature.

For multiple-start and pulsing operations with stored inert gas as the pressurant, determine
by analyvsis the pressurant temperature drop due to the expansion process from the storage
vessel into the ullage and any subsequent effects of the low-entering-temperature gas on
average temperature and pressure values in the ullage. When either unacceptable decay of
ullage pressure or regulator-lockup  pressure rise oceurs, use pressurant‘propellant heat
exchangers to condition the pressurant: as an alternative, evaluate increaging the volume of
the pressurant storage vessel to decrease the gas cooling effect. Use a properly instrumented
full-scale prototype of the selected pressurization system to verify that no problems with gas
temperature exist,

Analvtically determine the gas temperature profile within the tank ullage during cach phase
of the vehicle mission operation. Computer programs (sec. 2.1.2) are recommended for this
analysis. Include the effects of all heat-transfer processes within the ullage as well as changes
in the pressurant source temperature and gas temperature due to gas expansion from the
storage vessel to the ullage space.

3.3.1.3 STRATIFICATION OF PROPELLANT TEMPERATURE

Propellant temperature stratification. producing localized increases in propellant
vapor pressure shall nor result in the loss of adequate pressurization margin
(NPSH) at the engine pump inlet

For carth-storable propellant systems, propellant temperature stratification normally is not
a problem. However, for cryogenic propellants, the magnitude of propellant temperature
stratification and its impact on the pressurization requirements should be computed for all
propulsion systems, especially for pump-fed systems invalving liquid hydrogen.

Computer programs such as those noted in references 49, 101, and 102 are recommended
for determining the propellant temperature distribution in the tank as a function of flight
time. Following this determination, the variations of propellant temperature and saturation
pressure at the pump inlet should be determined as a function of the propellant outflow: use
ground tests that simulate the flight mission time line in a prototype of the vehicle. This
information should be combined with data on the minimum required pump inlet NPSH to
determine if system modifications are required  because of propellant  temperature
stratification.

To compensate for the increase in pump inlet temperature toward the end of powered

flight. consider reducing the bandwith of the ullage-pressure control system, with
subsequent stepped up pressurization (when requiredy. The time during powered flight when
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the additional pressurization should occur, and the magnitude of the ullage pressure
increase, should be determined and programmed into the vehicle flight controller.

For vehicles in which a noncondensible gas (e.g., helium) is used for prepressurization and
mainstage pressurization, evaluate the use of a propellant-to-pressurant heat exchanger to
condition the pressurant temperature such that the ullage gas and propellant temperature
difference is small. This process reduces propellant temperature stratification by maintaining
the partial pressure of propellant vapor close to its initial condition. Another
recommendation is to inject the noncondensible pressurant into the propellant at the tank
bottom and cause the colder propellant to mix with the stratified warmer layer as the
pressurant bubbles up to the ullage (sec. 3.3.2.2). If this method is used, route the bubble
train away from the tank outlet port; otherwise the bubbles will be ingested into the engine.

Consider increasing the thickness of tank insulation to reduce the rate of heat transfer into
the tank. An alternative is to add more propellant to the vehicle, thus avoiding the ingestion
of stratified propellant into the pump but causing the vehicle to be operated at less than
optimum propellant utilization. Investigate the possibility of reducing propellant
stratification by (1) mixing the propellant warmer outer layer with its colder bulk by the
use of boundary-layer deflectors, or (2) separating the propellant outer boundary layer from
its bulk by the use of an inner sleeve.

Test the selected concept with prototype system, preferably a full-scale model, to verify
that it provides the desired effect on propellant temperature. Should the initial concept
prove unsatisfactory, test the remaining concepts.

3.3.1.4 TEMPERATURE GRADIENTS IN SYSTEM COMPONENTS

Temperature gradients within or between components in the system shall not
adversely affect system operation or degrade system performance.

Perform a thermal analysis of pressurization components and their environments to
ascertain if temperature gradients are sufficiently adverse to cause cryopumping of the
propellant vapors. In regions where cryopumping in a component or section of line can
occur, provide heat blocks (insulation), use a check valve to block the entry point, or
relocate the component to a more favorable environment. If liquid formation due to
cryopumping can occur and is detrimental to system operation, include in the system design
provisions for trapping or vaporizing the liquid (e.g., surface-tension acquisition traps, or
heating elements in the system). Design the component to withstand the thermal stresses
and temperature cycling that can occur in the application. In all cases, verify the design by
system test.

To increase heat transmission within components, utilize materials that have good thermal
conductivity (e.g., aluminum and copper alloys) and good physical contact of the joints in
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the conduction path. To increase heat transfer from the component into the environment,
raise the component emissivity.

To reduce heat transfer within components, use materials with low thermal conductivity
(e.g.. nickel and stainless steel alloys) without violating other component requirements such
as strength, corrosion resistance, and compatibility. Employ air space, vacuum, and
insulation to interrupt the conduction path.

3.3.2 Mass-Transfer Effects

The mass pranster bebween pressurant and propellant shall not degrade the
perfornance of the propulsion system

Perform ground test of the tankage assembly with propellant and pressurant to determine
any mass transfer effects. If possible, perform the tests for the same duration and under the
same thermal conditions as will be experienced during flight. Withdraw propellunt from the
tank at given time intervals or, if vehicle flight duration is being simulated. at simulated
engine burn periods, and analyze the propellant for pressurant quantity. Should the level of
pressurant in solution be unacceptable, reevaluate the choice of pressurant and bladder
material G applicabley,

3.3.2.1 COUNTERPERMEATION

The conrerpermeation of pressurant and propellant vapors through permeable
expulsion devices in propellant tank< shall be at a mininmm

Perform an analysis of the gas mirration across the permeable bladder whenever the ratio of
propellunt vapor pressure to ullage gas pressure s greater than 11100 Employ analvtical
methods such as those given in reference 108 to estimate the size of a gas bubble that will
migrate across the permeable bladder. If cryopumping of the propellant vapor is a
possibility, account for the additional propellant mass in the analysis,

Where the calculated equilibrium volume of the migrated gas bubble is excessive and may
have detrimental gas-ingestion effect on engine operation, take as many of the following
steps as feasible to circumvent this problem:

® Sclect a pressurant with lower rate of permeation through the given membrane, or
use alternate materials of lower permeability (g, metal‘polymer laminatesy,

o Store the propellant in the tank either under its own vapor pressure with no ulluge

gas or under high ullage pressure (above 150 psi on N,O; at ambient
temperature),
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e Inject a small amount of propellant to saturate the ullage volume with the
propellant vapor. Verify that there is no incompatibility problem with the valves
.and other hardware that come in contact with the propellant vapor.

e Incorporate a gas/liquid separator in the tank (ref. 41).

3.3.2.2 PRESSUR.ANT DISSOLUTION IN PROPELLANT

Pressurant dissolution in propellant shall be a safe factor below the maximum
amount tolerable for satisfactory propulsion system performance.

The pressurization system designer must work in concert with the engine and propellant
system designers in the area of gas dissolution in the propellant to prevent adverse shifts in
engine performance and problems in propellant utilization. To determine the rate and
quantity of pressurant diffusing and dissolving in the propellants, perform a mass-transfer
analysis similar to the one presented in reference 117. The pressurant mass in solution
should be added to the gas storage requirements to maintain the desired ullage conditions.

To reduce any problems related to gas dissolution in propellants, use helium rather than
nitrogen gas as the pressurant, because helium is less soluble in many of the popular
propellants. If nitrogen gas must be used, the rate of gas dissolution in propellant and the
amount dissolved at any given time should be determined, so that the engine system
designer can determine if the gas can be tolerated in the engine design. For vehicle systems
that have permeable positive-expulsion devices, the recommendations presented in section
3.3.2.1 should be considered as a means of reducing gas dissolution in propellant.

Select a pressurant that has solubility characteristics that are as similar as possible in both
the fuel and oxidizer. In systems with N, O, and MMH as the propellants, the use of GN, as
a pressurant should be carefully scrutinized because of its substantially different solubility
in the two fluids.

Verify by system test that the engine operates properly with the intended pressurization
system.

3.3.3 System Dynamics

The frequency and magnitude of the pressure oscillations within the
pressurization system shall not result in component or structural failure or in
unacceptable propulsion system performance.

Verify through system testing that no probiem with system dynamics exists. For the tests, .
use a full-scale model of the pressurization system and propellant tankage utilizing flight
hardware. Pay particular attention to startup transients and ullage-coupled pogo as described
below.
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3.3.3.1 STARTUP TRANSIENTS

The pressurization system startup shall be free of “water-hammer® effeets that
can cause structural damage within the propellant system,

Determine the desired isolation-valve'feedline configuration. The propellant isolation valves
may be located close to the tank outlets to isolate the feedlines as well as the engine from
the propellant, or the valves may be closely coupled to the engine to minimize the fluid
water-hammer effects on the feedlines: the choice depends on design goals,

To evaluate configurations, obtain the minimum design stress levels (force per unit area) of
the engine valve inlets and feedline assemblies. From these inputs, select the stress level with
the lowest value: this value. S, is the maximum allowable water-hammer pressure for the

system,

Determine the maximum pressure on the isolation valve inlet from the following equation:

o) (17)

where

P,. = isalation valve inlet pressure, psi

¢ = specd of sound in the liquid propellant, ft'sec
P = feedline pressure when void of propellant, psi
S = maximum allowable water-hammer pressure, psi

The maximum permissible ullage pressure Py g,y i8 the isolation valve inlet pressure less
any propellant head at the time  the isolation valve is commanded to open. After
determining the maximum permissihle ullage pressure, compare it with the design regulated
pressure band of the system. If the maximum regulated pressure level is less than Py mae
there is no harmful propellant impact against the engine valves or propellant feedlines and
no further evaluation is required. If Py 4, is within or below the designed regulated
pressure band, investigate the possibility of increasing the system permissible working stress
(working in concert with engine and propellant system designers) or incorporate the
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following pressurization activation sequence to preclude harmful water-hammer effects on
the engine valves and feedlines:

(1)  Prior to initial system activation, maintain the ullage pressure below Py, max.

(a) Prior to launch, pressurize the system to a level no greater than

Pu, max-
(b) For any restarts, vent the system ullage pressure to a level less than

Pu, max-

(2) Open the propellant isolation valves and permit the feedlines to fill with
propellant, then open the engine valves and pressurization system valves.

3.3.3.2 ULLAGE-COUPLED POGO

The pressurization system pneumatic behavior shall not result in ullage-coupled
pogo instability.

Perform a vehicle dynamic analysis to determine if pogo instability may occur as a result of
coupling of tank structure with oscillations of the pressurization system. Since most
dynamic-analysis results are qualitative, it is recommended that ground system tests be
performed on the flight vehicle configuration; the tests should encompass the system startup
sequence and steady-state mainstage operation.

To eliminate the initiation of ullage-coupled pogo for stages that require the filling of
feedline volume with propellant during system startup, isolate the pressure-regulation
sensing system until the filling operation is completed. To prevent the development of
ullage-coupled pogo during mainstage, incorporate an in-line double-plenum chamber in the
pressure-regulation sense line to attenuate any rapid surges in ullage pressure; in addition,
use a long sense line to provide additional damping of any ullage-pressure oscillations.

If the recommended sense-line designs are not feasible, select a pressure regulator with
slow-response characteristics.

Reference 129 contains additional information on pogo prevention.
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APPENDIX A

Conversion of U.S. Customary Units to SI Units

Physical quantity U.S. customary unit SI unit Conversion factor®
Density Ibm/ft> kg/m> 1.602x10"
Energy Btu J 1.054x10°

ft-lbf J 1.356
Force Ibf N 4448
Head or headrise ft m 3.048x107!
ft-1bf/lbm J/kg 2.989
Impulse, total Ibf-sec N-sec 4448
Length ft m 3.048x107!
in. ~ cm 2.54
Load factor Ibf/lbm N/kg 9.807
Mass Ibm kg 4.536x107!
Molecular weight Ibm/(lbm-mole) kg/(kg-mole) 1
Permeativity ﬁTm.::% cm—zlfﬁi?\]———off;n‘i 1.02x107!
Pressure atmosphere N/cm? 1.013x10!
psi(lbf/in.?) N/em? 6.895%10"!
Temperature or °R K K= % (°R)
temperature difference
Therma! conductivity hr-?tt-l;R ﬁ 1.730
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Conversion of US. Customary Units to St Units (concluded)

Pl sical quantiny

LS. customury unit

ST unit

Conversion factor?

Thius

Universa! gas constant

Viscosity, absolute, ¢

Viscosty, dyvnamice, g

Volume

Ibf

fiibf
Ibm.maole “R

Iofsec'ft 2

gmfemeses)
(centipase)

Ihm(ft.se)
it

in*

N-m

kg-mole-K

0 2
Noseohm®

Noseofm?

. ]
Nsectm®

m?

ocm

4448

5.380

4 785,101

1001073

| 488
2.832:107?

1.639:10!

IMatnpte watue pren s U8 customan unt columan by conversion factor 1o obian equnvateat value in S umt bor o

cormplete Ivtiny of comenson factors for baae phyacal quantities, sce Mechtly, P A
Pl vcst Comtanteand Conversn §actors Second Reviaon, NASA SP7012,1973
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Term

actuator

ambient temperature

bandwidth

bandwidth ratio

Belleville spring

blowdown system

cavitation

cavitating venturi

centipoise

chatter
compressibility factor (Z)

controller

counterpermeation
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APPENDIX B
GLOSSARY

Definition

device that converts control energy into mechanical motion to operate
a valving element

temperature of the environment surrounding the system or component

limits of variation of regulated pressure above and below its desired
value

regulator setting 1]

absolute value of [ regulator set point

truncated conical metal spring washer that can provide a negative
mechanical spring rate

closed propellant /pressurant system that decays in ullage pressure level
as propellant is consumed and ullage volume thereby is increased

formation of vapor bubbles in a flowing liquid whenever the static
pressure becomes less than the fluid vapor pressure

convergent-divergent constriction in a line that produces cavitation at
its throat; because of the cavitation effects, flow of the liquid in the

line remains constant even though the downstream pressure varies

unit of dynamic viscosity that relates the applied fluid shear stress to
the fluid velocity gradient normal to the flow

rapid uncontrolled seating and unseating of a valve

ratio of ideal-gas density to real-gas density

device that converts an input signal from the controlled variable
(temperature, pressure, level, or flowrate) to a valve actuator input
(pneumatic, hydraulic, electrical, or mechanical) to vary the valve

position to provide the required correction of the controlled variable

simultaneous migration of propellant vapor and pressurant (in opposite
directions) across a permeable membrane (bladder)
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Term

criticat flow capacity

cryvogenic propeliang

cviopumping

discociation

clastomer

explosive valve

fail-safe

fluid

fictting

galling

gas distributor

gas permeativity

gas soluhility
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Definition

o d
the point in heat-exchanger performance where —=— = 0,
w

e, where pressurant volumetric flowrate is at a maximum and an
jncrexse in pressurant mass flowrate produces a decrease in volumetric
rate

propellant that is liquid only at temperatures below 221.4°R (123°K)

induction of vapor into a confined cavity by virtue of a local reduction
in vapor pressure caused by condensation of vapor on an extremely
cold (crvogenic) surface of the cavity

separation of 3 compound into simpler components
polymeric material that at room temperature c¢an be stretched 1o
approximately twice its original lenpth and on release return quickly to

its original length

valve having a small explogive charpe that provides high-pressure gas to
change valve position (also known as a squib valve)

the philosaphy in the design of propulsion systenm valves and associated
hardware that secks to avoid the compounding of failures: fail-safe
desien provisions ensure that the valve element will move to a
predetermined “SAFE™ position §f actuation pressure o electrical

pawer is Jost

term for the paseons or liquid state of a substance

mechanism of wear that acts on mating metallic materials to produce
surface  damage  when one  surface  repentedly  moves  through

small.amplitude displacements relative to the other

progressive damage of shiding surfaces (usually metallic) under high
toads: galling results in increased friction and possible sejzure

passive device that determines the flow pattern of the gas entering an
ullipe space

capahility of a gas to penetrate or diffuse thiough anather substance

capability of a given gas 1o dissolve in a given fluid under specified
conditions
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Term

heat-transfer coefficient

heterogenous decomposition

hydraulic

hydrogen embrittlement

hydrostatic pressure
hypergolic propellants
inert gas

Joule-Thomson effect
load factor

lockup

mainstage

modulating

monocoque
monopropellant

mission duty cycle

nonmodulating

Downloaded from http://www.everyspec.com

Definition
analytically * or empirically determined numerical constant that
describes  the rate of heat transfer per unit area per unit temperature

difference between two materials

separation of a substance into simpler components that differ in
phase

operated, moved, or effected by liquid used to transmit energy

loss in ductility of a metal as a result of the exposure of the metal to
nascent hydrogen

fluid pressure due to gravitational forces
propellants that ignite spontaneously when mixed with each other
a fluid that will not react with other materials

the change in gas temperature with gas pressure as the gas expands
through a throttling device

ratio of vehicle thrust to its overall mass
the no-flow condition when a pressure regulator is kept closed in
response to downstream pressure being at or above the regulator

setpoint; lockup pressure may creep upward if the regulator leaks

the attainment of 90 percent or more of the steady-state rated thrust
level of a rocket engine

control system in which the controlled variable is proportional to a
sensed parameter and is continuously variable within the regulated

range

structure in which the stressed outer skin carries all or a major portlon

of the torsional and bending stresses

a rocket propellant in which both the fuel and oxidizer are contained in
a single substance; e.g., hydrogen peroxide

the total propulsion system requirement for a scheduled number of
operations for each engine burn sequenced over the total elapsed

- mission time

control system in which the controlled variable cycles between limits
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Term

normally closed valve

normally open valve

phase

pilot operated

plastic

pncumatic

l‘)(\?(\

prepressurization

prS.CUYiH“

pressure fed

pressure recovery

pressure regulator

propellant

pump fed
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Definition

poveered valve that returns to a closed position on shutoff or on failure
of the actuating encrgy or signal

powered valve that returns to an open position on shutoff or on failure
of the actuating energy or signal

a solid, liquid, or gascous homogencous form existing as a distinct part
of a heterogencous system

term denoting the use of an auxiliary or relay valve that controls the
actuation pressure to a large valve so that low-energy circuits can be
used for the control of high-energy systems

high-molecular-weight material that while usually firm and hard in its
finished state is at some stage in its manufacture soft enough to be
formed into a desired shape by application of heat or pressure orboth

operated. moved, or effected by gas used to transmit energy

term for feed-svstem-coupled longitudinal oscillations of a rocket
vehicle

sequence of operations that increases the ullage pressure to the desired
level substantially prior to the main sequence of propellant flow and
enpine firings: in launch vehicles prepressurization oceurs prior to liftoff

gas that provides ullape pressure in a propellant tank

ternm for a propulsion system in which tank ullage pressure expels the
propellants from the tanks and into the combustion chamber of the
engine

conversion of velocity head to pressure head in the section of the fluid
conduit downstream of a constriction

pressure control valve that varies the volumetric flowrate through itself
in response to a downstream pressure signal so as to maintain the
downstream pressure nearly constant

material carried in a rocket vehicle that releases enerpy during
combustion and provides thrust to the vehicle

term for a propulsion system that incorporates a turbopump to deliver
prapellant to the combustion chamber at a pressure greater than the
tank ullage pressure



Term

redundant design

relief valve

repressurization

response time

sccfsec
scim
self-pressurization

shutoff valve

solenoid valve

squib

static seal

storable propellant

superheat

tank safing

temperature stratification
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Definition

design in which more than one unit is available for the performance of a
given function so that reliability is increased

pressure-relieving device that opens automatically when a
predetermined pressure is reached

sequence of operations during vehicle flight that utilizes an on-board
pressurant supply to restore the ullage pressure to the desired level after
a burn period

the length of time from first signal to completion of an action. In
valves, it is a total time comprised of electrical delay plus pneumatic or
hydraulic control system delays plus valve travel time

standard cubic centimeters per second

standard cubic inches per minute

increase of ullage pressure without the aid of additional pressurant

valve that terminates the flow of fluid; usually a two-way valve that is
either full-open or full-closed

a poppet, spool, or piston valve actuated by an integrally mounted
solenoid actuator

term for an explosive valve

device used to prevent leakage of fluid through a mechanical joint in
which there is no relative motion of the mating surfaces other than that
induced by changes in the operating environment

a propellant with a vapor pressure low enough that the propellant can
be stored for a specified period of time in a specified environment
(earth or space) at moderate ullage pressures without significant loss of

mass

raise the temperature of a vapor to a level higher than the
corresponding saturated-vapor temperature at the given pressure

process of venting ullage gas of “empty” tank to reduce pressure to
completely safe levels

the existence of a temperature gradient within a fluid
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Term

thermal equilibrinm

thermodynamic venting

triple point

turhopump

ullage

vent vithe

viscosity

water hammer

Zener dinde

¢toeg

Symbol

ECO

GG
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Definition

the state of heat transfer in a system such that the incoming and
outgoing quantitics of heat are equal

the process of a fluid being extracted from a tank. expanded through a
Joule-Thomson valve to produce a temperature drop, suhsequently
routed through a heat exchanger to cool the remaining fluld in the
tank, and then vented overboard

the unigue temperature and pressure at which the gaseous, liquid, and
solid states of a substance ¢an coexist in equilibrium

an assembly consisting of one or more pumps driven by a hotgas
turhine

volume by which a container (tank) falls short of heing full of liquid
pressure-relieving shutoff valve that is operated on external command,
as contrasted to a relief valve, which opens automatically when pressure
reaches a given point

fluid resistance to flow caused by internal molecular attraction

high surpe pressures that result from the sudden stoppage of fluid
flowing in a conduit

silicon semiconductor device used especiafly as a voltage regulator

condition of a net zero-gravity field with reference to the system i e,
weightlessness

Definition

feedline duct crosssectional area, in.?

attitude control system

auxiliary propulsion system

concentration of dissolved gas, lbm of pressurant per lbm of propellant
speed of sound, fi'see

engine cutoff

engine thrust, Ibf

gas generatar
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GSE

MTI

Mw

NC

NO

NPSH

NPSP

NPVS

Symbol
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Definition
ground support equipment
acceleration due to gravity, ft/sec?
gravitational conversion factor, 32.17 Ibm-ft/Ibf-sec?
height of propellant liquid column, in.
cycles per second

(1) line loss coefficient, dimensionless
(2) Henry’s constant, lbm of pressurant per lbm of propellant-psi

lunar excursion module

pressurant mass, lbm

mixture ratio: ratio of oxidfzer mass flowrate to fuel mass flowrate
main tank injection

molecular weight, lbm/lb‘nﬂ-mole

normally closed

normally open

net positive suction head, Ibf-ft/lbm

net positive suction pressure, psi

nonpropulsive vent system

number of heat exchangers operating, dimensionless
pressure, psi

propellant hydrostatic pressure due to acceleration, psi
feedline pressure when void of propellant, psi
propellant feedline pressure loss due to friction, psi

isolation valve inlet pressure, psi
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Symbol

pPU

\
V(S
VPS

W
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Definition
total pressure, psi
propellant utilization
gas partial pressure, psi
volumetric flowrate, ft?jsec
universal gas constant, (Ibf-ft)/(lbm-mole-°R)
reaction control system
Reyvnolds number, dimensionless
radioisotope heater unit
maximum water hammer pressure, psi
service (module) propulsion system
temperature, °R
volume, fi?
velocity control subsystem
vernier propulsion system
projected vehicle weight, lbm

mass flowrate, lbm'see

compressibility factor, dimensionless
density, Ibm i

standard deviation

Subscripts
final

initial



Material

A-50

ammonia
CiF;

fluorine

Freon

GH,
GN,
GOX
H,0,
helium
IRFNA

Kel-F

Downloaded from http://www.everyspec.com

Subscripts
liquid
maximum
propellant (liquid)
storage vessel (pressurant storage tank)
tank
ullage

vapor

Identification

mixture of 50% hydrazine and 50% unsymmetrical dimethylhydrazine,
propellant grade per MIL-P-27402

anhydrous ammonia, propellant grade per JAN-A-182
liquid chlorine trifluoride, propellant grade per MIL-P-81399

elemental fluorine (F,) in its liquid form (LF,) used as a cryogenic
propellant per MIL-P-27405

trademark of E. I. du Pont de Nemours and Co., Inc. for a family of
fluorocarbons

gaseous hydrogen

gaseous nitrogen per MIL-P-27401

gaseous oxygen

hydrogen peroxide per MIL-P-16005

pressurant helium (He) per MIL-P-27407

inhibited red fuming nitric acid, propellant grade per MIL.-P-7254

trademark of 3 M Corp. for a high-molecular-weight polymer of
chlorotrifluoroethylene
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Material Ientification

LH, liquid hydrogen, propellant grade per MIL.P.27201

LN, liquid nitrogen

1Os oy LOX liquid oxvpen, propellant grade per MIL.P.25508

MM monomethyvlhydrazine, propellant grade per MIT.P.27404

M lar trademark of F. L du Pont de Nemours and Company, Inc. for

polyethylene terephthalate film

NO, nitrogen dioxide

N:H; hydrazine, propellant grade per MIL.P.26536

N.O, nitrogen tetroxide, propellant grade per MIL-P-26539 or MSC.PPD.2
ncoprene polychloroprene, a synthetic elastomer

nylon thermaplastic polvamide

RP-1 high-energy kerasenebase hydrocarhon fuel, propellant grade per

MIL-R-25570

Teflon trademark of B L du Pont de Nemours and Company, Inc. for
tetrafluorethylene polymer

UDAMH unsymmetrical dimethylhydrazine, propellant grade per MIL-P.27408
304, 347 austenitic stainless steels

ABBREVIATIONS

Organization Identification

AFFTC Air Foree Flight Test Center

AFRPL Air Foree Rocket Piopulsion Laboratory

AlTAA American Institute of Aeronautics and Astronautics

ASMI American Society of Mechanical Engineers

cosMice Computer Software Management and Information Center
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Organization

CPIA
GD/C
GD/A
1T

ISA

JAN
JANNAF
JPL
MSFC
SD

SID
SWRI

USAF
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Identification

Chemical Propulsion Information Agency
General Dynamics/Convair
General Dynamics/Astronautics
Illinois Institute of Technology
Instrument Society of American
Joint Army-Navy

Joint Army-Navy-NASA-Air Force
Jet Propulsion Laboratory
Marshall Space Flight Center
Space Division

Space and Information Division
Southwest Research Institute

United States Air Force
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