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ABSTRACT

Thisr dccoument contains information on rocket e=ngines using propellants

stor=d as lliquids or gase:.

Volume I contalrs information c¢n engines us=d for reaction control systems
and low velocit. increment propulsion systems. Cold (ambient) gas, heated
<66, zoncircopeliant and bipropellant engines are considered. Estimates

are male of serforaarce, size ard pwer requirements. Operating principles,

hardware fe-aills and svatems consideration are discussed.

Volume 31 hus data on engines with thrusts of 100 pounds end larger.

KEY WORDS
Biprop<ilant Reaction Corntrol Systems
Cola Gas Thrus ters
Hot Sor Resistojets
Mo opropel lant Radintfeantope Thrusters
Propulsicn System Rocket Engine
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1.0 NOMENCIATURE

catalyst bded froatal area

nozzle exit ares

nozzle throat area

sonic velocity

discharge coefticient

noztle thrust coefficient

velocity coefficient

specific heat at constant pressure
specific heat at constant volume
oaximum diaseter Oof thruster

thrust chamber diameter

catalyst pack diameter

nozzle exit diameter

catalyst particle diameter

noztle throat dismeter

dissociation potential (volts) of the propellant molecule
thrust

catalyst bed loeding, propellant wveight flov « catalyst bed
frontal ares | |
conversion constant

enthalpy of gas in combustion chamber
enthalpy of ges at nozzle exit

specific impulse

total impulse

minimum impulse bit
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1e characteristic length of cembustion chember, chember volums A
throat area |
Iy, catalyst bed length
I.‘ engine length
l, nozsle length
I.!, thruster length
L,  chember length
) mass flow
l, number of injector orifices
P‘ ambient pressure
Pc chamber pressure
P‘ nozzle exit pressure
Pi input pover
Ph inlet pressure
P 3 Jet power
P" steady state pressure
APCB catalyst bed pressure drop
ar, injector pressure drop
R gss constant
Re Reynolds number
80 spacing between orifice hole centers
Te @8 temperature in the chamber
I‘ g  smperature at the exit
Vc g8 velocity in the chamber
Vc chamber volume
\ 4 o gas velocity at the exit
W mass flov parameter
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ablative engine veight

cold gas thrustor veight
engine assembly veight
rediation engine weight

weight flow

noztzle divergence half angle
degree of dissociation

notile coavergence half angle
ratio of specific heats, cp/cv
boundary layer displacement thickness
noszle expansion ratio, Ac/At
porosity of catalyst ded

engine efficiency

frogen flow efficiency
heater power efficiency

nozzle efficiency
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noztle divergence correction factor
catalyst bed density
catalyst particle density

gas density at throat

L ARG I g B B N AL R e I N L

catalyst sphericity

SHEET 10

US 402 4% S Fy . 8- 80



T T T — —

USE FOR TYPEWRITTEN MATERIAL ONLY

NUMBER p@-134118+2

: Aaol '”’l”c CO';‘-ANV V REV LIR

2.0 SAMARY

Information on rocket engines using propellants stored as liquids or gases
for use in attitude control and lov velocity increment applications is pre-
sented. The thrust renge for these engines is from micropounds to around 100

pounds.

Farameters vhich are important in the design or selection of & rocket engine
for such applications are discussed and data from engines developed for space-
craft applications and research purposes presented. These include performance
(toth steady state and transient), veight, size envelope, reliability, life,
pover requirements, duty cycle, response, repeatability, cost and interface

considerations.

The various types of rocket engines are discussed. These include cold gas,

heated gas, monopropellant and bipropellant engines. The various propellants
for each type of thrustorarealso discussed. Rocket engine performance is pre-
sented from both the theoretical standpoint and from compilation of delivered
performance data for existing systems. A tadulation of transient performance

for existing engines operating in the pulse mode is tncluded.

Wi 1)
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3.0 INTRODUCTION

Yo dltu'd.m the performance of the various types of thermal and chemical
propulsion systems, specific design data for the elements of the system are
required as well as informstion on overall system performance. Similar
inforsation is required on the other systems - electric and nuclesr in order
to determine th.e best system for any perticular applization. Previous Boeing
studies related to propulsion systems are indicated on the Figures 3.0-1

and 3.0-2 by document title and number. PFuture system work will be in-

corporated into the documen! series shown on Figure 3.0-2.

This document cuncerns itself with state-of-the-art and design data of one
elenent in the system - the rocket engine. Previous vork relating to all
types of engines is shova in Figure 3.0-3. RMture engine and thrustor vork
vill be incorporated into the document system shown on Figure 3.0-4. Access
to informmtion on the remaining propulsion elements beyond the overall systems
and engines may be obtained through the Space Propulsion Systems - Concepts

document {(D2-113549-1).

Thermal and chemical propulsion technology has beea and vill coantinue to be
the subject of considerable investigation by govermment agencies, educational
institutions, and aerospace contractors. The purpose of this series of docu-
ments is to provide a central source of information generated by outside

agencies as well as to provide a repository for related Boeing research.

The purpose of volume one of this docusent is to present information on
engines used for reaction control systems and low velocity increment propulsion
systems. The properties of the gases and 1liquid propellants used in these

engines and some system considerations are also included.

SHEE! 12
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¥ hn rocket engines, or thrustors, are reaction devices used t'ar tx
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and rotational control of spacecraft and boosters. Translatiomsl eona-ax e N,

concerned with imparting a translationsl velocity ir a specific direectien.
It is usually referred to as “velocity coatrel” or “delta-v { AV) coatrol”.

Rotational control, directed around a vehicle axis, is generally referred to

as "reaction control”™ and is used in conjuaction with other devices to proyido'
vehicle attitude orientation and control. Velocity control and resction coatroi
systems use similar components though their selection, design, installatioa and

operating requirements mey be comsideradbly different.

4.1 VELOCITY CONTROL

Spacecraft velocity control systems are propulsion systems used for maneuvering,
modifying trajectories, and for changing orbital characteristics. These
spplications entail certain unique features involving duty cycle, operating

conditions, performance and the duration of spece storage.

The number and duration of discrete operating sequences can usually be predicted
from mission plans. For example, midcourse corrections are usually budgeted in a
transfer trajectory to remove launch errors and to bias aiming point or srrival
date. This budgeting involves relating the velocity corrections rejuired ., %o
propellaant expenditures, vhile at the same time minimizing the number of
mansuvers, commands and spacecraft functions required. Since velocity coatrol
systems usually operate for more than ocne secon:, thrustor operation is
considered to be steady state. Steady state performance is desirable since it
minimiges transient effects, permits ’.esign for pesk performance, and allovs the
thrustor to resch cperating tempe: - ure. Oonsequently, velocity coatrol systems

often make good use of the b’.~:r performance attained vith monopropellant and

SHEET 17
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The thmw-, hovever, must protrude in some fashion frow the qaoom R
~ Veloeity control thrustors are usually closely coupled t¢ the spacecraft ‘m

bﬁmvpdhnt tarustors. : : h

a sajor axis since the translational maneuvers they accomplis not require . .
mpment arn. This eases the thermal coatrol requiressntes concermed vith prcmu'
propellant freexing at the inlet lines. But it cen complicate spacecraft thermal

eontrol requirements associated with engine, nosgle and exhaust plume heat loads.

Very smell maneuvers are occasionally required from a velocity control system for
midcourse correction, orbit trim, or similar uses. These small mapeuvers require
very smll, precise and repeatadle pulses (impulse bits) from the thrustors.

These factors are controlled by thrustor size, vaive response and valve location.

The spacecraft must be properly oriented prior to a translational maneuver, and
subsequently reoriented for the coast phase. This is a function of the attitude
control system (ACS)- During the maneuver, engine thrust vector coatrol (TVC) 1s
required to prevent it from introducing undesired moments about the spacecraft

center of gravity.

Velocity control propulsion systems are selected on the basis of performance,
veight, duty cycle and lifetime requirements, reliability and hardware aniubilit#.
Velocity control thrustors and their valves are designed or selected on the basis
of performance, response, repeatability, weight, size, lifetime, reliability,
thermal characteristics, availability and various materials consideration. Prim
criteria generally are specific impulse, minimum impulse bit, availability and

wveight.
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Reaction eontrol system thrustors usually operste in & pilsed mode to impart

4.2 RBEACTION CONTROL

Reaction comtrol systems (R(CS) are spacecraft propulsion QM used to Mﬁ'n R
cp-c.cr.nﬂ: piteh, yaw and roll control. They are also used for attittide

positioning wvhen conducting msjor maneuvers, directing seasors, or aiming
photographic systems. Their unique requirements concern system m,

acourecey, duly eycle and component location,

small impulse increments to the spacecraft about a specific axis. Consequently
they are particularly characterized by transient and pulse mode factors including
thrust rise and decay times and impulse bit size and shape. Overall performance
is 2ls0 quite importent,

Reaction control thrustors are opersted by atiitude control system (ACS)
commands. This system processes informstion about spazecraft orientation and
relates it to desired orientation and maneuver rete to issue thrustor "ON"

and "OFFT" signals. Hence, resction eontrol impnlse bits are sized and
scheduled against an assumed duty cycle based on anticipated dioturbcnen;
response rete limits, and scheduled spacecraft sttitude positioning evemts.

A "limit cycle"” mode is ususlly used to accommodate induced disturbences by
applying cynliﬁ response of the thrustors to a control band establighed by
spacecraft pointing limite and control rete limits. These conditions are
subsequently reduced to impulse bit size, duty cycle and propellant allowances.
The pulse mode operation of reaction control thrustors withchemically reactive
propellants ylelds lower performance than wnder stesdy-state conditions because
of transient operation effects, engine thexmel conditions, snd single-versus-

multiple design point considerations. The specific impulse of chemically
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“ propallants to the extent that veloecity comtrol thrustors de.

The resction control system is ususlly imstalled in the speacearaft in s
maner similar to that of velocity control systems. Howvever, the thxusters
are mounted at s distance from the spacecraft primscy axes to provide mowent
aras for the rotational motions desired. large moment arms permit small |
(lower thrust) engines vhich, in turn, are capeble of smeller and more
precise impulse bits. Propellant line length and electrical cabling increases
correspondingly. These remote thrustor locations also require some thermsl

protection vhenever propellants are used which can freeze.

Reaction control propulsion systems are selected on the basis of response,
repeatability, perforsance, reliability and availadility. Primary eriteria
are specific impulse, minimum impulse bit, pulse width, thrust rise and
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4.3 APPLICATIONS FOR LOWAV THRUSTORS

Small rocket engines or thrustors, have been extensively used for velocity and
reaction control of satellites and boosters. This will increase with the in-
creasing exploration and exploitation of space. Thrustor selection is based on
mission related factors (impulse, duty cycle measurements), system factors
(thrust, waight, size), and engine characteristics (performance, response, in-
duced enviromment). Hence, certain thrustor types are appropriati to particular

applications. These circtmstancéa are diacussed below.

h.3.1 Thrust and Impulse Effects

Engines used for translational maneuvering are cosmonly larger and operate less
frequently than do engines used for attitude stabilization. Their operating
duration per firing is longer, sc steady state conditions are usually attained.
Impulae requirements for translational maneuvering are large, so the higher per-
formance of steady state operation helps to minimize propellant expenditures.
Transient characteristics are less important with these engines, so they are

generally designed for high performance rather than response.

Translational engines are often related to thiust and total impulse as. shown in
Figure 4.3-1. This figure shows that propulsion applications involving 100 to
100,000 1b-sec impulse and (.Ul to 10 1ib thrust can be further defined by
mission and thrustor type. The boundaries to these regions are not hard and fast/
They were derived from numerous system, mission, and engine studies some of ﬁich
undoubtediy were resolved by other factors such as recliability. Nevertheleas,
this figure serves a useful function in simplifying a complex situation to

the extent that application trends are apparent.

Impulse (i.e. propellant) requirements are a strong function of maneuver volocityr,

They increase with velocity capability to the extent that system weight becomes
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increasingly a function of propellant loading. Under these circumstances, t.ho'
higher performance propulsion systems may offer significant weight advantages.
Propulsion systems are sometimes used for several mansuvers which may poxiit

the use of higher energy systems. For example, Lunar Orbiter performed both
midcourse correction (smallfAV) and orbit insertion (large A¥) with the same
bipropellant engine. Surveyor uses three bipropellant engines for midcourse
correction, attitude control during solid motor firing, and vernier control

for maneuvering and soft landing. Ranger and Mariner, however, used their mono-
propellant hydrazine systems only for midcourse correction maneuvers. The per-
formance advantage of monopropellant engines in the Ranger program and bipropell-
ant engines in Surveyor were enough to offset their development. Mariner hard-
ware and technology was derived from Ranger. Lunar Orbiter used Apollo program
bipropelliant technology. Thus, velocity control systems used in the 150-4000
fps velocity and 55U-<500 lb spacecraft weight range currently use the higher
performance monopropellant or bipropellant engines since the technology, hard-

ware, and space experience are available.

Impulse requirements are proportional to spacecraft size. It has been mentionea
LilaL propuis-on system weight becames increasingly a function of propellant
weight with larger systems. Thus, propulsion systems for large spacecraft can
derive a distinct weight advantage from using the higher performance mono-
propellant and bipropellant engines. The larger spacecraft currently occur in
the manned Apolle and Manned Orbiting laboratory (MOL) programs. Maneuvering and
attitude control engines in the Mercury Spacecraft (Apollo Program) used mono-
propellant hydrogen peroxide thrustors. The succeeding Gemini spacecraft used
bipropellant engines for maneuvering and attitude control as will the Apolio

Command (CM), Service (SM) and Lunar (IM) wmodules.
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Less impulse is usually required for attitude positioning snd control tham for
performing major maneuvers. The impulse capability provided to satellites,
especially earth satellites, is primarily for attitude control and is thus
not large in magnitude. The pulsing duty cycle employed for reaction control

reduces the performance advantage of monopropellant or bipropellant thrustors
over stored gas thrustors (cold or hested gas). Also, the weight of emell

propulsion systems is strongly influenced by components vhich are mot strongly
weight-gensitive to thrust level or propellant loeding such ss standard
components sizes, rittings, bosses, mounts, cabling and wiring. As a
consequence, the lower performance cold gas systems have been competitive on

e veight basis and have distinct advantages in simplicity and bardwvare
availability. When velocity requirements increase, such as for velocity
control purposes, a veight advantage accrues to monopropellant and bipropellant
propulsion systems, since engine performance is highest wvhen operatirng under

steady-state conditions.

Monopropellant engines vill increase in use as hardwvare experisnce, performance

andi availability incresses. HKydrogen peroxide (3202) has been recently used
as a moaopropellant vith good success on several satellites, including Syncom
and Comsat. It had previously been used ag a monopropellant for reeactiom

control and auxiliary power on the X-1 and X-15 rocket aircraft, and the

Centaur upper stage booster.

Boosters and maneuvering stages have frequently had pulsed dipropellant engines

for reaction control using the primary propellants. Recently, monopropellant
engines have been introduced into booster system use with the Burmer II wper

stage using hydrogen peroxide for reesction control. Significantly, the
bipropellant attitude control and mmneuvering engines ou Titan II Traunstage

have been changed (0 mono,.opellant hydrezine engines using the Shell k05
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4.3.2 Response and Impulse Bit Rffects

Thrustors used for very smll veloeity corrections, attitude positioning, swd | . °
cftitude control are particularly affected by engine pulsing chtnctorilﬁci,
especially thrust response and impulse bit size. Good pulsing characteristios
are measured in terms of good repeatability, small minimum impulse bits, rspid
thrust rise and decay times, high performance, and long operating life. mure
4.3-2 is a generalized guide for selecting engines to be used in pulsing
spplications in which minimum bit size is important. This figure sbows
discrete regions of thrust and minimm impulse in which particular types of engines
(i.e., stored gas, monopropellant or bipropellant) are sppropriate. The boundary
describing the lowest minimm impulse bit in each ares indicates the best
pulsing capability of close-coupked, fast response thrustor systems. Adjacent
to these regions are arrovs indicating the particular type of mission to which
these engines are suited. This figure shows especially that ummanned earth

orbital, lunar and interplanetary satellites are the spacecraft vhich require
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engines of less than 1 pound thrust and 10~ lb-sec minimum impulse bit =~
capability. Boosters, reentry and boost glide vehicles and manned satellites
use larger engines which have larger minimum impulse dbits. PFuture large
Mw satellites may use larger engines, but they may still need relatively
seall minimm impulse bits. Small engines will be used in applications involviag
the smaller satellites, low maneuver rates, extremely fine pointing require-
ments or where they are used in conjunction with other attitude stabilization

devices.,

Response characteristics are transient conditons involving chamber pressurs,
.thrust, impulse and time during the start-up and shutdown phases. Transient
effects are more pronounced with small pulses, slow acting valves, large

thrust chambers, low propellant temperatures and, sometimes, with increased
pulse spacing. Transient conditions including ignition delay, thrust build-up
and thrust decay are shown in Figure 4.3-3. Some differences exist in the
industry concerning the meaning of these terms, especially as they apply to
different engine types. Igniticn delay is used herein for that period of time
consumed between iﬁitiation of the electrical ignition signal and first detection
of a corresponding reaction in chamber pressure. This includes time increments
involved in electrical and electro-mechanical delays, propellant transporti lag
and delays in chemical reaction initiated by hypergelic, electrical, thermal or
catalytic means. Bipropellant engine manufacturers sometimes use the term
"jpnition delay" for what is actually the chemical reaction delay. Thrust
build-up and decay periods are defined by the time required to reach a specific
thrust level. They are usually given as a percent of maximum steady state

thrust and measured in terms of equivalent chamber pressure,
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PIC. L.3-2 TYPICAL ROCKET ENGINT TRANCIENT CONDITIONS  (Ref. 3)

Figure 4.3-3 shows two pulses from 4 sequence of ten cbtained with a smail bi-
rropellant thrustor operated at a nominal duty cycie of 9%, This sequence

shows transient characteristics and reproducivility of chanber prescure,

proepel lant inlet pressure, and valve current and voltage as the valve s
actuated fer each puise., The chamber pressire trace shows that eleven (1.) msec
were consumod between the anplication cof valve veitage and reaching rated
thrust. Approximately four (4) msec. of this sere taken up by Lhe electrical
delay and valve poppet opening time. The reraining seven (7) msec. include

tre in‘ector and feed tube fil.iing time, propeliant ignition delay, and the
tire required to f1li the chamber volume with combustion gases. The shutdown
transient ccnsumed approximateiy eleven (!l) msec. between removing valve

power ani attaining essentia!ly (& thrust. This time was consumea in eicctrical
delay, valve poppet cliosing, emptying the "dribble velure", and enplying the

chamber of gases,
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Fngine response characteristics are primarily controlled by the chamber design
and the valve-chamber relationship. These characteristics depend on the valve
actuation time, and the propellant volume contained between the valve and the
injector ("hold-up volume”). When quick response is desired for rapid thrust
build-up or pulsing operation, fast acting valves are closely mated to the
engine to minimize propellant "hold-up volume." Such engines are referred

to as "fast-acting" and "close-coupled.” Thrust chamber volume is important
because small thruster chambers have faster response characteristics. Por
quick response, chamber volwume should be as small as possible, though not so
small that performance is reduced through incomplete combustion. Chamber size
is descridbed in terms of L%, the chamber characteristic length, which is equal
to the chamber volume per unit of nozzle throat area. Figure 4.3-4 shows how
ignition delay increases with L*, PFigure L4.3-5 shows how (1) performance
decreases with decreasing I#* and (2) that there is a performance difference

in chemical engines designed for pulse-mode operation as opposed to those

desired for single point, steady-state operation.

Characteristic length (I#*) affects response in cold gas systems, but it does
not affecc performance since chemical reactions are not involved. Chamber
temperature of cold gas thrustors is constant except as it is influenced lty
variations in state or sowrce temperatures. Consequently, cold gas thrustor
performance, though comparatively low, is constant and predictable throughout

systen: operation, simplifying the design of attitude control logic.

Monopropellant engines do not hehave in this fashion. Since they are designed
tc.) operate at elevated temperature, performance is variable until stable
operating conditions exist. This happens when the engine and catalyst

have been raised to operating temperature by heat obtained from the
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decomposition process. Performance is reduced, and thrust rise tino.";_mu;dod, 1

until stable operating conditions are attained. Thus, monopropellant cnginlo
do not exhibit uniform performance and response characteristics under all

operating conditions.

Translational maneuvers are controlled by either a timer or an accelerometer.
Maneuver rate data is used to control attitude orientation maneuvers. Timed
maneuvers accumulate deviations from scheduled performance as a tot.ai error at
end burn, Maneuvers controlled by accelerometer or rate data correct for these
deviations accumulating only those errors attributable to instrumentation
tolerance and thrust tailoff variations. An additional error may develop frow
interference in pulse scheduling when response is so slow that additional
pulses are commanded before previously ordered pulses are detected. This is
particularly appropriate to "cold" (ambient) monopropellant engines. Manuever
error is greatest with timed maneuvers, being generally on the order of 10-30%
for very small maneuvers (==0,10 m/sec) and 3-7% for large maneuvers (1.0 m/sec)
In most installations accelerometer control can be justified for maneuvers

exceeding 0.1 to 10.0 m/sec.

Bipropellant engines lose little performance to engine warm-up since combustion
temperatures are so much higher (500U-50U0°F) than with monopropellants (1800~
330°F) that it is necessary to keep the chamber walls from overheating. These
engines depend, to some extent, on film cooling by using a fuel rich barrier at
the chamber walls. Since no catalyst is required there is little interior chamber
mass to be brought up to operating temperature. Pulsed bipropellant engines

do lose some performance due to mixture ratio variations, though impulse
variations appear to be small and reasonably linear. When a bipropellant engine

is required to operate in a pulse mode it is specifically designed for these

SHEET 30

US 4807 1434 HEV.8_6Y%



USE FOR TYPEWRITTEN MATERIAL ONLY

— g 0 w: -vvvg—.-~ )

' ) T NUMBER -nesthaza-c :
THE '”"”c COMPANY ' o . 2 - . REV L{R ’

e
~

na ey

conditions. It usually has lower steady state xm'tcnnoo, as -hmm 1- H.nro

&.3=5, but for a particular design, mfoa-ncc and response u mhtcut
over a vide range of operating conditions. X% can thus be used in timed,
accelarometer controlled, and rate controlled maneuvers vith relatively simple

cantrol logie.

Past acting propellant valves are necessary to quick engine response. These
valves must be capable of rapid and positive response. Direct acting solenoid
valves of torque motor actuated valves are usually preferred. Typical valve

actuation periods are in the 5-10 millisecond range.

Cold-gas thrustors have spperior response capability in that fast acting,
close~coupled bhardware can be used, thrust characteristics are relatively
insensitive to propellant or hardware temperature, and simple control logic can
be used. Respoxiu of cold gas engines is limited by valve cepability which is
currently on the order of 5-7 milliseconds. Transport lag can be as brief as

l-3 milliseconds. Time to 90% thrust then can be less than 7 milliseconds.

Repeatability of cold gas engines is quite high.

Monopropellant systems have larger hold-up volumes due to valve and injector

design requirements so that transport lag with the liquid monopropellant is
somevhat higher. Nonopropellant engines will, in pulsing opersation, be somewhat
less repeatable since the volume uncertainties involve liquids instead of gases,
and response cLaracteristics are influenced by thermal conditions. Response

to 90% thrust exceeds 7 milliseconds for smsll monopropellant thrustors designed
for pulsing operation and operated vith ambient propellants and a hot catalyst

bed. Performance is higher than with most cold gas engines.
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Bipropellant systems have hold-up volume and hydruillic lu err.ectl in both the
fuel and oxidiser circults and, in sddition, they require some degree d'-;:mz
ratio control. In suall engines, transport lag may consume M5 milliseconds.
Smaller, fast-response, close~coupled bipropellant engines are capable of 15-25 |
dDilcmndl response to 90% thrust.

Lk.3.3 Packaging Effects

Pmpulsion system installed volume may, at times be an important factor dus to'
limitations imposed by the booster, slioud, spacecraft structure, or experimemtas.
Cold gas systems are inferior in this regard since a relatively large amount

of propellant is stored in the gaseous state. However, cold gas equipment mey
be easier to position on the spacecraft since there is no dasgee of propellant
freezing. Additionally, cold gas thrustors have minimum thermal interference

vith adjacent spacecraft equipment.
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5.0 ROCKET ENGINE PERFORMARCE

The basic steady-state performance equations for rocket engines are developed
in detail in numerous textbooks asmong which are hferenceg 5 and 6 . These
equaticns are briefly developed herein to support subsequent discussions of

dclivered steady-state performance, and of transient performance.

5.1 TEEORETICAL STEADY STATE PERFORMANCE

The ﬁheoretically ideal rocket is based on adiabatic, steady state flow of
homogensous, compositionally invariant propellants (in chemical equilibrium)
which obey the perfect gas laws, which develop no friction, and which have
uniform, axially directed velocity. These assuwaptions permiti one-dimensionsl

analyses of the rocket enginc.

Rocket engine thriuct is derined by a momentum plus pressure-tiinc-area term:

F=mg+ EPE‘“E:]AQ (5.2-1)

The principle of conservation of energy is used for gas velocity at the nozzle
exlt. For an asdiabatic gas expansion (no heat transfer between the gas and
nozzle) having no frictior between the gas and the nozzle wall, the conservation
01 energy requires the decrease in gas cnthalpy to be equal to the increase in

gas kinetic energy. Thet is,

hehe= ah= [E-V2 ] 2g,

For e perfect gas

hc- l"e,"" Oh = CP ETC —-rc ] (5.1-3)

CP‘ ¥R PREY
-1
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For an icentropic process, I—I

T _[P.°
Te— PC

Acsuming that the chuwber cross-scctional area is large compared to the throat

(5.1-5)

area, v, is small aand can be neglected:

B [-@T ] e

The mass flow rate equals:

ST
'm‘ac 3CA*\'*°

(5.1-7)

The tiwoat velociily v, is equul w the speed of scund at the throat. which is
J v, 3Y ;s
1%

M= A x+| RT:] 1=

The fiow densivy at tie thrcat is reiated to the chamber density by

e 5 (™

—e-—c == W (;f'-l":’)
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Usityr the ideal gas relationship,

I -
QC = —R—:E (5.1-1C)

snd substituting equations (5.1-8) and (".1<3) into equation (5.1-7) gives

> MR (e o
™= L(“ﬂcRTj X+1) (541-11)
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Combining equations (5.1-6) and (5.1-11) into (5.1-1)

F=RAY W.J s [(Pe)“rj + R AL

Equation 5.i-12 is generalized, non-dimensionally, to:

=0
e,

i
o
S i
ol

/

l’:——'-» -1 ?i/z

2 Teke ) P l"‘/‘?s ffj
el 2 s

(5.1-12)

The terrm Ae/t\ is evaiuated by aprlying the prianciple of comservation of

t

matter:

3 ).

{ ke . <.
—p—" Captmar
;=9 i -
N N

and npplying the isentrepic huw relations,

o AN -
0‘“ ‘. EE.. > ) and }:C.:
1

2 e
the term ‘t / DC’. Lecomes
> S

‘/
- Yis

" ' Yy
':;.' (?c) ((-H) (% )

(elell)

(5.1-1%)

(5.1=17)

Corbininrg equations (%.1-17), S.1=3), (9.1-8) aud (5.1=14), the aresa ratio

equals At (,A‘ (6-\) \/' — |

@) (B e

(.5 fﬂj

(5.1-13)
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Thus

= Y{B.,Xri

-+ !

A plot of this equatiun is shown in Figure 5.1

-l-

l ‘7} ( 4,‘ @4/[. "c) ’ﬂ( (5.1-19)

It contains a velocity

thrusi coefficient (CFV) and a pressure thrust coefficient (CFP)’ such that:

where:

e impulse, I, equals:
s')"

=Y, 5:i-23),

E "d {L.’T.ch;‘
! PENG X, ‘b
L t?i‘&

Combined with (©

e, <

I =
o’ i

AT A

«1=2k) cen be further ;inplif‘ied %

Equation (5
C(\ T"

I_‘LP, = W 4

Ly defining a weight fiow parameter, W, ac

N 2 a0 e,
19 (7)) J ¢
Kc

e

WA

tinis becomes:

(5.1-20)
‘?HE
' § (5.1-21)
%
(5.1-22)

{5.1-23)

(7.1=25)

(5.1-0)
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s0 that

V,

o = WAL
m o= WIZ A | a2 (5.1-27)

Equation 5.1-19 is shown graphically in Figure 5.l-. for specific heat ratios
of 1.1 vo 1.66. Equation 5.1-06 is shcwn graphically in Figure 5.le2 for
specific heat ratics from l.1 w l.7. These equations assumes & constant
cpecific hent ratic during the expansion process. In general, this is =
valia assumptiorn because the efiects of temperature and pressure on specific

heat ratic are suzll.

.2 DELIVERED ;‘STEADY-S'IWI'E PERFORMANCE

Delivered porforuance differs Irom theoretical values vecause actual ocnditions
viry from those assuned in the ideal case. Primary variations can be
atltributed to beundery layer effects, nozzle divergence angle effects, and

acn=hcrogenous, chemically changing propellant conditions auring tlie flew

prozess.

o
ledl @

p 1 BOUNDARY LAYER EFFECTS

The effect ol boundary layer growtn on nczzle perlormance is twi-fold:

.

The averare gas exhaust velocity Is reduced because of friction

f

between the gas and the nozzle wall in the boundary .ayer.
b. The cffective area ratio cf the nozzle is reduced by growth of the
boundary layer. The thickness of the boundary layer 16 characterized

/
by the displacerent thickness, ¢ *.
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Nozzle flow with a boundary layer is schermatically illustrated below:

FIGURE 5.2-1 NOZZLE FLOW WITH A BOUNDARY LAYER

An estimate of nozzle performance can be cobtained by calculating the boundary

iayer lisplacement thickness, and the total viscous drag force at the rozzle
wail. For design purposes, the use of the correction factors Cv and CD is
mOst convenient. Values of Cv and CD can be estimated from the experimental

data summarized in Fipgures 5.2-2 end 5.2«3. The correction factors and
C

CD are applled to the 1deal performance facters in tne following manner:

(o =>\c¢, * Cy * Cp + Cf (5.2=1)
}accuaL Sy { & P

L °

r‘tactual = Ml 2 CD (502'?)

The prescure thrust coefficient, Cp > is 2 small part of the total thrust

P
coeitlicient, being less tuan 2% of the toral thrust coefficient {or area ratios
avove approximately »(C:1, at t = 1.4 . Therefore, the velocity, diverpence,

and discharge cveitficients can be applied to the totrl ideal thrust ccefficient,

Cp , without signiticant error. Thet is:

CF' 2 X CF ¢ CV ¢ CD (5.:"3)

——
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The difference between ideal and actual nozzle performance is primarily the
result of boundary layer effects, so the velocity and discharge coefficients
are ~orrelated by the throat Reynold's number, as shown in Figures 5.2-< and

5.2«3. The throat Reynold's number is calculated from:

ey _ AN
Rt (‘\)\“ y/ (4d,) BES

5.2.2 DIVERGENCE ANGLE EFFECT3
The rozzle divergence correction s necessary because of the divergence of

exit velocity vectors jroxm the axial direction, represented below:

Ve Sn@

/1IN

Altnough the velocity vectors have a magnitude equal to the ideal one-dimensional

value Vv

e;, the component (v, sin @) produces no userul axial thrust. The
correction factor for nozzle divergence is designated (X ), and 1s evaluated

as:

k =1/2 (1 + coso() (5.2-5)

where X is the nozzle divergence angle shown above. The divergence angle
correction factor is applied to the velccity term in the thrust coefficient

such that:

CF = /\CFV + CFP (5.2-6)
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Figure 5.2-4 shows the effect of nozzle divergence angle,0<, on thrugt
coefficient as a function of nozzle expansion ratio, and specific heat ratio,

and divergence angle of conical nozzles.

’«2+3 PROPELLANT AND GAS EFFECT3

In the real cases, actual performance also differs frou "ideal" values because
the propellants arc not really homogenous, compositionally invariant and in
chemical equilibrium throughout the chamber and nozzle. Monopropellant engines
are reectcrs designel to change propellant condition Ly catalysis. This
pracess pernifis propellants to exist in various conditions within the chamber.
Additionally, dissocliation may also follow this process, as withh neat
hydrazine (N?Hu). Bipropellent engines are designed to promote chemical
reaction ot fuel and oxidizer within the chamber. Cbviously, compositional
variations exist throughout the mixing ond chemical reaction process which,
vhen related to time, represents different locations within the engine. Fuel
rich flow is ususl!ly provided to cool the chamber walls. Also, .ecomtination
can aceompany these precesses.  Since these ~i'rects ore related to ergine

dendun they will be discussed additionally under the particular ecagiize involved.

Certain propellants contain water vaper as an exhaust product. Vapor condensae
tion has been suggested as & source of perforumnce variations from that
calculated for "ideal" conditions. However, condensation effects on nczzle
performance caunct now be predicted with confidence in view of the uncertainties
involved in experimontal efforts conducted so far. Further elaboratio: on

this subject is available in References 7, 9 and 10. Until this effect is
resoived, it is recommended that the magnitude of condensation effects be

nezlected in performance estimates.
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5«3 TRANSIENT PERFORMANCE
An analyticel procedure is presented herein for determining transient per-
formance, based on the analysis and experiments of Greer and Griep (Reference

9) and assuming
1) Constant density flow thru the valve orifice occurs
2) Choked flow at both the valve orifice and tie thruster throat

3) Instantanecus valve opening at & = O,

The rollowing expressions for the pressure rise and decay transients are

obtained:
) O iy =T
e e = S = 7 e e o
P l ( \“*bjc‘ + D(“‘trf" Z)e — (?risB
o ad (502-8)

-

i'(x

2 Z |= Gk, (i ~‘)‘6’J ¢ (decay)

wvhere
PC = instanianeous chamber prossure
Pss = steady=-state, vlemus chamber pressure
L.
Yo { | "/,, :} 21 for vacuun operation (5.2-9)

.--.-

)ﬂ ( Q-i\}m (S.2-10°

1

dimensi onle..s tirne :‘avrf')r

Ao

LG :\‘C ( - ']2 =y (5.2-11)
g ¥ = sondie velocity
‘6 = specific heat ratio
® = time
At. = nunzzle throat area
Ay = valve orifice flow area
Ve = voi'zme of thruster plenum chamber —

ot
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The thruster rise time, neglecting valve transient effects, is the time

required to reach P./Pg, = l, or,
—t}-\( - - "“" L(,ﬁ L—\" +l-t‘] (5-2-12)

The decay time required for the pressure to fall from Py, to Pa’ is

s’
( "’Sg - ’] V“l (("') (5.2-13)

R (1 ‘ /32"\(0 <....\ (5.2-14)
= o
| A* (J\ <l 1(6 s (5.2-15)
Wy = 7 4 H‘)

The preceding equations show that the thruster rise and decay times can te
dzcreased by:
1) minimizing the plenum chawber vclume, V,

) making the valve oritice area, A,y large compared to the

nozzle throai area, Ag.

Notle that this analysis doecs not include the etffects of a finite val-e opening
lirie, or the effects of electricel delays between application of an opening
<ommand and motion uf the valve poppet. For well-designed thrusters, these
delays are of the same magnitude as the thruster pneumatic delays. As a
result, the transient response analysis must include the valve characteristics

as well as the thrust charucteristics.

- —— s e
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6.0 THRUSTORS FOR LOW AV APPLICA'!’IONS

). 6.1 COLD GAS THRUSTORS | T A
6ol.l GENERAL | e S

"Co14" gu propulsion systems (nsureVG.J.-l). sre popular, state-gf-the-

art systems drwring from a large varisty of spece-qualified, “eff-the-
shelf” hardwvare., Such new component development s is neceuu'y for
particular applicstions involves miniwum development time and expanse.
These systems are relatively simple, relisble, low cost and euy to develop
items which still deliver sdequate parformance and very small, precise

and repeatsble impulse bits, The principal disadvantages of cold gas
systems involve low specific impulse, hence high propellent weight, and
relstively high storage system weight to store the propellant as a gas.
Some :ei )t reduction is possible by using propellants vhich =mxre liquid |

at cucient conditions such as propane or amsonies

Thrustors for cold gas systems are simple in design, consisting of a gas
plenum charmber, nozele, solenoid gas valve and an inlet line, Figure
6e1-2 shows a typical cold gas thrustor of the type used vith satisfactory

USE FOR TYPEWRITTEN MATERIAL ONLY

results throughout the Lunar Orbiter program, The principal miationv to
this design involves mounting the plenum end nozzle in somwe installstions
" 4mn such a way that the thrust vector is st an angle with respect to the |

gas supply vector to the plenum.

6+1e2 PRINCIPLE OF OPERATION
' mldmpz'opul:jmmtmrelywmttomahwwthmm-
nental pressures mmmmmmwammm
arrangement, The gaseous pavponmt is usually Mhhmm
) (3060 « 4000 psia) gas bottles at ambient conditioms, They are thus
B
SHEET 7 |
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@® Pressure Transducer
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Visual Gage

FIGURE 6.11. TYP ICAL COLD GAS SYSTEM

e Poppet- <Seat -
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FIGURE 6. 1-2. TYPICAL COLD GAS THRUSTOR
(Ref. 11)
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Mton ooldg- systexp, uwhwﬂm'm
ummmumwmwmmmm.

nwm,mmmt;muummmtm
rmﬁm'w,mwmﬁ,mdlu\vlmiem and checkout
operstions and to minimize propellint leaksge. The systen is activeted by
firing the isolation squib valves, providing propellant to the thruseoe
valve inlet, |

This {8 usually done prior to lsunch in the pre-lsmch or countéown
seguence, or after reaching orbit, Cold gas systems are used infreguently
in boosters, and then vithout isolstion valving of the high pressure gas
circuit,

The thgntor valve controls ges flov, and consequantly the impulse dslivered
by the engine, This valve is usually sprimg loaded so that failwre of the
pover supply or solenoid coil camases the valve to fail in a closed position.
In norwal operation, an electrical commend energizes the solenoid coll,
moving the valve armature apnd lifting the valve poppet from the seat, This
irports the valve exit, permitting gas to enter the plenum chember, A
smooth flow transition is provided to the nozsle etrances The gas wnder-
goes a contyolled expansion in the nozgzle, converting the random gas
wolecule velocity (messured by gas temperature) to an ordared exhaust
valocity. The incresse {n wean gas velooity from esseutially zero in the
plenun chanber to the exhaust velecity &t the nocsle exit prodmua
reasticn force, or thrust, Aditional thrust results frow the MQ
aifrerential (noxzle exit presmme to amblent pressure) acting ovir the
nozsle exit aveas | P ey

B .
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©6.1.3 CULD GAS THRUITOR CONSTRUCTION

The cold gas thrustor is the simplest of small rocket engines, having omly one
propellant and requiring no catalvst. Figure 6.J-3shows the construction of a
typical unit involving a closely integrated valve and engine unit. Physically
it consists of a nozzle, plenum chamber, and propellant control valve. The
valve is predomiaant in cold gas thrustors, and cspecially so at lcwer tnrust

levels such as slown Lere,

Materiels and construction methods are selected to satisfy the requirements

for low cost, light weight, reliable systems having high cycle lite and very
low leakage characteristics. Shell and closure materials can be of high
strength aluii-um alloys, such as 2024, since thermnl variations in the chamber
are small. Attaching the nozzle asseably by means of.mountinc acrewvsg, as shown,
makes il easy to change thrust level or nozzle expansion ratic by switching

to nczzles with different throat and/or exit aress. This enables a single,
basic unit to satisfy a range of thrust, expansion ratic, or geometiry require-

menis, thereb) reducing wnrit costs and deveiopaent regquirements.

The flow control unit consists of a hard, tungsten-carbide poppet and a

stalnlegs 8t2el poppet seat. This assures a good gas seal 1or many operating
cycles during prolonged exposure to the space environment. Internal and external
leakage are reduced by providing teflon and silicon gaskets and by strongly

loading the noppetl soating spring.

6.1.4 (OLD GAS PROPELLANTS
"Cold gas" thrustors used propellants stored in gasecus form at, or near,

amvienat conditica: . The” may also uce gaseous propellants stored as liquids

at reduced temperatures. They are referred to as "cold gas" thrustops primarily

P
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T to distinguish them from engines in which heating takes place by electrical,
isotopic, or chemical means.

2Cold gas® thrustors have been operational for many years. During this period
many different gases such as those in Table 6.1-1 have been suggested as
candidate propellants, Primarily, they have consisted of aingle component
gases, though some gas mixtures have also been considered. Generally, £hooo
gas mixtures occur as byproducts of other subsystems, such as for life support.
Only single component gases are currently used, however, and among these,
nitrogen applications predominate.

6.1.5 PERFORMANCE

Co’d gas thrustor performance may be rather easily determined on an ideal
basis by use of expressions 5.1-19 through 5.1-<7. This involves an assumption
that the specific heat ratio () is constant during expansion. This is a valid
assumption since pressure and temperature effects are small enough to be
nsglected with most propellants. Hydrogen gas is an exception in this case.

These performance expressions alse require assumptions for neszle

USE FOR TYPEWRITTEN MATERIAL ONLY

expansion ratio and chamber operating pressure and temperature. These latter two
.items (chamber pressure and temperature) do not remain constant when the system

usas an unregulated blowdown mode. In fact, gas storage temperature is not
constant during pressure regulated opsration, either, due to gas expansion in

the storage bottle.

Theoretical performance of selscted cold gas propellants is shown in Figure
6.1-4. However, in preliminary design exercises, steady state performance of colrﬁ

gas propellants is not usually estimated from this data even if efficiency

SHEET 52
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factors are available. Rather, it is arbitrarily specified as - 68 lbraec/lbm

for nitrogen ccnsistent w#ith a 180°F to -4L(U¥F blowdown tenp2rature range.

This procedure has developed from numerous designs, studies and applications
conducted throughout the Industry. It is also not uacommon to supplement this
vith a propellant loading based on safety factors between 2.0 and 3.C. In other
words, industry experience with nitrogen systems in a variety of epplications
nas produced a relatively conservative, but constant, value of 63 lbf-sec/lbm
tor use in preliminary subsystem design. Nitrogen, being easily the mos™
pooular “cold gas"” rropellant has also develcoped into somewhat of a standard

in tnat performance ot cther roczes may be estimated by comparison. For

exarple, the 'ideal" performance equation:
— C(‘l‘ f —]"‘_
A — | == (5.1-25)

can be further simplitied to:
T~ = / T
—J-..._.‘A — ‘\G A l\'.].\ (6-1-1)

wvhere: KG = a constant for a rarticular gas at specified conditions

Hence, the specific impulge of any other gas, I, equals:

— |
T.=T. (& )Eﬁ_z._‘ gy, ] 72 (6.1-2)
rOTTTR\ K ST,
ot e Em]
"'/":',.1 =L KC('LL Wx ) :fC:L .1.”” . (6.1<3)

On thic basis, heliwn yielas a steady state specific impulse of 158 ik, Bec/lbn

ut eguivalent T valuis.

-
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6.1.6 COLD GAS THRUSTOR DESIGN
Most cold gas thrustors are engine-valve arrangements combined in a single
housing into which different aim_nozzlea can be installed. Preliminary
design of the cold gas thrust chamber and nozzle can be conducted in the
following manner:

1) Assume engine thrust level, F

2) Determine propellant flow rate, w, by:

w = F/Ig (€.1-4)
where: I, = 68 lbp sec/lby for nitrogen

Calculate I, for other propellants using equation 6.1-<

3) Determine Cp for the propellant frou Figures 5.1-3, 5.4-5 or equations
5.1-19 through 5.1-22.

4) Assume chamber pressure equal to 40 psia for pulse operated engines
or 150 psia for steady state operation. &Structurally, any value less
than 400-450 psia is usually possible. However; high chamber pressure
needs a small nozzle throat which is sensitive to contamination and
difficult to produce economically, within tolerances, beiow U,Ul inches.
The LU p‘sia value is common for small attitude control engines. Steady
state operation usuaily involves higher thrust levels permitting the
higher chamber pressure suggested.

5) Calculate nozzle throat size by:

AT = F/PC CF (6.]'5)
6) Determine chamber volume, V., by:
= L¥ (Ay) (6.1-6)

Vs
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where: L¥*, chamber characteristic length 1s selected abcve
a minimum of 10 inches to minimize inlet effects of

gas flow into the chamber.

6.1.7 COLD GAS THRUSTOR GEOMETRY

The closely integrated va:lve-chamber design of most cold gas thrustonrs causes
them to be dimensicnally gquite dependent cn valve characteristics. These
characteristics are quite dependent on the valvre manufacturer's approach. The

cold gas engine thrust chacber and nozzle, imaediately sdjacent to the valve

pintle can be sized in a preliminary basis using the fcllowing procedure:

1) Assume, frow 6.1.7, tle ioliowiog: [
Chamber pressure (PC) R
| VALVE
Thrust (F) :

Expansion ratio (€ ) v

Specific Impulse (I ) I‘* Le ——"l
s

£) Assume tne following values determined with the procedures described in

B L7
Propellant {iow rate, w
Nozzle throat are:n, At
Chamber volume, Vc
3) Assume the following bused on common practice with cold gas thrustors:
Nozzle diversence half angle,°<, = 15® [conical)
Nozzle convergence angle, ’3 = 30°

\

\
%) Determine nozzle exit arca, A, thrust diameter, dy, and exit diameter, d :

ag = A€ (6.1-7)
a, = [agat) : (6.1-6)
a, = (/o] 1/ - o, (€)M2 (6.1-9)

Sttt i BT
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5) Calculate chamber length, Ly¢, by:

vC + 0.396 aL3
Lo = = (€.1-10)
3.1k dt"

6) Determine nozzle length, Ly» O¥
d, [E;)' - 1:] (6
Ly = . 530 +1-11)

by

7) Determine thrustor length, LT,

L= Lo+ L " (6.1-12)

6.1.8 COLD GaAS THRUSTOR WALIGHT

Thrustor weight 1s strongly affected by valve weight which .n turn, depends

or the vaive manufacturer invelved. Cold gas thrustors are usual.y basic

units, sized for a range of thrust leveis consistent with various nozzlies and
different propeilant supply pressures. Hence, these units may be guite
oversized orn a woeight pasis at lower thrus’ ratings. That is, a lighter weight,
mere compact assenbly might be aevelopea if it were advisabclie from a weight
and/or cost standpoint, Howaver, cold gas thrustors are usually so small that
they contribute iLitile to totai s;acecraft weight. The total weight o!f coid

gas thrust chamber, nozzle, and vaive assembiy may be estimated from the

following expression:

W.s ®0.2+0.5F (6.1=13)

This expression 1s reasonab.y valid «ithin a thrust range of (.0l Lo >uU.u

1bs providing trat an avsolutely minimum weignt package is not inveivea,

Sedr 56
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€.1.9 DEVELOPED COLD GAS THRUSTORS

Cold gas thrustors have been developed for use over a thrust range of 0.002 to
14.0 1bs. Primarily they have used nitrogen or helium though Freon, krypton,
and argon have also scen limited use. A list of these cold gae thrustors is
shown in Table £.1-2 . This list implies & much greater number of thrustor
designs than actually exist. Cold gas thrustors are quite easily applied
throughout a wide thrust level by varying inlet pressure and nozzle fittings.
Thus, a few basic thrustor/valve designs can eusily cover a broad thrust

range, providirg structural design and response are adequate. Weight penalties
associated with n large chamber pressure range are slight in the cold gas
thrustor sizes cormonly emrloyed. Response is very good since the cold gas
valve and thrust chamber are very closely coupled. Thus, Table 6.1-% {includes
both basic thrustor designs and puarticular applicationz of these thrustors.

in which operating characteristics are somewhat different. This is an advan-
tageous feature of cold gas thrustors in that development oxpenses cuan be
written off against mmerous programs. The units are relatively inexpensive
on a recwrring cost basis, and little development time 1is required for mos*

Prog.rams.
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TABL &1-2 DEVILOPED COLD CAS THRUSTORS
DIMINSIONS  WEIGHT  Min. I
i p WINYAWE O Y
eus L P C MM WD WM '™
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»
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6.2 HEATED GAS THRUST RS

6.2.1 OENERAL

The disadvantages of cold gas thrust«rs related to their relatively low per-
formance can be relieved by heating the gas. According to equation 5.1-25,
specific impulse increases proportionally with the square root of gas tempera-
ture in the chamber, all other factors being equal. The currently popular
cold gas systems are expected tuo be replaced in time with higher performance

equipment which may include propellant heating provisions.

This section describes thrusturs which are supplied with, and heat, a gas

that 1s initially at ambient temperature. Thrust. rs supplied with a hot gas
(e.g. from a main combustion chamber or gas generator) are omitted although
portions of the perforu:.nce daeta are applicable. Propellant gas heating is
eccomplished by using el~ctrical resistance heaters (resistojets) or nuclear

radioisctope dzcay (radioiscjets).

6.7.0 PRINCIPLE OF OPERATION
A typlcal heated gas thrustur consists of an inlet tube, a propellant valve, a
heater, a heat exchanger, and a converging-diverging nozzle. The configuration

i5 illustrated schematically on Flgure 6.7-1.

Power Leads
Ny b, 1.

Propeilant —_—

In b = T

FIGIRW £,°.1  TYPICAL HLATED GAS TIRUSTOR

Nozzle
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This coufiguration has its own heater and heat exchanger unit, though several

engines can be designed to use the same heater and heat exchanger.

Heated ga: thrustors operate similarly to ¢old gus thrustors (6.1.2) except that
the gas 1is heated prior to being exhausted through the nozzle. T™e heat

exchanger it usually configured to raise gas temperature to some value between

1500°R and 4007°R.

A heated guas propulsion system can be designed identlcally to cold gas systems
except for thruster differences. Thrustor design Includes a high temperature
heater and, possibly, thermal Insulation. Propellant storage, regulation,
distribution and control systems are similar to cold gas systems. Thus, in the

event of heater element failure the system can be used as a 20ld gas system.

lleated gnas thrustors are designed as either “thermal storage" ,r "fast-heat up"
devices. Thermal storage thrustors are primarily suited t. pulse-mode applica-
tions, whereas the fust-heat-up thriustor can be used in either pulse-mode or
steady-stute applications. Power, in the thermal storage thrustor, is supplied
continuously by a heater ~lement (nuclear or clectric) and propellant flow is
pulsed. The applied pover is equal to the thrustor heat losses at the design
operating temperature. The heat capacity of the thermal storage unit mus* be
large enough for the heater clement temperature to remain essentially constant
during short propellant pulses. In the fast-heat-up thrustor, both propellant
flow and power are pulsed. In contrast to the thermal storage thrustor, the
heat capacity of the fast-heat-up device is r fnimized. A8 a result, the power
input is equal to the thrustor heat losses plus the heat required to increase

the temperature of the prcpellant.

SHEFT 62

UD 4802 1434 REV ,8-85%




L

MUMBER2-114118-2
RF\ LR

in Teble 6.2-1

TABLE 6.2-1

The advantages and disadvantages of each of these concepts are summarized

COMPARISON OF HEATED GAS THRUSTOR CONCEPTS

Thermal Storage
(High heat capacity)

Fast Heat Up
(Low heat capacity)

Advantages

Disadvantages

No thermal cycling
Minimwn response time
Constant power inobut

Simple power supply

High average power
consumption

High thrustor weight

Isp decreascs as duty cycle
increases

|

Low average power consumption
Low thrustor weight
constant Isp for all duty cycles

Frequent therumal cycling
Delay between commend signal
and impulse bit

More couplex power supply

Table 6.2-2 shows a list of applicatiors of resistojet type heated gas

1 thrustors.

A

“; TABLE 6.2-2

RESISTOJET APPLICATIONS
Application Thrust (1b) Vendor
Vela II 0.0k2 TRW Systems
Advanced Vela 0.020 TRW Systems
ATS - 1 500 x 107 AVCO
ATS - C 10C x 10'6, 10 x 2070 AVCO
1ES - 7
DODGH-M 3 x 1076, 6 x 107° AVCO
| 200 x 10-6
\ R&D 0.020 G.E.

Sl

632
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6.2.3 CONSTRUCTION OF HEATED GAS THRUSTORS
A simple heated gas thrustar (Firure 6.2-2)1is basically a cold gas engine
with a heater and heat exchanger unit. When several thrustors use a single

heater unit, each thrustor has its own valve,

Heater /- Nozzle
Propellant i
In et I
L Valve %
Power Leads (Ref. 15)

LOW IEAT CAPACITY, FAST HEAT-UP HEATED GAS THRU3STOR
FIGURE 6.2-2

Propellant valves normally utilize cold-gas technology, such as elastomeric
seals and valve sea.s, and therefore are thermally isolated from the high-
temperature heat exchanger. Thermal isolation is accomplished by placing a
propellant supply tube naving a thermal resistance between the valve and the
rLeat exchanger. When thrust is required, the valve is opened and propellant
flows through the heat exchanger ani the nozzle. The heat exchanger
raises the propellant gas temperature from ambient temperature (typically

about 500°R) to a temperature in the range of 1500°R to 4000°R.

The heat exchanger can be as simple as an electrically heated tube through
which propellant gas flows, or it can use 8 relatively complex multiple-pass

configuration.

Figure 6.2-7 siiows a low heat capacity, fast-heat-up type of thrustor. The
resistive heating element i3 the stainless steel propeliant feed tube. Thic
configuration is simple, small, and light, but it has relatively lower per-

foruance because the heat transfer process is mot partigularly eificient and

—— —

Sttt 6b
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because the heat losses during operation are quite high.
Figure 6.2-3 is a low heat capacity, steady-state type of thrustor, designed
for high performance (above 800 seconds specific impulse) with hydrogen gas
propellant. The use of regenerative cooling reduces the heat losses.
Propellant
y Cooled Jacke P Water COOling for
for Radiation Nozzle and Negative
Shield - Electrical Lead
Water &
Cooling ™errEme
for
Positive
Electrical
Lead
WA Negative
Positive Electrical Lead
Electricel
Lead FIGURE 6.2-3 (Ref. 16)
WATER-COOLED TUBULER HZAT EXCHANGER THRUSTOR
Figure 6.2-4 shows a high heat capacity thrustor. The heater elements are
mounted on a central core, which stores thermsl energy when there is no
propellant flow. Wnen propellant is flowing, the central core is cooled as
the propellant is heated. A radioisotope power core can be substituted for
the resigtance-heated core, if desired.
{
s e e
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/_ Heater & Core

'i..—;‘f = \Ll"

__%__. e )}TT-,

Power Leeads

NN

Propellant
Inlet

= T i, "

\ Insulation Shields

(Ref. 17)

<=

FIGURE C.2-4  HIGH HEAL CAFACITY HEATED GAS THRUSTOR

Insulation is used on thermal storage thrustors to reduce power recuirements.
It is not usunlly used with low heat capacity (fast heat-up) thrustors
because (1) small thrustor heat loss is low, (2) low thermal capacity is
required, and (3) larger thrustors (i.e., hydrogen) can be regeneratively

cooled.

Pover requirements are sigrificantly influenced by the impulse per pulse, and
the number of nozzles per heater/core element. The maximum impulse per
impulse bit and the duty cycle determine the required energy storage capacity
and therefore determine the weight and volume of the core structure to be
insulated. Each nozzle represents & "radiation window" i{n the insulation, so
power required ie affected by the number of nozzles. In addition, each
nozzle requires a separate propellant feed line, so0 that the conduction come

ponent of the heat loss is dependent on thc aumber of thrust nozzles used.
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6.2.4 PROPELLANTS FOR HEATED GAS THRUSTORS

Propellants for heated gas thrustors include the single component gases
nitrogen ('2)' helium (He), hydrogen (HE)' and ammonis (ll3), as vell as

gas mixtures obtained from sublimiang solids such as ammonium sulfide (“h)zs’
ammonium carbonate Nﬂ,‘co‘?ﬂﬂh and ammonium hydrosulfide, IIHI‘HS. The VELA

satellites used heated nitrogen (lia) vith 2% argon by volume.

Current emphasis 16 on the use of aumonia (IH3) for saaller systems because
of its high storage demsity (low storage volume) in liquid form. The
advanced technology satellite (ATS-1) uses smmonia with a fast heet-up
thrustor. Advanced VELA 18 currently planned for ammonia, in conjunction

witlh a thermal storage type chrustor.

Previous emphesis on using hydrogen in high power syctems (=1KW) was based

on the expectation tbat i{ts potentially high specific impulse (= 350 1lb _sec )

b ¢
would offset the tarkage penalties associated with its low density. This

interest has recently abated in the absence ot immediate missions and practical

USE FCR TYPEwRITTEN MATFRIAL ONLY

pover supplies.

Characteristics of propellants seriously considered for use with heated gas
thrustors are described in Table 6.1-1, since they are generally the same as

those cousidered for cold gas systems.

6.2.5 HEATED GAS THRUSTOR PERFORMANCE

Estimates of steauy state performance of heated gas thrustors can be made for
preilminary design studies using the propellant performance data and procedures
covered in 6.1.5 for cold gas thrustora. Basically, a broad range of per-

formance is porsible 1f enough power is available for raising gas temperature.

Performance f{or nitrogen thrustors can thus be estimated by using:

r
g

|

i

5
U
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-ISP: 33&4Te (6.2-1)
T
where: T, = gas temperature in thrust chamber (*R)
The performance of other gases can be estimated by modifying this expression
to accommodate the difference in molecular weight, providing other processes
such as dissociation are not involved. For other gases, equation 6.0-1
becomes :
— .
Asp= 158 =X (6.2-2)
X TN

: where: -5; = molecular weignt
The principal differences from cold-gas thrustor pcrformance estimaticn con-

» cern dissociation effects with ceriiin prope.lants such as ammonia. The

a effects of dissociation on performance evaluation are two-fold:

; a. Propellant chemical composition mey change.
b. The energy reguired to increase provellant temperature ié significantly

affected bty the degree of propellant dissociation.
Figure 6, -5 shows the effect of temperature and pressure on ammonia as {t
is progressively dissociated to rnitrogen and hydrogen. The eftect of dissocia-
tion on energy can also be inferred from this figure. It is thus shown, that
after dissoclation commences, large amounts of energy are absorbed by thc
dissociation process rather than by increases in gas temperature. For
; example, Figurc (. i’-t liiustrates the effect ot dissociation on specific impulse
N\ for two different thrustors designs having different surface-tc-volume ratios

- —— — e - —————— e ——
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in the flov passages. The larger relative surface ares means that more of
the ammonia flov is exposed to the catalytic action of the propellant flov

tubes, and hence more complete dissociation is obtained.

In the low heat capacity thrustors, the principal efficiency factors used to
measure performance are the frozen flow efficiency, Tl F and the overall engilne
efficiency, TZ .- The frozen flow efficiency is the ratio of available thermal

povwer to the total power put into ‘the propellant. The term "frozen flow" is

used since propellant composition is essentially frozen at stagnation conditions.

This occurs at low thrust levele since short nozzles produce propellant
residence times measured in microseconds (Reference 15). - Frozen flow

efficiency is evaluated by:

w (HO -
Tz F = m H (6'2-3)
(&
vhere: K = stagnation enthalpy of propellant

o

HF = enthalpy of dissociation or ionization
= 1.1526(131/7’( (Btu/1b)

QX = degree of dissociation (04O <1)

E; = dissociation poteutial (volts) of the propellant
molecule

This definition of frozen flow efficiency assumes that propellant enthalpy
at the nozzle exit, He’ is much less than the stagnation enthalpy, Ho, and 80
can ve neglected. Since dissociation lowers frozeu flow efficiency, thrustor
operating conditions are selected to minimize dissocletion when good

rerformance is desired.

Overall engine efficiency, n e’ is the ratio of tne Jet power to input power or:

LI 2RNY 1438 SF Y .0 7 a
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Ze" Zv?r 2, (6.2-k)
vhere: P " frozen flov efficiency

% = heater efficiency

?'” = pnozzle efficiency = c'

Heater efficiency is difficult to define analytically since it depends on the
efficiency of insulation (1f any), the method of cooling the thrustor (radiation
or regenerative) and the efficiency of the heat transfer process betveen propell-
ant and heater. JMNozile efficiency, 7::’ is simply the noztle velocity co-
efficient, c , defined in 5.2-1.

Overall engine efficiency is calculated from the basic definition,

Jet Fo
Ze" % = I:put ;::er (6.2-5)

Jet pover can be calculated from measurements of thrust and Isp by

PJ = ,0218 Isp F (6.2-6)

Input pover is electrical pover plus effective power of the incoming propellant
strean,

i - Pelectricul tu Bi (6.2-7)

P
The slope of the curve on Figure 6.2-7 is an indication of the engine efficiency
(the lover the slope, the higher the efficiency). The curve also shows that
more pover per unit of thrust is required when the specific impulse is
increased.
Fover required as a function of operating temperature is shown on Figure 6.2-8

for a thermal storage type of electrical thrustor.
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FIGURE 6.2-8 RESISTOJET POWER REQUIREMENTS,
THERMAL. STORAGE THRUSTOR
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. For high heat capacity thrustors, the preceding efficiency factors, 7? »

np, nn do not adequately characterize the thrustor performance. Yor

‘example, maximicing the froxen flow efficiency means minimizring the degree

of propellant dissocliation. This occurs since additional electrical energy
is required for propellant dissociation which is not then available during the
expansion process. However, for high heat capacity thrustors, propellant
dissociation does not require an increase in electrical power, so that the
lover molecular weight ot the dissociation propellant results in a performance
incrcase with no increase in power requirements. As e result, a design goal
for high Leat capacity thrustors involves maximizing propellant dissociation

at operating temperature and pressure.

6.2.6 DESIGN OF HEATED GAS THRUSTORS

Heated gas thrustors are basically cold gae thrustors wkich utilize gases at
temperatures significantly above ambient conditions. The heater unit may be
contained within the thrustor, or remotely located. Consequently, the chamber
design i8 similar to that required for cold gas thrustors except as it relates
to heater, heat exchanger, and electrical provisions. Consequently, the
following preliminary design procedure, similar to that suggested for cold

gas thrustors, is presented:

1) Assume engine thrust level, F

2) Calculate propellant specific impulse, I , from:
T g
. F4
Isp = 17.98 = (6.2-2)
x

where : —n'x = molecular weight

Seib b 73
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3) Determine propellant flow rate by:

% = F/Isp (5.1-23)

k) Determine Cp from Figures 5.1-3, 5.2-5, or equations 5.1-19 th.-ough
5.1-22.

5) Assume chamber pressure. Current practice involves chamber pressures
between 1 to 30 psia, and usually between 7 to 20 psia. The real limiting
condition is again that of manufacturing very small nozzle throats to
close tolerances.

6) Calculate nozzle throat area by:

Ap = —E (6.1-5)

o CFUQ\

7) Determine free chamber volume, V_, by:

V., = L* (A,) (€.1-6)
vhere: L* - characteristic length is equal to a typical value

somewvhat greater than 10.

6.2.7 GEOMETRY

Figures 6.C-2 through 6.0-4 demonstrate that the physical size of heated gas
thrusto: units considerably exceeds that of the basic chamber nozzle and valve.
This additional space is occupied by tne heater and heat exchanger unit which
comprise mcct of the thrustor. Since few actual thrustor designs exist,
insufficient dimensional information is currently available to develop

general expressions for use in preliminary design.

SHELT Th
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6.2.8 HRATRD GAS TERUSIOR WEIOET -

Heated gas thrustors are deing coasidered in spacecraft preliminary &oip
exercises vith iacreasing frequency. Howvever, thrustor informatioa suitable
for preliminary design exercises has yet to be made available. Hence, this
information must be inferred from the few designs extent. . The veight of
heated gas thrustors is strongly affected by thermal paremeters, in addition
to the usual engine design parameters of chamber pressure, specific impulse,
thrust, and nozzle expansion ratio. Engine weight is particularly sus-
ceptible to duty cycle. The following expression is included for use in
estimting the wveight of heated gas thrustors. It has fair correlation

to the few designs currently known. However, it is based on considerably
fewer designs than vas used to develop similar expressions for monopropellant
and bipropellamt engines. Nevertheless, it does appear to offer & reasonable
solution to preliminary veight estimates for heated gns thrustors. Since
these devices operste at very low thrust levels, and are thus quite small,
the tolerances involved are probably not significant on a spacecraft veight

basis. This expression is:

L xn[n,ﬂ : l:o.33 + (P)1/3_:] (6.2-8)

where:
P = IEngine total input pover (vatts)
‘H = A constant equal to 0.50 for all thermal storage
engines, and for fast-heat-up emgimes above 0.0025
lbs thrust. JPest-heat-up engines belov this value

vill have a ‘B value defined by:

Ky 0.05
Cr]
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6.2.9 DEVELOPED HEATED GAS THRUSTOR3

Heated gas thrustors have been developed from 10"6 to 0.4 1b thrust using
nitrogen or hydrogen propellants heated electrically or by isotope radiatiom.
Flight applications heve so far been limited to an upper thrust level of

approximately O0.04 pounds. Table 6.2-3 1lists known details of these engines.
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€.3 MONOPROPELLANT TERUSTORS
6.3.1 GEMNERAL

Liquid monopropellant rocket engines produce thrust by catalytically decom-
posing certain chemically active propellants called monopropellants in a
reactor and directing the exhaust through a plenum-nozzle arrangement. Mono-
propellant engines are used in Syncom, Scout, ATS, Apollo, Centaur, Titan III,

Burner II and many other programs.

Early monopropellant engines used either ethylene oxide or low percentage

(60 - 80%4) hydrogen peroxide as propellants. Since then, 90% hydrogen
peroxide has come into coumon use, because it has higher performance and greater
density. Future generations of monopropellant engines will probably employ
either 98% hydrogen peroxide (5202) or anhydrous hydrazine (uznh). The 99%
hydrogen peroxide thrustores are being developed as growth versions of hardware
currently used with 90% peroxide. Overall geins from these modifications

can be as much as 10% in performeance and 1% in propellant density which is
enough to Justify the necessary development. Hydrazine (NZH’#) -ompmpellant:
engines are currently becoming more popular. In tbeir first real space
applications, Ranger and Mariner, the hydrazine engines required an

"oxidizer slug" to initiate the decomposition process. BSubsequently,
"spontaneous” catalysts have been developed which are able to initiate
decouposition at ambient conditions, and sustain it. Predominant among

these is the Shell 405 (Shell Development Company) spontaneous catalyst

vhich has provided tbhe impetus for further use of hydrazine systems.

Hydrazine engines have a performance advantage over peroxide engine, with

typical steady state I' values of 235 seconde fo. hydrazine as opposed to
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160 n'eondt;m 90% peroxide ud poscibly 180 secemds for 98% peroxide.
However, peroxide is adout Mmmthmh:&uineoovolﬁ require-
ments of 90§ peronxcide systems and hydrstine systems are essentially
comparable, The 954 peroxide systems have about a 10% volume sdvantage
over hydrazine systenms,

Peroxide systems are used vhere cost and svailebility is important and
vhere more performange is wented than can be obtained with cold gas systems,
Peroxide systems are somevhat storage limited, however, in that peroxide

is 80 active that storage for long periods should be either in high pressure
containers or in vessels constructed of materials which are particularly
nonreactive vith peroxide, Rither option raises flight system veight,
tending to offset the performence advantage aver cold gas and the cost
advantage over hydrazine, Fewer compatibility prodblems exist with 98%
peroxide, However, it decowposes at higher temperatures than does 90%
peroxide, exceeding the structural limits of the standard catalyst. Hence,
a high temperature spontaneous catalyst must be developed for use in 98%

peroxide engines.

Both spontaneous and nonspontaneous cetalysts are in use with hydrazine
engines, 80 hydrarine engines are available for either pulse mode or steady~
stage operstion, Hydrazine has suyperior space storage characteristics,

and is thus generally considered for missions requiring high perforwance,
several agperating cycles and extended space storage cepability,

Growth versions of hydrazine systems are based primarily oz miximg
hyérazine (Wp Hy) with water to depress its freezing point and with

SHEET 79
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hydrazine nitrate (l2 H5 l03) to increase performance. The latter mixture
substantially increases Aecomposition temperature to the extent that it
exceeds the structursnl capadbility of LO5 spontaneous catalyst. Current
research is directed toward developing a spontaneous catalyst-tinder com-
bination suitable for use vith hydrazine-hydrazine nitrate mixtures.
Materials compatibility is also being researched for this propellant though

it is not emphasired to the extent that the catalyst research is.

Propoeals are occasionally made to use other monopropellants having signi-
ficantly greater pertformaance and detter density characteristics. Generally,
these monopropellants have considerable development work remaining. It is
doubtful at this time whether the advanced monopropellants will be used to
any extent before they are replaced by high energy bipropellants, resistojets
and electrical thrustors. Hence, it may be that the very high energy mono-

propellant systems will attain only limited use.

6.3.2 OFERATING PRINCIPLE - MONOPROPELLANT ENGINES

Monopropellant engines resemble other rocket engines except as their operation
relates to the propellant decomposition process. Figure 6.3-1 is a schematic
of a typical pressure regulated monopropellant propulsion system. In this
system the propellant is supplied at comstant pressure to the inlet of the
engine valve. Figure 6.3-2 shows a typical monopropellant thrustor, consisting
of a valve assembly, injector, plenum chamber, catalyst bed and nozzle
assembly. The engine valve controls monopropellant flow to the injector

and into the catalyst bed where it undergoes a Jecomposition reaction. The

products of decomposition, dissociation and possibly sny additional recombination

vhich take place in the plenum chamber then exit through the nozzle, producing

thrust.
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6.3.2.1 FYDROGEN PEROXIDE ENGINE OPERATION

In monopropellant rocket engines, hydrogen peroxide is decomposed by passing
it through a bed of stacked, silver alloy or silver-plated nickel screens in
the thrust chamber. The decomposition process yields superheated vater vaper unﬁ
oxygen(02 gas. Decomposition gas temperature varies as & function of peroxide

inlet temperature and thrust chamber pressure as shown in Figure 6.3-3.

6.3.2.2 HYDRAZINE FNGINE OPERATION

Rydrazine, and hydrazine mixtures with water or hydrazinium nitrate, are decom-
posed by passing them through a bed of granules or small cylinders of a
catalytic agent. Commonly the catalyst bed is located in the thrust chamber.
Designs have been proposed in which the hydrazine is decomposed in a remotely
located gas generator, the exhaust stored in & plenum chamber and thence
directed tc the thrusto:, as in Figure 6.3-4. The hydrazine decomposition

process follows these consecutive reactions:
o —t
Mol Tt L Ny + N2 + 14, 300 Btu

i
hrchatznaoén?-meoomu

(where - N H) and IH3
Initially, hydrazine decomposition is exothermic, producing ammonia, nitrogen

are expressed in lb-mol)

and heat. Ammonia dissociation, an endothermic process, follows, producing
hydrogen and additional nitrogen and absorbing heat. Assuming that the initial
reaction proceeds to completion, these reactions can be combined into a single

equation related to the fraction of ammonia dissociation, X, as follows:

Moy, gat b (1-X) Ml + 60 + (24 1) N+ 1bb, 300-X(79,200) Bt
(6.3-1)
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Inspection of this relationship shows that heat release, hence adiabatic
temperature, is highest with no dissociation and decreases vith increasing
dissociation. This situation is shown in Figure 6.3-5. The molecular veight
of exbaust gases and the chamber temperature also are shown to decrease with

increasing amsonia dissociation.

The designer can control decomposition and dissociation to a certain extent

by influencing flov variables and engine geometry. These factors are also
affected by the type of catalyst and how it is used. The “spontaneous" nature
of the 8hell 405 catalyst (i.e., it needs uo other means of ignition) mekes

it a leading candidate in hydrazine applicetions either by {tself or in
combination with other catalysts. Propellant decomposition i{s controlled

by the exposure it has to the catalyst. Thus, important catalyst design
parameters are area, cetalyst bed length and ratio of propellant flov rete

to catalyst bed cross-sectional area. Ammonia dissociation is also influenced
by these factors, especially with the Shell 405 catalyst. A specific catalyst
bed leagth is required for 100% hyd;azine decomposition under given conditions.
However, ammonia dissociation will also commence in the catalyst bed to the
extent that there can be 30% or more dissociation by the time that 100%
hydrazine decomposition has occurred. This means that reaction temperatures
of 2200°F or less can be expected which 18 convenient in that it permits
relatively simple radiation cooled engine designs with currently available

materials.
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6.3.3 MNOKOPROPELIANT TERUSTOR CONSTRUCTION

The general design features of hydrogen peroxide or hydrazine momppropellant
thrustors are quite similar. Downstream from the propellant flow control valve
is an inlet and manifold for distributing propellant to the imjector. Adjacemt
to the injector is a '‘catalyst bed" comprised of materials which sustain prop-
ellant decomposition by catalysis. It is desirable that the catalyst also
initdate the catalytic process through other devices are sometimes necessary for
ignition. These methods either raise catalyst bed temperature to a level which
will promote decomposition or a brief hypergolic reaction is initiated. This is
done with electric or isotope heaters or by introducing smll amounts of
oxidizer to react hypergolically with the propellant. The catalyst bed is
retained by structural baffles through which exhaust passes into the convergemt-

divergent nozzle sectionm.

The apecific design features of hydrogen peroxide and hydrazine monopropellant

thrustors are sufficiently different to be discussed individually.

6.3.3.1 HYDROGEN PEROXIDE THRUSTOR CONSTRUCTION

A monopropellant hydrogen peroxide thrustor consists of an injector, thrust
chaaber, catalyst bed with catalyst, nozzle and, commonly, the propellant valve.
The thrust chamber with catalyst are frequently referred to as the reactor.

The catalyst bed comnsists of a metal catalyst in screen form, stacked in such a

manner as to promote even flow distribution across the catalyst area.

A typical hydrogen peroxide thrustor is shown in Pigure 6.3-6. This thrustor
uses a "staged' catalyst bed design in which different materials, comstructiomn
or flow direction are involved in different phases of the decomposition process.
Initially, propellant is admitted td the chamber by the propellant flow control

valve, often referred to as the 'engine valve.”' Propellant is distributed

-SHEET 86
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redislly from a central injector into a gold catalyst scresm to preheat ‘he
engine and propellant. The gas flow is then directed through the main catalyst
bed composed primarily of silver catalyst screems. Final catalyst screens are
made of mgnel. Anti-chamnel baffles are used to prevent bypassing the catalyst
bed at start-up. Retainer screens are installed in such a way ag to prevemt
local "hot spots’ which can damsge the catalyst bed. These screens are held in

place by a baffled support plate.

Structural materials for the chamber walls, "head” and "tail" ends, support plate,
and nozzle sections are generally of 321 or 347 stainless steel used withi-
welded construction. The 304L or 316L stainless steels can also be used. The
heavier thrustors use 347 stainless steel due to its superior stremgth at

elevated temperatures.

6.3.3.2 HYDRAZINE THRUSTOR CONSTRUCTION

A monopropellant hydrazine thrustor consists of an injector, thrust chamber,
catalyst bed with catalyst, and nozzle. The thrust chamber and catalyst bed are
called the reactor. The catalyst bed consists of a catalyst in granular form

alkict is held 1in place by various screems and suppo.-ts.

A typical hydrazine thrustor is shown in Figure 6.3.7. This thrustor uses a
"staged” (''layered') catalyst bed design in which different types and sizes of
catalytie material are arranged in the bed in layers to support a particular
phase of the decomposition process. Propellant is admitted to the chamber by
the engine vslv: to and through the injector into the catalyst bed. Injector
designs for hydrazine engines vary by manufacturer such that baffled plate or
showerhead-type injectors (Figure 8.3-7) are used by some while others use

perforated probe or coil units which penetrate into the catalyst bed.
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This thrustor design is based on the use of a "spontansous” catalyst, such as
a1l 405, whieh apontiassusly indtiptes: tie SecoRpeatticn prosess on oontaet,
under ambient temperature conditions. Older catalysts, such as the H-7 used in
Ranger and Mariner hydrazine engines used small quantities ("slugs") of nitrogen
tetroxide (’2°u) reacting hypergolically for start-up. Other designs at that
time involved electrical or isotopic heaters in the catalyst bed to raise ded
temperature to a level at which it would initiate the decomposition process.

The advent of spontaneous catalysts, especislly the Shell 4O5 catalyst, has

largely replaced these approaches.

The actual composition of the Shell U405 catalyst remains a classified item.
Basically, it consists of a high surface area ceramic binder lupregnated with
metals which are catalytically very active. This arrangement is satisfactory
for chamber temperatures of up to 1800°F, but the binder becomes structurally
ingsurficient much beyond this point. Research has been, and is being, con-
ducted to develop higher temperature binders for use with the higher performance
hydrazine (Nzﬂh)/hydrazinium nitrate (N2E5m3) mixtures which decampose at

higher temperatures.

The Shell bOS5 catalyst originally cost about $1500 per pound, and the piice has
not changed significantly. It is available on a standard basis in 1/8 by 1/8
inch or 1/8 by 1/16 inch cylindrical pellets. It is almse markete’ in fincs
crushed from basic pellets in 10-30 mm granules and microspheres from 0«5 to
seversl millimeters in ciameter. However, the 1/8 inch cylindrical pellet is
still the standard form. The 1/8 by 1/8 inch pellet is the maximum pellet size

cwrently availadble.

The catalyst is arranged by layers in the reactor such that the finest, highest

surface aree particles are adjacent %0 the injector to pramote smooth ignition
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and cperation. These perticles my be lightly fused in the first engine firing
wvhich proiotes catalyst bed strength and lengthens catalyst life since very
small particles can be easily dislodged from the engine. Sometimes the Shell 405
catalyst is used adjacent to the injeetor and backed up by the conventional

H-7 eatalyst to save cost and extend life. In this case, the Shell catalyst

is used for the spontaneocus ignition feature and the H-7 catalyst is used for

extended life requirements.

Cbamber construction is usually of thin-well Haynes 25 ailoy for the chamber
walls, front and aft closures, and nozzle assembly. Sometimes, in small engines,
these parts are made of 347 or similar stainless steels. Interior chamber

walls are coated with Rokide or similar substances. Catalyst screens and support
plates are made from 310 or similar stainless steels. Injectors are usually
tubes or plates of aluminum alloys carefully selected and designed to survive

the thermal conditions accompanying and following operation.

Engine design generally permits welding the aft closure-nozrle section to the
chamber vall ard inserting the catalyst support plate, catalyst, and upper
screen. The forward closure, injector plates and/or tubes are installed in
place, and thipg assembly mated wvith the upper chamber wall and velded at this
point. A design preference has involved placing the engine mounting lugs at the
forvard closure weld for a therml relief path after engine operation. However,
the mounting ring has also deen located upstream of the injector head in the
vicinity of the engine valve. Location of the engine valve and inlet manifold
is sametimes extended farther upstream of the catalyst face for thermul standofrf.
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6.3.4 MONOFROPELIANTS

humerous coupounds, or mixtures of compounds, h-wi been iu;.nctod for use as
monopropellants. lNowever, many have besn discarded in viev of the stability
and bandling requirements of the operational situation. The most frequeatly
uentioned monopropellants include hydrogen peroxide, hydrezine, hydrszine-
hydraziniun nitrate, ethylene oxide, nitromethane and tetranitromethane. Of
these, lLydrogen peroxids and hydrazine are the only monopropellants to

receive extensive use. The characteristics of these monopropellants, and

their variations, vill be separately discussed in the following seccions.
6.3.h.1 HYDROGEN PEROXIDE (H.O,)

Rydrogen peroxide has been used to drive turbines in both rocket engines

and AFU's and as & wonopropellant in attitude and velocity control systems. Its
performance is directly related to the percent of peroxide in the peroxide-vater
solution. Currently, 90% peroxide is used most frequently though increasing
emphasis is being placed on 56%. Characteristics of both varieties are shown
in Table 6.3-1. Peroxide solutions are insensitive to the initistion and props-
@tion of dstonations. Although the decomposition products are oxidizing, the
flame tempersture is lov enough to preclude significant materials problems.
Decomposition is usually initiated by a suitable catalyst such as permanganate
salts, or activated silver screens. Storage and handling of peroxide is com-
plicated by the fact that it reacts to some extent with almost every substance.
Peroxide systems must be kept gquite clean to prevent accidental catalysis.

Thus it is necessary to clean and chemically treat materials that vill be exposed
to the ligquid. Even 90, there will be a slight eoncentration loss (0.5-1.0% per
year) Aduring long storage periods. Absolute viscosity, density and vapor
pressure of 90% hydrogen peroxide are shovn in Pigure 6.3-8 as a function of
temperature. Density is shown in Figure 6.3;9 as a function of peroxide

concentration.
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TABLE 6.3~1
PROPERTIRS OF HYDROGEN PEROXIDE

CONCERTRATION BY WEIGHT

208 2% 100%

Average Molecular Weight 31.2k1 33.422

Normal Boiling Point °R Th6.2 759.2

Normal Preezing Point R k7.3 487.5

Density (@ 537°R) g/cc  1.383 1.431

Vapar Pressure (€ 537°R) PSI .0735 .0L26

Critical Pressure PSI 3144.98
Critical Temperature *R 1318
Dielectric Constant 7 7

Electrical Conductivity (€ S537°R) ohm~tem=t 1,9(10‘6) 0.8(10‘6)

Fire Point
Flash Point
Heat Capacity, Liquid (492-533°R) Btu/1b°F 58.0
Heat of Decomposition (€ 537°R)  Btu/lbSOLID 1108 1215
Heat of Pormation, Liquid (& 537°R)Btu/lb 2369
Heat of Fusion " Btu/lb SOLID 158.1
Heat of Dilution to Infinite " -31.2 -41.0

(€ 537°R)
Heat of Vaporization, Total, SOLID Btu/lb  700.3 662.0

Viscosity (€537°R) Centipoise 1.153 1.155

(Refs. 22 and 2k)
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6.3.4.2 HYDRAZDIE (K. H )

lydrtsine has been used as a turbine-drive gas, as well as a mopopropellant im
attitude and velocity control systems. It is & clear, colorless, hygroscopic,
taxic, flammable, caustic liquid and s strong reducing sgent. '"Neat® or
anhydrous hydrazine used in rocket engines is controlled by MIL Spec MIL-P-
26536B. Physical properties of hydrazine are listed in Table 6.3-2. Density,
specific heat, vapor pressure and viscosity of hydrazine are shown in PFigure

6.3-10 as a function of temperature.

Hydrazine 1s compatible with maost stainless steels, aluminum, tantalum, titanium,

Haynes 25 alloy, teflon, polyethyleme, glass, butyl rubber, and ethylene

propylene.

Considerable research effort has been expended om reducing the relatively high
freezing point of hydrazine (35.6°F) by adding water, ammonia, or hydrazine
nitrate. 8Simple binary or tertiary solutions of these compounds form low

freezing point eutectics. These mixes also change cther characteristics of the

propellants, including demsity and performance. Figure 6.3-11 shows how hydraxzine

freezing point changes with water addition. The density variation of solutioms
of hydrazine, hydrazine nitrate, and water are shown in Figure 6.8-12 as 2
function of temperature. The physical properties of hydrazine-ammonia solutions

are shown in Figure 6.3-13 as a function of ammonia content.
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TABLE 64 3"2

PROPERTIES OF HYDRAZINE

Molecular Formula

Molecular Weight

Normal Boiling Point

Normal Preezing Point

Density (€ S28°R)

Vapor Pressure (€ 537°R)
Critical Pressure

Critical Temperature

Dielectric Constant (€ 537°R)
Electrical Conductivity (@'.537’R)
Fire Point (Tag Open Cup) '
Flash Point (Tag Open Cup)

Heat Capecity (liquid) (€ 537°R)

Heat of Combustion {to Ny + 2R,0 11q)(€ 537°R)

"Heat of Formation, Liquid (@ 537°R)

Heat of Fusion (@ 495.5°R)
Heat of Solution, Liquld (€ 537°R)
Heat of Vaporization (€ 696.3°R)

Viscosity (€ 537°R)

NoH)y

32.05

696« 3°R

495 ,.6%R

1.0083 g/ce
0.28 psia

2132 psia
11°76°R

51.7
2.3-2.8(1076) ohm!
585.6°R
585.6°R
0.737‘Btu/lb°R
-8,359 Btu/lb
676 Btu/lb

170 Btu/lb
-219.6 Btu/lb
540 Btu/1b

0.90 centipoises

(Refs. 2k and 26)
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6.3.5 MONOPROPELLANT PERFORMANCE

The performance of hydrogen peroxide and of hydrazine are compared in a general
fashion in Figure 6.3 as a function of duty cycle and pulse width. The
superior performance of hydrazine is apparent, especially as operation approaches
steady state conditions. More detailed performance information for these

propellants is provided in the following sections.

6.3.5.1 PERPORMANCE - HYDROGEN PEROXIDE
Hydrogen peroxide decomposes exothermally to superheated oxygen gas and water
vapor. Figure 6.3-3 shows the decomposition gas temperature of hydrogen

peroxide, in various concentrations, as a function of chamber or reactor pressure.

The theoretical specific impulse of hydrogen peroxide is shorn in Figure 6.3-15
as a function of peroxide concentration. Propellamt saurn: 18 related to
peroxide concentration in Figure ©€.3-16. The performance improvement possible
with 984 peroxide, including the increased specific impulse, and increased

propellant density for equal volume applications, is approximately 13%.

Delivered specific impulse under steady state conditions with 904 hydrogen
peroxide is shown in Figure 6.3-17 as a function of nozzle expansion ratio.
In pulsing operation, performance can be expected to follow that shown in
Figure 6.3-18 in which delivered specific impulse is related to pulse length
and the spacing between pulses. Figure 6.3-19 shows how several different

engines using 90% hydrogen peroxide perform in pulsed operation.

SHEET 101
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6.3.5.2 PERFORMANCE - HYDRAZINE

Kydrazine decomposes exothermally to nitrogen gas and ammonia vhich partially
dissociates to nitrogen and hydrogen. This decomposition reaction and
dissociation process are related in expression 6.3-1 to the parameter, X,
representing the fraction of ammonia dissociation. Figure 6.3+-20 shows the
performance of 100% hyirszine (lelih) in terms of specific impulse, character-
istic velocity (C*), chamber temperature, and exhaust product mole weight and

compesition.

The performance actually delivered by monopropellant engines is affected pri-
marily by nozzle expansion ratio, engine thrust level, and whether the engine
was designed for steady-state or pulsing operation. Figure 6.3-21 shows
delivered specific impulse as a function of thrust level for many different
hydrazine engine designs. In preliminary design exercises, delivered specific
impulse (vacuum, steacy state) is generally assumed as 230-235 lbf-sec/lbm with
engines larger than one pound thrust. Performaunce of very small engines may be
assumed a8 low as 210 to 215 lbf-sec/lbm. These values are based on "hot bed"
results. Cold bed performance is substantially lower, extending possibly to

the cold bed temperature limit of approximately 118 1bf-sec/lbtm for a 60°F "cold'

catalyst bed.

Performance of a typical hydrazine engine under pulsed operation is shown in

Figure 6.3-22 as a funciion of pulse width and the spacing between pulses.

Minimum impulre bit cepability of hydrazine engines is strongly affected by the
engine-valve relationship, and by reactor design "learning curve" effects.
Minimun reproducible impulse bits (lb-sec) equal to 0.065 times th; nominal
thrust rating have recently been demonstrated in. m/d.rtzine engines from 2 to 50

1bs of thrust. Minimum reproducible impulse bit values (1.1, ) are shown in
Figure 6.3-23 for existing hydrazine engine designs. min ~
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FIOURE 6.3-23 MINIMM IMPUISE BIT CAPABILYTY OF HYDRAZINE ENGINES

Caution should be exerclilsed in selecting design values of I,P , slnce fast
" min

response systems can be substantially more expensive. This greater expense

is due to more involved development programs, and selective engine delivery.

Values of IT may be increased considerasbly where mutliple engine valves are

min
used for reliasbility purposes.

Impulse tolerance irf usually specified in conjunction with minimum impulse
requirements. These operations are always time related, and are thus sensitive
to timing errors. As a genersl rule, engine minimum impulse tolerances may be
est imated as + 10% of the mipimum impulse bit, and are commoniy stated that way.
Some improvement is possible though, when necessary. Mariner 11 (Mariner R)
which was accelerometer controlled was capable of + 5% tolerance on the minimum
impulse bit. Where possible, it is suggested that {mpulse tolerance values

shown in Figure 6.3-24 be used for design purposes.
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Eydrazine performance can be significantly improved by mixing it with hydra-
zginium nitrate (IQHSIDB). Unfortunately, reaction temperstures of the mixture
(2500°F) exceed the capability of the spontanecus catalyst binder, although
they are vithin the capability of H-7 catalyst. Hydrazinium nitrate is also
quite shock sensitive. Performance, decomposition temperature, shock
sensitivity and propellant freezing point cen be improved, however, by mixing
the hydrazine and hydrazinium nitrate with vater. Figure 6.3-25 is a ternary
diagrem of the mixture showing freezing point, specific impulse, and shock
sensitivity as a Tunction of the amount of each substance involved. ni;',
stability has been found with mixtures containing up to 15% hydrezinium nitrate,

but shock sensitivity increases rapidly beyond this point.
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6.3.6 MONOPROPELLANT THRUSTOR DESIGN
The design of monopropellant thrustors using hydrogen peroxide and those
using hydreazine is sufficiently different to merit separate discussion. Their

‘design is strongly affected by the particular catalyst used, vwhich is quite

different in the two systems. Variations in design, to accommodate more advanced
propellents, such as 98% hydrogen peroxide, or the hydrazine-hydrazinium nitrate
nixtures, cen be treated on & preliminary basis as a simple change to basic

 deslgn parameters. However, these changes actually involve significent materials

changes due to the higher temperatures involved, hence should not be treated

as currently operational approaches.

6+3¢6.1 THRUSTOR DESIGN - HYDROGEN PEROXIDE ENGINES

Hydrogen peroxide thrustors cen be configured, for preliminary design exercises,

by using the procedure cutlined below. Primarily, this concerns setting per-

formance levels, defining catalyst configuration, and sizing the engine as

shown in 6.3.8.1.

1) Assume engine thrust level, F, and duty cycle

2) Assume chamber pressure, P_, and nozzle expansion ratio (€)

3) Determine specific heat ratio, § , for the propellant using Figure 6.3-16

4) Determine thrust coefficient, Cp» for the engine using Figures 5.1-1 and
525,

5) Estimate propellant specific impulse, I, by meens of Figure¥f 63-17 and
6+3-13 considering duty cycle effects o

6) Determine propellant flow rate, W, by

e _ B
S (6.3-2)

7) Determine catalyst frontal area, A,, by
Ac=K.® (6.3-3)

SHEET 111
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vhere:

K. = a constant relating catalyst frontal area to propellant flow
rate. Peroxide thrustors with pre-heat sections use a Kc
value of 4 in°/(1b/sec). If no pre-heat section is used,
a5sume Kc = 3,

8) Assume catalyst pack length, L
Lﬁ = 2.C Inches (©e3=4)
9) Define catulyst pack pressure drop, APC , by use of Figure 6.3-26.
p
10) Modify thrustor design, or catalyst pressure drop when changing engine

operating conditions, such as when operating at different pressure

levels or when throttling, by:
0.92

(APep) &')[KCJ tgilge%i%’:: Z:_J [%:] (C.3-%)

6.3.{«2 THRUSTOR DESIGH-!YDRAZINE THRUSTORS

Monopropellant hydrazine decomposes at relatively low temperatures. Figure
'6.3-5 relates hydrazine decomposition temperatine and molecular weight to the
anount of ammonia dissociation involved. It is generally desirable to minimize
amonia dissociaticn to maximize performance within the temperature limitations
of practical materials. However, minimum residence time requirements for
complete hydrazine decomposition also result in epproximately 30 percent
amouia dissociation. The decomposition temperature of hydra.zigrfg under these
conditions allows the use of such materiuls as llayues 25 alloy in conjunction

with radiation cooled or radiation/heat sink engine designs, and the Shell 4C5

catalyst.

SHEET 112
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Bydrazine thrustors of this type can be defined in a preliminary fashion by

use of the following iterative procedure (Reference 2€),

1) Define engine thrust level, ¥. In velocity control engires this is done
by evaluating limits to maneuver duration, acceleration, gravitational
enviroument, cdx;trol asuthority, engine location, and duty cycle. Maximum
thrust limits are set by maximum vehicle acceleration limits for structural
or control purposes, single pulse minimum maneuver velocity limits and
engine system size and weight. Minimum thrust level limits are defined by
maximum maneuver time limits involving engine life, performance penalties
associated vwith finite burn-time effects, an. thermal and power limits

involved with being in the maneuver position.

Thrust level selection for reaction control purposes involves defining
upper and lover thrust limits associated with disturbance torques, minimum
impulge bit, response rate, and engine location for limit cycle operation

and for all attitude positioning maneuvers.

2) Assume chamber pressure and nozzle expension ratio and establish delivered

specific impulse using Figures o.3-21 and 6.3-22.
3) Determine propellant flow rate, w, by:
w = !‘/I. (1b/sec) (6.3-6)

k) Assume an initial value of reactor bed loading, G (propellant flow per
square inch of catalyst cross-sectional area), which can be subsequently

iterated. Bed loadinyg values can be selected between:
G = 0.03 to 0.045 (1b/sec) per 1t

5) Determine chamber diameter:

Dy = f‘;;] : (6.3-7)

racaas
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6)

)

Determine catalyst size at lower end of catalyst bed. It is recommended
that different size catalyst pellet particles be used at various levels

in the catalyst bed to promote smooth and responsive decomposition. This
is the so-called "layered" catalyst consisting of discrete .Lﬁyers of
catalyst of different sizes. For the Shell 105 spontaneous catalyst, a
0.2 to 0.3 inch deep layer of 2k-30 mesh catalyst located at the upstream
end of the bed is usually sufficient. The lower portion of the bed

can then be made up of the 1/8 x 1/8 or 1/8 x 1/16 inch particles. The
1/8 x 1/8 size catalyst is currently the lareest size available from Shell.

Catalyst particle diameter (dp) at “he lover end of the bed is:

8% 5%Js (5.3-2)

Bvaluate the major catalyst bed parameters of uved porosity, 68’ and
specific surface area, As. Figure 6.3 27 shows eatalyst bed porosity,ez,
as a function of bed diameter for granular and cylindrical pellets of Shell
%35 catalyst. Fipure €.3-28 shows catalyst specific surface sarea ac a
function of bed diameter for these same catalyst pellets. These figures

were calculated from measured data by the following relationships

b
E'B: | - E%] (6.3-9)

where : Q" = cataliyst bed density (1b/in3)

% = catalyst particle density (1b/1a3)

Catalyst speciflic surface areu, A, equals:

As= blI-€Ea]

) S
where: ¢s = catalyst sphericity

{60 3" 10)

Catalyst sphericity is a measure of exposed surface :rea on the catalyst

SHEET 115
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pellet. It is expressed as the ratio of exposed surface area of a sphere
to that of the cylinder, where both have equal volume. Thus, for cylindrica.ﬁ

pellets: - -/3

1NN -
i l 5 Lk l ¢
q/- 3 o, — X —:l,* (6 . 3‘ ll)

vhere: A/A = ¢ﬂ
o ¢

\' =

o c

'Dc = cylinder diameter (in)

L. = cylinder length (in)

Ay = Expused surfuce area, sphere (inz)
R = Ixposed surface area, cylinder (in<)

= Volume, sphere (in3)

\' = Volume, cylinder (in3)

%) Determine catalyst bed lenmth, Ly:

~ E -— O. (}51" O. 3&’1 " ()' l z
. 4

T ——

where: Po = uveruyme chamber presswre, psia

The specific surfuce areqn, As, is for the lower portion ~{ the bed.
This equation represents ninimiz bed lensth for stable reactor operation,
+

defined as less than 2 3% P, cseillution peek-to-yrear. This results in

NI, dissociantion of approxinately 55%.

9) Determine Rayuclds number through cach layer of the cutalyst bLed:

Re= 591 EG\/ASJ (10") (7.3-13)

(10) Determine catalyst bed prassure drop for each particle size layer in the
catilyst bed. Totul bed pressure drop, which is tne total for all the

layers is commonly limited to 30-LO psid.
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1260
A%: e (|.7 P(;) WL\C‘(C: QOO<N7<600)
B
’6.3-1k)
A i A5(_; Lo whexe: (Coo< Ny < 3000)
65(! IR) (€.3-15)
=N
AR
(AE:H)-‘— = t ( S50 (4 3-16)

M= |

remotely located thrusters, Lo p
turl.ines,
usuall;s conducted f£or greaier ammoni

and exhaust gas molccular weight.

or ensily established.

procedure,

783
[oSJ

where: =

except t! 1t catalyst bed length i:c

31] I:R;C :] Ls 2 %-i]

particle size in lower portion of cuztalyst bed

11) Tterate bed loeding (step 4) wntil (AP,), = 30 to L0 psid.

Sometimes the rcactor is designed as a gas generator to provide gases to
ressurize propellant tanks, or to Arive
In these applications, the hydrazine decoumposition recaction is

a dissociation, lowering pas terperatimras
In these epplications flow rate (&0),
chamber pressure (Pc) and ammonia dissoclation (X) are either specified

The catalyst bed is then desiemed by the above

caliculated from

(ce3-17)
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Injector design is & vory involved subject which is strongly affected by
design preferences of the engire vendors. Generally injector detalls are of
little consequence in preliminary design exercises for spececraft. Occu.siona.lly,ﬂ
however, it becomes important to configure the injector in a prelininuary
fashion. The following procedurs for injector sizing is thus provided (Ref. 26)
together with the caution that it be replaced at the earliest couvenience

by more exact data from the engine verdor:

1) Assuaing a showerhead type injector, deiermine the necessary nunber

of Inlector orifices, ?IT, from catulyst ved dimensions vy:
N = 6p (6.3-18)
Y c

where: A = cat:dyst bed cross sectional area {(in<)
c

«

2) Determine injector pressure drop,AP,, by

pa\ 1| @ Kch (6.3-19)

where: Kl = a coastant from 0.10 to G.2C
3) Set the injector to catalyst bved spacling at zero, and determine the
orifice hole spacing; by
= T n De
N+ £ () (n+1)

where: S = ospacing between or fice hole centers
8]

(6.3-20)

(-]

l\ = nunber of injector orifice rowe
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6. 3-7 mnomm THRUBTOR GEOMETRY
The buioa.lly different design approaches developed in 6.3.6, and extended
here to cover thrustor gecmetry, require individual coverage for hydrogen

peroxide thrustors and for hydrazine thrustors.

6.3.7.1 BIZE-HYDROGEN PEROXIDE THRUSTERS
Thrust chamber size may be developed from the procedures described in

6.1.7.1, in conjunction with the following operations referenced to

Figure 6.3-27 ; Catalyst Lc" Ln—l

g - N Bed Log -
Determine caialyst pa T — ,—‘§ S d.-
diameter, d_, by: d"ml |_-\\\ = 1y

d. [T el fer Je L "’

LT T Ts N
(6.3-21)

2) Define thrust chamber exterior diameter, dtc’ by:
dtct:‘. 1.02 d_ (6.3-22)

3) Define nozzle throat diameter, d,, by
|

C4F )% |
CJLt - L(._T')P CF (6-3'33)

4) Define engine major diameter, at the nozzle exit plane, dg, by:

de=dt[6]€ | (6.3~24)

5) Determine thrust chamber length, Lpe, by:

L™ L, % 0.07 [rjq (6.3-25) |
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L))

7)

8)

Determine nozzle length, L', by

y =
L dt[(é) < |] (6.3-26)
N = 0.53 6

Deteruine thrustor length, l.., by
] _ _+_ l-+J )
L-_r l—.11: (6.3-27)

To define total engine assembly length, a value must be assumed for valve
size, and displacement from the head end of the thrustor. This factor
tends to follow a relatively constant value of 4.0 inches in many
installations. Thus, in numerous hydrogen peroxide engine and valve

installations, engine assembly length, LE’ equals

LE e 4 4+ L-r | (6.3-28)

It should be cautioned, however, that substantially smaller arrangements
are possible, providing the engine assembly is specifically configured to
a size constraint. In dimensionally critical applications, 1t is suggested

that specific wlve designs be used in conjunction with equation 6.3-27,

. 6.3.7.2 BIZE-MONOPROPELLANT RYDRALINE THRUSTORS
Thrust chamber size may be determined with expressions developed from the
design procedures previously described in 6.3.6.2. Thrust chamber exterior

dismeter, Dy, equals approximately:

o
D.* [7e - q?'al Lo
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Steady~state specific impulse (1, .) for the probable reange of applicatioms
. o
WAy range from 230-234 sec. and resctor bed loading, G, from 0.03 to 0.045

1b/sec hz. Thus, ‘this omuum. can be reduced to:

K EFJQ‘ (6.3-30)

where xn = a factor between 0.35 and 0.43.

At low chamber pressures or small nozzle expansion ratios, a point is reached
vhen chamber diameter exceeds nozgle exit plape diameter. This point occurs

in monopropellant hydrazine thrustors when the.reactor bed loading, G, equals
the propellant flow rate per unit area at the exit plane (b.ip/At). Thus,

vhen (:*,/A’ is larger than G, chamber dtameter exceeds nozzle exit plane diameter.

and maximum thrustor diueter, equals:

zl 128 [:é"f‘] when: %‘E > G) [6.3-31)

[ )
then(l/p/Ax is smaller than G, nozzle exit diameter predominates and maximum
thrustor diameter, D, equals:

Dy IIZQE—T'] whent (%ﬁ = G> (6.3-32)

Total thrustor length is comprised of the length of the installed valve
assembly, the reactor and plemum, and the nozzle assembly. It is particularly
sensitive to reactor length inm low thrust engines which, in turn, is a strong
function of the particular manufacturer's design approach. Valve dimensions are
also important in small engines, and especially so because they ceme in

discrete sizes and are rarely repackaged for particular engines. Total thrustor
leugth can be approximated with the following expression developed from nuwmerous

hydrazine thrustor designs:
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L= SFT[@%]  «on

where I.. = thrustor total length, inches
c1 = noxzle factor, egqals 1.0 for conical
nozzles and 0.80 for 80% bell mozzles.
6.3.8 MONOPROPELLANT THRUSTOR WEIGMT
Hydrogen peroxide and hydrazine thrustors are different enough in design and

construction to merit separate discussion relating to weight definition.

6.3.8.1 WRIGHT - HYDROGEN PEROXIDE THRUSTORS

The weight of hydrogen peroxide thrustors is affected by operating chamber
pressure, nozzle expansion rstio and particulur catalyst bed design. In wost
installations, existing thrustor designs are modified with besically simple
changes such as adding additional catalyst screens, enlarging injector holes or
screving in new nozzle sections. Consequently, the hypothetical rinimum weight
hydrogen peroxide thrustor rarely is used. In preliminary design exe;-ciles, it
is desirable to use veight estimates which reflect hardware situations which can
be reelistically expected. Thus, the following expressicn, derived from actual
hydrogen peroxide thrustor design, is suggested for use in preliminary design

situations:

W, = .5+ .025 F (6.3-34)

6.3.8.2 WEIGHT-MONOFROPELLANT RYDRAZINE THRUSTORS
The veight of monopropellant hydrazine thrustors is affected by the many
design choices available in terms of chamber pressure, expansion ratio, bed

loading, chamber geometry, cooling provisions, catalyst, and the particular

SHEET 123
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7alve sssembly to be used. VWeight estimates can be made for preliminery design
purposes using the folloving expression derived from many existing engine
designs. Engine assemdbly veight, H‘, including valve, injector, chamber,
catalyst, and nozzle equals approximmtely:

Vg = .3+.05F (6.3-35)

6.3.9 DEVELOPED MONOPROPELLANT THRUSTORS

Monopropellant thrustors have been developed for use over a thrust range of
0.002 to 1200 pounds. Hydrogen peroxide thrustors extend from 1l ito 1200 pounds
vithin this range, though space applications have not exceeded 630 pounds.
Teble 6.3«3 is & 1ist of monopropellant hydrogen peroxide engines which have
been developed. Developed hydruzine engines span & thrust range of 0.002 to
300 pounds though flight applications have so far been limited to 0.02 to 50
pounds. Table 6.3-4 1lists monopropellant engines developed for spacecraft

applications and for research purposes.
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TABLE 6.3-4 DEVE(OPED WYDRAZINE THRU;TORS
' : 0 IMENS 10N o weuLss
eest s ( ;1) U'Tﬁ% 11 POWER
[V Y PROGRAM  VENDOR (SEC) vsm nw i cmmt VALVE VAM ul stc) (WATTS)
05 IR0 R 2 % 050 TR e o o)
08 SKMOD Tmw L) .o
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15-1.2  INTOSAT M1 TAW 9 200 4515 0 S0 10 Y1 30 &% 01 0% ow ’
’.0 180 ARES. M am Y ) 20 W L3 els 0@ oM O »
5.0 11 RRES. 29 © 0S4 L1 e 2 s oM M 0l »
5.0 v RORES.  ITMS.L) 200 LY sS4 B 30 0.9
5.0 IRED HAM S TD
5.9-2.0 RaD KiDOE  25-20 40050 ® s 0% 42 112 1y 04 "
3.0 7Y MARQUARDT 732 158 0 S4B 24 &0 24 43 12 18
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8.0-2 5°* IR&D KIDDE  220-230 085
0 1R&D RRES. B 200 w0 S5 20 %0 1.3 1.0 0% 09
12025 IRD KIDDE  252-234 250 %0 I3 0.0
168 ap KiDDE D4-32 0% §-408 1.2 B )
) §SO-PEPS R, RES. 0 ™ 0 S48 50 38 S0 80 27 1% Class. n
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) TRANSTAGE . RES. 238 200 0 $4% 34 30 4 3 20 &N oz %
$5 IR KIODE  25-20 300-50 s« 20 80
0 NASA-JPL R RES. Do 150 % S48 I8 W X} ¢
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2012 ingo K1b0¢ - 00 S4B 4% 9
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6.4 BIPROPELLANT THRUSTORS

6.4.1 GENERAL

Liquid bipropellant engines produce thrust by chemically reacting two pro-
pellants, called the oxidizer and the fuel, in a thrust chamber and directing
the resulting exhaust through a nozzle. Bipropellant engines are used in the

Lunar Orbiter, Surveyor, Agena, Mercury and Apollo spacecraft.

Early bipropellant engines employed hydrogen peroxide, liquid oxygen or
nitric acid as "oxidizers"” with alcohol, anilene, or kerosene '"fuels". These
engines wvere used in missiles, rocket-powvered aircraft, and boosters.

Satell ites have only recently used bipropellant engines to any extent. These
applications have occurred in conjunction with the trend to the so-called
"earth-storable' propellants. Spacecraft applications strongly contributed
to this trend by using the good storability and perfcrmance charscteristics

of these propellants to advantage in the space enviromment.

Bipropellant engines for spacecraft generally use nitrogen tetroxide (neok)

or mixed oxides of nitrugen (MON) as oxidizers aad Aerozine-50 or mono-
methylhydrazine (MMH) as fuels. Occasionally, inhibited red fuming nitric

acid (IRPNA) is used as an oxidizer, and "neat” hydrazine (N.?Hb) or unsymmetri-
cal dimethylhydrazine (UDMH) are used as fuels. MON is a mixture of nitrogen
tetroxide with 10-25% nitric oxide. Aerozine-90 1 a trade name for a 50-50
mixture, by weight, of bydrazine and UDME. Chlorine trifluoride (c:u-'3) 1s
increasing in use with the fuels mentioned. Beyond these propellants a generation
of higher-energy, storable propellants is envisioned which includes the boranes,
"Compound A", Hybaline', and similar compoundis. However, a real need for

these propellante has yet to be established. Consequently, this section will

cover the currently popular nitrogen tetroxide, IRFNA, MON, anu chlorine
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trifluworide oxidisers, and hydrssine, UDMH, M0, and Aerosine-50 fuels.

Combinations of these fuels aad oxidizers are hyperglic, that is, they
ienite on contact im the thrust chamber and require no auxiliary ignition
provisions. This is desiradle from the standpoint of system simplicity but
it complicates service and handling procedures in that inadvertemt contact

of fusl to oxidizer must be avoided.

6.k.2 OPERATING PRINCIPLE

Bipropellant rocket engines consist of a propellant control valve, propellant
supply lines, injector, thrust chember, and nozzle assembly. Provisions

may also be included to mount the engine to the spacecraft to maintain a
predetermined thermal condition, (thermal comtrol) and to control the engine

thrust vector direction (TVC).

Propellants are provided to the engine injector on demand by propellant flov
control valves in both the fuel and oxidizer engine feed lines. Fusl and
oxidizer are kept separate continuously as they pass through the engine pro-
pellant manifold into, and through the injector assemdly. The injector aie-
tributes and mixes fuel and oxidizer vithin the chamber to promote efficient
reaction, €0 prevent and suppress pressure instabjilities, and to assist in

engine cooling.

Chemical reaction of these bipropellants produces gases at high temperatures
(5500-6000°R) which exceeds the structural capabilities of practicel chamber
materials. Propellast mixture ratio (retio of oxidirer to fuel, by weight,
at the chamber valls is deliberately controlled by injector design so that
substantially cooler, fuel-rich gases coatact the valls. Heat rejection from
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bipropellast engises is controlled by redistion, material ablatiom, or by
regeneretive cooling. Almost all early bipropellant emgines used regenerative
cooling or material ablation to protect the engime duriag, and immediasely
following, engine operation. Regeneratively oocled engines are wot commonly
used vhere rapid response and pulsing capadility are desired because of the
large hold-up volume involved. Ablative engines have been used for some
time, 80 the technology has reeched a considerable degree nf refinement. But,
ablative engines are life limited by ablation rate and the amount of ablative
material vhich means that long opersting periods require heavier enginss.

Some radiastion cooling has been used in later ablative engine designs to
reduce veight. Radiation cooled dipropellant engines have recently been used
with success in space. The bipropellant Marquardt MA-109 engine has been
successfully flown in the five Lunar Orbiter missions. Radiation cooled
engines are fairly lightweight, much less sensitive to life limitations, and
can be closely coupled to the propellant valves for fast response and good
pulsing performance. Radiation cooled, bipmpe.llu;t, engine designs currently
cover the 5 to 2000 1b. thrust reange, and this trend to radiation cooling is
sxpected to continue. Ablative engine designs persist, especially in the
larger bipropellant engines vhich are sometimes augmented with some radiation
cooling. The Surveyor spacecraft is the only currently known wse for low
thrust, regenerstively-cooled, bipropellant engines. Table 6.k~1 shovs a
comparison of these bipropellant engine types besed on those factors vhich

are particularly mission or spacecraft related.
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6.4,3 BIPROPRLIANT THRUSTOR CONSTRUCTION

The three major cooling techniques used in smsll bipropellant engines involve
regenerative cooling, materials adlation or rediation cooling. Ablative
engines are particularly life limited by the amount of sblative material
present. Ablative and regenerstively cooled thrust chambers have low exterior
surface temperatures hormally less than 500°F) which permits them to be
recessed vithin the spacecraft. Radiation cooled engines (surface temperatures
above 2000°F) are usually not recessed since they induce heavy thermal loads
on adjacent equipment. Sometimes they are even affixed to extended mounts as
a thermal standoff to minimize radiation effects. These mounts, plus asso-
ciated plumbing and wiring can, hovever, impose significant weight penalties
to the system. Recently research and development programs have been conducted

to adapt radiation cooled bipropellant chambers to buried installations.

6.4.3.1 ABLATIVE ENGINES
2 typical sblative engine is shown in Figure 6.L-1 complete with valves.
t1plified terms, an ablative thrust chamber is constructed of resin-impreg-
‘‘hbergiass. Cooling is accomplished by boiling out the resin. This
L 308 thrust chamber assembly has been employed on the Gemini, Apollo
Comaand Module, and the Titan III Transtage. Ablative thrust chambers are
used vith radiation cooled nozzle extensions in larger propulsion units

(8000-20000 1lb-thrust class).

Ablative thrust chambers are usually designed for chamber pressures between
100 to 130 psia since pressure related veigh;. penal ties become prohibitive
at higher pressure levels. Above a pressure level of 130 psia, a refractory-
type throat insert i{s considered mandatory to minimigze thrust variations due

to throat area growth. A somewhat common design criteria involves restricting
S a2 o an g 2 0o e
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external surface tempersature below LOO®F to permit a buried installation.

6.,4,3.2 RADIATION COOLED ENGINES

A typical radiation cooled bipropellant engine is shown in Figure 6.4-2. .
Engines similar to this are used on Lunar Orbiter, Apollo Service and Lunar
modules, and on the Agena secondary propulsion system. The high combustion
temperatures of bipropellant engines require special materials including the
refractory metals. Currently, the most frequent applications involve molyb-
denun-titanium or tantalum-tungsten alloys. Government funded research and
deveiopment efforts are currently being conducted to apply columbium alloy

and beryllium metals to thrust chamber construction.

Radiation cooled thrust chambers are coated with materials (such as an
aluminide or silicide) to prevent oxidation of the base metal. External
surfaces are also coated to improve emisgsivity, and to prevent oxidation
during test. Currently, these coatings limit chamber wall temperatures to
about 3000-3200°F, which in turn limits maximum chamber pressure to about
100 psia. Currént operational throat temperatures are on the order of 2000-
2500°F, a value achieved by operating the engine slightly off optimum mixture
ratioc and/or the incorporation of film cooling. A considerable margin is
generally maintained between actual and allowable wall temperature to provide

long engine life.

6.4.3.3 REGENERATIVELY COOLED ENGINES

A typlcal regeneratively cooled, small bipropellant engine is shown in Figure
6.4-3 ¢ . At this time, the only known application of this principle is
on the Surveyor spacecraft vernier engines. This spacecraft uses three
radially distributed engines for midcourse carrection, attitude control retro

maneuvers, and terminal meneuver vernier coatrol. Attitude control 1is

eccouplished by differeptial throttlinga.
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The regenerative cooling circuit contributes o relatively large trapped pro-
pellant volume below the engine control valve. This prolongs engine operation
during any valve actuation until the cavity is cleared. Thus, transient
response and minimum opcratiAg times are inferior to those possible in the
more closely coupled ablative or radiation cooled engines. It is possible

to design regenerative engineg specifically for transient performnncemby
locating the propellant flow control valve between the jacket and the injector.
However, post-firing heat soakback becomes a significant problem in this case
if iu cah cause the propellants to boil. This is not desirable in that it
may overpressurize propellant plumbing briefly, and 1t may result in entrained

gas problems during subsequent operation.

6.4.4 BIPROPELLANTS

Bipropellants in extensive space usage currently involve the so-called "earth
storable"propellants. Common oxidizers are nitrogen tetroxide and the mixed
oxides of nitrogen (MON), nitric acid., Chlorine trifluoride, already in Navy
shipboard use, may also be used in space application. Common fuels are hydra-
zine, unsymmetrical dimethylhydrnzine, Aerozine-50, and monomethylhydrazine.
Significant physical properties of these propellants are summarized in

Table 6.4-2 . They will be discussed separately in greater detail.
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TABLE 6.4e2
PHYSICAL PROPERTIES
OF PROPELLANTS
Freeze Boil* Specific* Absolute® Specific*
Point, Point, Gravity Yiscosity, Heat,
Oxidizers °F °F ib/ft-sec Btu/lb-°F
N0, 11.8 70 1.49 2.95x10™4 0.365
MON-10 -10 45 1.46 2.0kx10~4
MON-15 -2k 35 L.kl
MON=~25 -61 ¥ ) 1.39
IRFNA -65 142 1.59 4.50x10~ 0.418
ClFy -118 53 1.83 3.10x10°% 0.308
Fuels
NoH,, 3k 23%  1.00 6.90x20"" 0.734
UIMH -71 146 0.7065 h.10xic-4 0.647
MME -62.3 189 0.871 6.70x10"% 0.699
Aero-50 18.8 158 0.908 7.10x10% 0.689

* PBoiling temperature, referenced to 1l4.7 psi
+ Specific gravity, viscosity, and specific heat referenced to 6CG®F

(Ref. &)
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6.4.4.1 OXIDIZERS-NITROGEN TETROXIDE AND THE MIXED OXIDES OF NITROGRN
Nitrogen tetroxide (N2oh) consists principally of the tetroxide in equiliibrium
vith 2 small amount of nitrogen dioxide (N0,). As obtained commercially, it
contains less than 0.1% water by weight. Nitrogen tetroxide is very reactive
and toxic, but is not sensitive to mechanical shock, heat, or detonation.
Specific heat, absolute viscosity, density and vapor pressure of nitrogen

tetroxide are shown as functions of temperature in Figure 6.A-4 .

The relatively high freezing temperature of nitrogen tetroxide may be reduced
by forming a solution with nitric oxide (NO), producing the so-called "mixed
oxides of nitrogen" or MON. These solutions are generally designated by the
percentage of NO, hence MON 10, MON 15, and MCN 20. Boiling point is alsc

changed, as indicated in Table 6.4-2, ° The density, absolute viscosity and

vapor pressure of MON 10 solutions are shown in Figure 6.h4-¢,

6.4.4.2 Oxidizer-Nitric Acid

Inhibited red fuming nitric acid (IRFNA) consists of 83.4% nitric acid (mco3),
134 nitrogen tetroxide (Ngoh)’ 3% water and 0.6% hydrogen fluoride (HF). It

is highly corrosive, toxic, and reacts with most metals and organic materials.
It is currently being employed in several launch vehicle stages, such as Agena,
and in several air-launched missiles, Figure 6.6 shows specific heat, absolute

vigcosity, density, and vapor pressure of IRFNA as a function of temperature.

6.4.4.3 Oxidizers-Chlorine Trifluoride

Chlorine trifluoride (Cll?3) is commercially available with purities greater
than 99%. It is a toxic and corrosive oxidizing agent similar to fluorine.
It reacts with water and will support combustion with almost 8all organic
vapors and liquids. It reacts with all elements except the rare gases and

nitrogen. However, it forms a protective film on certain metal surfaces which
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6.4.4.7 FURLS-MONOMETHYLHYDRAZINE (MME)

As vith other hydrazine-type fuels, WMH is toxic and volatile. It is not
sensitive to impact or friction. It is more stable than hydrszine, but is
similar to hydrezine in sensitivity to catalytic decomposiiton. The viscosity,
specific heat, density and vapor pressure of MMH is shown in Figure 6.4-10

as & function of temperature.
6.4.5 PERFORMANCE OF BIPROPELLANT ENGINES

Figure 6.4-11 shows the theoretical performance of bipropellant combinations
considered in this section as a function of propellant weight mixture ratio,
and referenced to a 100 psia chamber pressure and 50:1 nozzle expansion ratio.
Propellant density is sufficiently different for most coabinations to affect
spacecraft size, so Figure 6.4-12 shows overall propellant bulk density as

& function of mixture ratio for these same combinations.

The performance actually delivered by these combinations is reduced from
theoretical values by losses attributable to the mixing and combustion process,
thermal and cooling conditions, friction drag, variations in propellants and
the geometrical influences of the injector, chamber and nozzle. These factors
vary vithengine design size and operating duty cycle. The latter two factors
are the most significant. Fig. 6.4~13 shows performance as a function of
thrust for many different bipropellant engines having different propellants,
mixture retios, chamber pressures and expansion ratios. This performance is
actually normalized to a percentage of theoretical vacuum specific impulse

(shifting equilibrium) at the engines nominal operating point. The
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discontinuity observed in these data can be attributed to wvhether the engine

wves designed for primarily steady state, or pulsing operation.

As operating durstion is decreased, the relatively constant thrust build-up

and decay transients represent a greater portion of the delivered impulse.
Transient operation is less efficient since operating characteristics greatly
exceed the conditions for which the engine vas designed for greater performance,
including propellant mixture ratio. This results 1n.d0crcu1n¢ performance

as pulse size (i.e., widtkL) decreases. The variations in performance for

these conditions is shown in Figure 6.4-1k as a func.ion of delivered steady

state performance.

Figure 6.4-15 shovs the performance of a typical bipropellant rocket engine

using earth storable propellants.

It is sometimes desirable to impart very small impulse bits to perform very
spall mapneuvers. Consequently, the engine capability to provide this countrol,
knowvn as "minimum impulse bit" capability, frequently becomes a very important
factor in engine design or selection. The cepability for very small impulse
bits is determined primerily by how fast the engine valves can be operated.
The "hold-up volume,"” or line volume between the valves and the injector is
also important. Engines designed with this capability and good pulsing per-
formance in mind are termed "close-coupled, fast response” engines. As a
gross rule, minimum impulse bit capability for these close coupled, fast

response engines can generally be estimated dy:

n

Minimum impulse bit tolerance generally will not exceed + 10% of J:T‘un
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6.5.6 BIPROPELIANT THRUSTOR IRSIGN

Bipropellant engines can be configured for spacecraft preliminary design
exercises by using the following generalized procedure:

1) Assume engine thrust level, F, and Auty cycle. These are established

for velocity control engines by evaluating limits to maneuver duration,
acceleration, gravitational enviromment, control authority, eangine location
and duty cycle. Maximum thrust levels are set by acceleration limits for
structural or control purposes, single pulee minimum maneuver velocity
limits, and engine size and veight. Minimum thrust levels are set by
naxinum maneuver time limits imposed by engine life, performance penalties
associated with finite burn time effects, and thermal, power and

communication limite associated with being in the maneuver position.

Thrust level limits for reaction control are evaluated from disturbance
torques, minimum impulse bit, response rate, and engine location for

1imit cycle operation and for all attitude positioning maneuvers.

Assume thrust chamber pressure, Pc, consistent with the following values

representative of current practice:

a) P, (rediation cooled engines) = 50 to 100 psia
Current radiation conoled bipropellant engines in the 0.2 to 200 lbs
thrust range are evenly distridbuted throughout this chamber pressure
rangs.

b) Pc (ablative type engines) = 100 to 150 psia
Current ablative bipropellant engines in the 5 to 150 pound thrust
renge are rather evenly distridbuted between 80 to 150 psi chamber
pressure.

c) P, (regeneratively cooled engines) = 100 to 300 peia

The fev regsnersatively cooled bipropellant engines designed fit in the
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20 to 200 1b thrust rangs and are generally throttling engines.
Chamber pressures vary, coasistent vith thrust, with approximately
15 to 150 psia.
3) Assume nozzle expansion retio,&. A good starting point 1s € = 40 at
which the majority of small bipropellant engines are designed.
L) Determine propellant specific impulse, Isp for steady state operation
from Figures 6.h-11 thru 6.4-15.
5) Determine propellant flow rate from:

v o= F/I (6.4-2)

6.4.7 BIPROPELLANT ENGINE GEOMETRY

Dimensions of bipropellant engines will vary somevhat depending on the basic
cooling technique, amount of insulation, and location of engine valves. In
preliminary design exercises, the thrust chamber and mozzle major dismeter

are usua.ly the nozzle exit diameter, de, vhich can Le estimated by:

4
a, = K, + 0.8k [-;cil (6.5-3)

where: xe = a constant relating nozrle exterior to interior dimensions
in the exit plane, and having a value of
L 0.3(rediation and regeneratively cooled engines)
= 1.0(ablative engines)
Some latitude is available in setting the major engine assembly diameter, d,r,
which is frequently affected by such items as engine mounts and propellant

values. However, current practice essentially follows:

4y = 48, + K, (6.4-4)
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vhere Kd = a constant relating major assembly diameter to nostle exit
diameter, and having a value of:
K, * 2.9 (rediation and regenerstively cooled engines)
= 2,2 (ablative engines)
Total length of a typical bdipropellant engine assembly, !.r, inclwding pro-

pellant nlm can de estimated in preliminary design exercises with:
| 1/2 1/2

L, =3 o[-a-;-g] [© -E] (6.4.5)

6.4.8 BIFROPELLANT ENGINE WEIGHT

Bipropellant engine weight is affected by the cooling techniques used. Engine
vendors bave conducted mmerous parametric studies to relate, for each cooling
method, engine veight to thrust, chamber pressure, expansion ratio, and
operating duretion. Such studies attempt to show veight relationships

and, frequently, to indicate specific regions of preference. Experience

has shown, however, that they frequently do not correlate well vith actual
engine designs. This can happen because (1) some factors are reslly not
amenable to parametric treatment, (2) some parsmeters can be valued
differently depending on cooling concept, (3) cooling concept can affect

the weight of non-propulsive spacecraft equipment, and (&) there is a

degree of optimiem which accompanies studies not impediately related to
hardware. Vendor differences in cooling concept, design )construction

and materials are difficult to relate parametrically. Standard material

gages and component sizes actually introduvre step functions into veight
comparisons. There a.re also iastallation and mission related weight

factors pertaining to enviromment, engine mounting, and duty cycle which

say obviate direct comparisons. To include these effects, the following
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veight expressions have been derived from the veight and design characteristics
of more than 40 different bipropellant rocket engines between 0.2 and 200
pounds thrust, and using earth storadble propellants.

a) Pull Ablative Engines - The weight of a full ablative engine, W, that is,
an engine having an ablative thrust chamber, an ablative noztle assembly,
propellant valves, injector, inlet plumbing, fittings, wviring, cabdbling, and

engine mounts, can be roughly estimated from the following expression:

W =2.5+.05F (6.4-6)

vhere: 7T = engine thrust level between 5 and 100 1bs and the nozzle expansion

ratio is about 40.

This expression does not resolve engine veight variations as a function of
operating duration.

b) Radiation Cooled ines - The weight of a radiation cooled bipropellant

engine, HR‘ including valrves, injector, inlet plumbing, fittings, wiring,

cabling, and engine mounts can be estimated from the following expression:

0.85 )
W, = 0.161 5 + b, E = (€ » 10) (6.4-17)
(o]

c) Regeneratively Cooled Engines - No mathematical model can be given for
small, regeneratively cooled, bipropellant rocket engines since too few

such engines exist upon which the analysis could be based.

6.4.9 DEVELOPED BIPROPELLANT THRUSTORS
Table 6.4.3 lists bipropellant engines developed for spacecraft applications

and for research purposes.
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7.0 SYSTEMS CONSIDERATIONS

Certain systems considmtiéns are important in a discussion of velocity control
and reaction control thrustors. The thrustor itself is actually a small weight
and geometlry penalty to the system. But thrustor design significantly affects
propulsion system characteristics which, in turn, are usually important to

the spacecraft. Spacecraft design 1s especially sensitive to power require-
ments, comnand and control procedures, data provisions, thrust vector and thermal
control requirements, propellant performance, and propellant storage pressures.

These factors will be bricfly discussed,

T.1 INTERFACES

The thrustor itself interfaces with the propulsion system directly and the
spacecraf‘. The propulsion system also interfaces directly with the spacecraft.
Both the thrustor and the propulsion system have an interface with the missicn
as it relates to trajectory duration and sequencing. Primary interfaces are

shown in Table 7.1-1, and discussed below:

a) Propellant Feed System -- The thrustour asscmbly connects directly to the

propellant feed system at the inlet side of the engine or engine valves.
This connection directs propellents from the feed system to the engine
injector. It is affected by propellant flow rate and by propellant supply
presswre. Engine chamber pressure is related to feed system pressure drops
and propellant supply pressures in the tanks. Hence, engine chamber
pressure affects system weight to a large extent since propellant tanks,

and frequently,plumbing lines, are designed as pressure vessels.

The engine to feed system interface also may include torsional and trans-

lational loads lmparted to feed system plumbing through engine gimbally for
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b)

c)

thrust vector control. A deliberate attesmpt should be made in this regard
to distribute these loads in such a manner as to minimize their effect on
gimbal actuator control suthority.

Thrust Vector Control -- Engines used for velocity control may require some
thrust vector control capability. This cepability may take the form of
gimballing the engine, deflecting engine exhaust by vanes in the exhaust
stream, or differential thrust control of several engines. REngine gimball-
ing involves a moveable engine assembly which requires a large geometrical
envelope for clearance reasons, mechanical connections for driving
actuators and a hinge or multi-axis assembly as a pivot. loads are
applied at the actuator attachments, hinge points, and propellant supply
plumbing. Jet vane systems involve a fixed engine assembly. Jet vanes
are primarily sensitive to thermal loads from the propellant exhaust to
the vane limiting it to use with lower tempervture systems. In multi-
engine assemblies used for velocity coatrol, differential throttling

or pulsing can be used for control of the mean effective thrust vector.
The primary interfaces in this case are electrical for command and control,

and thermal, as related to engine behavior in the particular duty cycle.

Structural Attachments -- The thrustor interfaces either with the spacecraft

or with propulsion system structure at a specific attach noint at which
thrust loads are transmitted. This interface may also affect clearance
requirements vhen gimballed. Precise location of the engine on the thrust
wount is important, especially in fixed engine installations, to insure
that the nominal thrust vector is directed through the spacecraft center

of gravity.
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d) Thermal Control =-- Thermally, the thrustor affects the spacecraft eaviron-
ment, and is in turn affected by the spacecraft and the space environment.
Thrustor induced thermal loads arise from radistion and conduction from
the engine and radiation from the exhaust plume. Thermal interfaces
exist at the engine attach points, propellant plumbing, gimbal attach
points, thermal shielding, and the radiation profiles of the engine and
exhaust plume.

e) Rlectrical -- The electrical interface includes all electrical provisions
for powver, control and sequencing of fuel and oxidizer valves, and instru-
mentation and for data readout.

f) Service -- The serviece interface includes all electrical provisions for
verifying electrical continuity and for all service instrumentation. It
also includes hydraulic, mechanical, and pneumatic provisions for pre-

tlight service and installation.

7.2 SYSTEM POWER

Electricel povwer 18 used by the propulsion system to actuate valves on the
engine, in the pressurization system, and in the propellant system, to drive
actuators for thrust vector control, to process commands and data concerning

system operation, and to elevate temperatures locally by electrical heaters.

Figure 7.2-1 shows electrical power requirements for operating many existing
stored gas, monopropellant zad bipropellant engines. These are total engine
valve electrical pover requirements for non-redundant installations. Thus,
bipropellant engine requirements involve both the oxidizer and fuel valves.
These power values should be doubled wvhen redundant valves are involved. It is
important to note that these are not minimum pover curves, but are regions

which shov the power requirements associated with actual installations having
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different response conditions. The general flatness of these curves develops

from the fect that, in many installations, the same valve is used at different

ng

thrust levels and response characteristics. Figure 7.2-2 shovs the relationship
of valve power to response for a typical solenoid valve.

System power requirements may greatly exceed eangine requirements, especially

if many valves are used in the pressurization or propellant feed systems.

Fover requirements for command, control, and telemetry data concerning propulsion
system status are small.

Heated gas thrustor systems using electrical heaters may be expected to have
significant weight allotments for power. Similarly, electrical heaters used for
thermal control may consume large amounts of energy by operating at low power
for extended periods or by operating briefly at high power levels such as
during periods of occultation.

In sumary, propulsion system power requirments develop from the needs of many
components, having different pover ratings and operating times. It is important
in system design to develop a propulsion system power requirements schedule to
identify power consuming elements, to sequence power consuming events, and to
help integrate propulsion system and spacecraft pover requirements.

7.3 THRUST VECTOR CONTROL

Engines used for velocity control purposes need some sort of directional control
over the engine thrust vector to position it properly with respect to the space-
craft center-of-gravity. In aumerous bipropellant engines this capability is
provided by gimballing the engine in two axes normal to the thrust vector. This
procedure requires u;ouxxting the engine within a movable assembly of sufficient
strength to withstand structursl and thrust loads, and to provide actuator
attach points of similar capability. Engine inlet plumbing and cabling must
aleo be positioned and designed to minimize their loads on the actuator and to

prevent clearance problems.
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It is aleo possible to rigidly fix the engine assembly and direct the effective

thrust vector by gimballing the nozzle, or by moving vanes positioned in the
exhaust stream at the nozzle exit. Vanes are couveniently used vith msonopro-
pellant engines since the engine exhaust is free of s0lid particles and at & low
enough tempersture to allow simple stainless steel vanes.

Other possible vector control methods include translating the engine or engine
components, injectiag fluids non-uniformly into the exhaust stream (secondary
injection) and by using auxiliary jets. Of all these methods, only the latter

has been used in liquid propulsion systems for small spacecraft. Surveyor

uses this method by differentially throttling three vernier engines one of

which can gimbal in a single axis.

Figure T7.3-1 shows weight estimates of rocket engine thrust vector control systems
vhich are sufficient for preliminary design purposes. The gimbal system consists
of a gimbal platform, movable in two axes, which is firmly at’ached to the engine
and to the spacecraft, plus the necessary actuators, wiring and cabling. Align-
ment adjustments with respect to the spacecraft are commonly provided at the gim-
bal mount-to-spacecraft mating tace. Jet vane assemblies, used in monopropellant
engines. consist of four Jjet vanes, four rotary actuators, a mounting ring,

and the necessary vwiring and cabling.

80r

Gipbal System
& o

Jet Vane System

TNC System Weight =~{Lb)

10 100 1000 10,000
Thrust , F~(Lb)

FIGURE 7.3-1 TERUST VECTOR CONTROL SYSTEM WEIGHT
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Figure 7.3-2 relates Jjet vane deflection to effective gimbal angle and specific
impulse penalty. Figure 7.3-3 relates Jjet vane torque motor actuator per-

formance power requirements.

7.4 TEERMAL CONTROL
Thermal contiol of the spacecraft is concerned vith, among other things, pro-
viding a proper thermal environment to the propulsion system and accommodating

the thermal loads which it imposes.

Propellant temperature affects engine l-)erformncc a.s it relates to response,
impulse bit size, bipropellant mixture ratio, and sometimes, specified impulse.
These factors cen be resolved at a given temperature. Spacecraft are, however,
designed to operate over a range of conditions, hence some variation can be
expected in the performance parsmeters. Abtsolute limits may also exist such
as the 35°!‘ freezing limit of hydreazine under normal conditions. Thermal
control provisions, such as heaters, are incorporated to maintain propulsion

system operation within specified performance limits.

The engine will absorb or dissipate thermal energy during non-operating periods
depending on its orientation with respect to the sun and the character of
thermal paths from the spacecraft. Radiation cooled engines are moet strongly
affected since they are radiators. Proper thermal insulation at engine wounting
points is a necessity. The injector in all rocket engines vievs space through
the novzle throet and can, consequently, exceed its thermal margins unless

adequate provisions are made.

The engine and exhaust plume are large rediative heat sources during operation,
especially in the radiation cooled engines. Figure 7.4-1 shows the exterior

thermal profile of typical rocket engines during steady state operation.
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Exhaust plume thermal radiation depends on plume site, temperature, and
emissivity. Emissivity is especially significant in propellants having

solid particles in the exhaust such as with hydrocarbon or eluminized fuels.
Plume radiation from stored gases is not significant. With monopropellant
engines it can be quite important though emissivity is rather low. Figure 7.4-2

shxws the exhaust plume characteristics of a 200 1b. turust hydrazine engine.

Beat conduction from the engine forward to the inlet plumbing and attach points
vill occur following shutdown and during certain pulsing duty cycles. This is
referred to as heat "soakback” and is undesirable when it causes propellant
boiling in the valve or valve inlet or if it induces larger conductive heat
loads through attaching structure. Monopropellant engines, which have a high
internal chamber mass, store a large amount of "resident beat' which can

cause propellant detonation in the injector. These engines are usually
designed to insure against post-operative heat soakback to the injector

area by providing a thermal short to other areas such a8 the engine mounting

flange.

7.5 LIFETIME

Propulsion system components are subject to life limitations measured by
duration or number of cycles. Valves and regulators are primarily subject
to cycle limits, usually in the range of thousands to millions of cycles.
Propellant tank positive expilsion devices are limited to fewer cycles,

possibly no more than one, such as with metallic diaphragus.

Rocket engines are both duration and cycle limited. Cold gas thruitors are
sensitive to valve cycle limite. Heated gas thrustors are too, though they
are alaso subjected to heater element lifetime limits. Figures [.5-1 and

7.5-2 show estimated lifetime characteristics of tungsten wires and tubes
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in a hydrogen atmosphere. These characteristics are atmosphere dependent,

but similar inforwation for other gases vwas not generally available.

Monoprupellant engines are also affected by the cycle limitations of liquid
propellant valves, but their lifetime limits are usually discussed in terms of
catalyst life. The destructive mechanisem which affects catalyst life is
erosion coupled with fiexing and thermal cycling im wire screens and abrasion
in particle catalysts. This is aggravated by extensive pulsing and high
temperatures. Figure 7.5.3 shovs catalyst life for various hydrogen peroxide
thrustors in termsr of thrust and operating duration. The lifetime characteristics
of a hydrazine thrustor using Suell 405 catalyst is shown in Figure 7.5-4 in
terms of chamber pressure and propellant flov time. Lifetime of the non-
spontaneous H-7 hydrazine catalyst is better than that of the Shell L05
"spontaneous"” catalyst, but hydrazine and peroxide catalyst in general have
more lifetime capability than is generally desired from small AV engines.
Hydrazine monopropellant engines have now demonstrated over a million pulses,
and over 8 hours of steady-state operstion. Lifetime limits for monopropellsat
engine parts other than the valves and catalysts have not been identified in

test or statistically established.

Bipropellant engine lifetime is primarily related to valve cycling and operating
du.rJ:ion. The cycle limits of liquid propellant valves are more significant
than with other engines since twice as many valves are involved. Ablative
engines are life rated to operating duration for a particular duty cycle.
Radistion and regeneratively cooled bipropellant engines have lifetime
characteristics eimilar to monopropellant chambers. Their lifetime rating

is usually stated as the qualification test requirement instead of the absolute
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duration to failure since the latter requires more testing, and consequently

cost, than is prectical for nut applications.
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