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ABSTRACT 

Thit   dccvnien contains  Information on rocket engines using propellants 

stor»d as 1 Iquid;; or gase: . 

Volvirie I ciontalr;;  ini'orciatlon en «nglnes   os'ed  for reaction control systems 

and   l'iw velocit'   increment propulsion systeois.     Cold   (ambient)  gas, heated 

■:;aß,   xoncir«'pellent and blprcpellant engines are considered.    Estimates 

are made of performance,   slr.e ard power requirements.     Operating principles, 

hardware   le^alls  and  syat^-ns  consideration are discussed. 

Volume  II has data on engines with  thrusts of 100 pounds and larger. 
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InfbxMAtloa on roolcet enelaM using propcllAtxi« stored as liquids or gsses 

tot us« ia attitude control and low velocity increment applications is pre- 

sented.    The thrust range for tbcae engines is froa alcropounds to around 100 

pounds. 

Itraaetert vhieh are important in the design or selection of a rocket engine 

for such applications are discuased and data from engines developed for space- 

craft applications and reaearch puipoaea preaented.    Tbeae Include perforaance 

(both steady state and transient), weight,   aire envelope,  reliability,  life, 

power requlrmenta,  duty cycle,  responae,   repeatability,   cost and interface 

considerations. 

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

heated gas, aonopropellant and bipropellant engines.    The various propellants 

for each type of thrustor are also discussed.  Bocket engine perfomance la pre- 

aented from both the theoretical standpoint and from compilation of delivered 

performance data for exlatlng systems.    A tabulation   of transient performance 

for existing engines operating In the pulse mode is included. 
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fo d«t«ndtiMi the pertonHuae« of thm varlou» types of thoxml «ad eteaieel 

propuleion tystow, »pecifie design data for the eleaent« of the «jstcK are 

required as veil as inforoation on overall eyatcn perfonance.    fUmi lar 

Inibraatlon is required on tiie other syetema - electric and nuclear in order 

to deteraine the best systea for any particular application.    Previous Boeing 

studies related to propulsion systems sre indicated on the Figures 3*0-1 

and 3.0-2 by docuaeot title and number.    Future system vork will be in- 

corporated into the document  series  shown on Figure 3*0-2. 

This document concerns itself vith state-of-the-art and design data of one 

element in the system - the rocket engine.    Previous vork relating to all 

types of engines is shown in Figure 3<0-3*    Future engine and thrustor work 

will be incorporated lato the document system shown on Figure 3*0-^.    Access 

to information on the remaining propulsion elements beyond the overall systems 

and engines may be obtained through the Space Propulsion Systems - Concepts 

doci»ent {lß-lll^h^-l). 

Thermal and chemical propulsion technology has been and will continue to be 

the subject of considerable Investigation by government agencies,  educational 

institutions, and aerospace contractors.    The purpose of this series of docu- 

ments is to provide s central source of Infomation generated by outside 

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

The purpose of volts» one of this document is to present information on 

engines used for reaction control systems and low velocity increment propulsion 

systems.    The properties of the gases and liquid propellents used in these 

engines and some system considerations are also included. 
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SMill rock«t «0(104»«, or thrattors, are reoetloo d«vice« oaod for 

«nd rotational control of opacoeraft and boosters.    TTanolatlMMkL coAtMl i« 

cooeemod with iaparting a traoolatloool Titloclty in a apeclfle diraetloa. 

It 1« usually rsferrsd to as Naloelty control'* or "dslta-v ( ^V) control*'. 

Rotational control, dlrscted around a vshiel« axis,  is gsaoralijr rsfonrsd to 

as "reaction control" snd is uaed in conjunction vita othsr dsrtLcei to prorids 

vefalcl« attitude orientation «nd control.    Velocity control «nd reaction control 

systens use siallar components though their selection, design, installation and 

operating requirement« nay be considerably different* 

lf.1    VELOCITX OOBTHOL 

Spacecraft velocity control systens are propulsion systens used for naneuvering, 

nodifying trajectories, and for changing orbital characteristics.    These 

applications entail certain unique feature« involrlng duty cycle, operating 

condition«,  perfornance and the duration of «pace «torage. 

The number and duration of discrete operating sequence« can usually be predicted 

fron mission plan«.    For exaaple,  nidcourso correction« are usually budgeted in a 

transfer trajectory to renove launch error« and to bia« alning point or arrival 

date.    Ifcia budgeting involves relating the velocity corrections required , to 

propellent eaqpendlture«, vhlle at the sane tine minlnising the nuaber of 

■aneuvers, eosnand« and «pacecraft function« required.    Since velocity control 

systens usually operate for nore than one «econa,  thrustor operation   1« 

eoaeldersd to be steady «täte.    Steady »täte perfornance i« desirable since it 

ainlnices transient effects, pemits   design for peak perfornance, and allovs the 

thrustor to reach operating tenpr - i,ure.    Oonsequently,  velocity control «ystens 

often nake good use of the b'ghf.r perforasnee attained with aonopropellant and 
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jhropulsiea ayst«i bardwure Is located^ I» ■aeli •• pOMibl«, «i^ia tit» t^cmemtt» 

Tb* tfentrUnr«, taowrer, wumt protmd« la mm» faahloa fro« tlia apaoaafatl;« 

Valoclty control thruatort are uaually oloaaly eougplad tto tha ifpaeaeraft altng 

a mjor axla since the tranalatlonal naneuvera they aeconplla oat require a  . 

—Mat am.    TSila aaaea the tharaal control requlreaaata cooceraed vlth prarantlaf 

propellent freeslng at the inlet linaa.    But it can eoaplloate «paeeoraft tharaal 

control requlreaaenta aaaoclated with engine, ooaale and exbaoat pltna heat loads. 

Very saall maneuvers are occaaionally required fro« a Telocity control aystsa for 

nldcourse correction,  orbit trim,  or similar uses.    These saall maneuvers require 

very small, precise and repeatable pulses (lopulse bits) from the thruators. 

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

The spacecraft must be properly oriented prior to a transletional maneuver,  and 

subsequently reoriented for the coaat phase.    This is a function of the attitude 

control system (ACS)*    During the maneuver,  engine thrust vector control (TVC) is 

required to prevent it fron introducing uodesired moments about the spacecraft 

center of gravity. 

Velocity control propulsion systems are selected on the basis of performance, 

weight, duty cycle and lifetime requlrementa,  reliability and hardware availability. 

Velocity control thruatora and their valves are designed or selected on the baala 

of performance,  response, repeatability, weight, else, llfetiae,  reliability, 

thermal characteristics,  availability and various materials consideration.    Priaarj 

criteria generally are specific impulse,  minimum Impulse bit, availability and 

weight. 
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I>«2   BMCTKXI OORTROL 

lUMetlon oontrol «jrstens (BC6) ar« apaeaextft propulsion agrttou «••i to 

•{««•eraft pitch, yaw and roll control. Tbcj arc »lao uacd ftor cttitraAe 

podtionlng item conducting smioac aaacurer«, dlrcctlog ammra, or «lading 

photographic ayvtans.    Ibeir unique raquiraunts concam «yttaa raspeaaa» 

accuracy« dnty cycle and cooponent location. 

Reaction control system thruatora usually operate in a pulsed «ode to lapart 

«nail impulse increments to the spacecraft about a specific axis.    Consequently 

they are particularly characterised by transient and pulse mode factors including 

thrust rise and decay times and impulse bit size and shape«   Orcrall parftwaoca 

is also quite important. 

Reaction control thrustors are operated by attitude control system (ACS) 

coamianda*   This system proceeaaa information about spacecraft orientation and 

relatea it to desired orientation and maneuver rate to lasue thrustor "OH" 

and "OgT" signals*    Hence, reaction control impulse bits are sized and 

scheduled against an asauned duty cycle baaed on anticipated disturbances, 

response rate limits, and scheduled spacecraft attitude positioning «venta* 

A "limit cycle" mode is usually used to aocomaodate induced dlsturbancea by 

applying cycling response of the thrustors to a control band established by 

spaceoraft pointing limits and control rate limits.    Theae conditions are 

subsequently reduced to impulse bit size, duty cycle and propellaat allowancas« 

The pulse mode operation of rsaetioa control thrustors «ith chemically raaetlr« 

propellants yields lower performance than under standy»stete eoadittons bacausa 

of transient operation effects, engine thermal conditions, and aingle-varaus- 

multiple design point considerations.   The specific Impulse of chemically 

■•r';:<m. 
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Trnttok** Koyiaonfc« apynftch«« that öf «old CM mvcULnst« with 

pflm* tfqpmej and polM «Idth, *• ähfOwn in VUur» ^•S*!».  Qmwt&mHOf, 

iWMtloa oontrol thvturfcora vlll aot b«n«flt ftron th« klcbar wmtmmm* 

SacopttUant« to the «xtent that ▼aloeitgr control thruotora do« 

yrk' 

lotion eoatrol tyatoa is uttially la»talled la tho opaeaacaft la a 

aaniMr »lailar to that of raloelty eoatrol ayetasa»   Bovaear» tha throatara 

are aeantad at a distance froa tha apaaaexaft priamxy axee to prorlda aoaaat 

araa for tha rotational aotlona daalrad«    Large —ant araa paralt ■aal 3 

(lower thruat) engine« vhlofe. In turn, are eapable of analler and «ore 

precise lapulae bits.    Propallant line length and electrical cabling Increaaea 

oorreepondlngly.    niese roaote thruator locations alao require acme theraal 

protection vhensnrer propellanta era uaed vhlch can freete. 

Beaetlon control propulsion afateaui are aeleoted on tha baala of response, 

repeatability, parforaance, reliability and arallehlllty.    Prlaary criteria 

are apadflc Impulse, alnlaua Impulse bit, pulse width, thrust rise end 

decay time, and operating tolerances« 
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4.3    APPLiailOIIS FOR UMAV THRÜSTOBS 

Small rocket anginas or thrustora, have baan axtanslvaJjr used for valocitjr end 

reactiw» control of aatellitos and boosters.    This will increase with the in» 

creasing exploration and exploitation of space.    Thmster selection is based on 

mission related factors (impulse, duty cycle measurements),  systas factors 

(thrust, weight,  size), and engine characteristics (perfernance, response, in» 

duced environment).    Hence,  certain thrustor types are appropriate to particular 

applications.    These circumstances are discussed below. 

4.3.1   Thrust and Impulse Effects 

Engines used for translational maneuvering are coamonly larger and operate less 

frequently than do engines used for attitude stabilization.    Their operating 

duration per firing is longer,  so steady state conditions are usually attained. 

Impulse 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 thrust and total Impulse as shown in 

Figure 4.J-1.    This figure shows that propulsion applications Involving 100 to 

100,000 lb-sec impulse and 0.01 to 100 lb thrust can be further defined by 

mission and thrustor type.    The boundaries to these regions are not hard and fast. 

They were derived fron numerous system, mission,  and engine studies sane of whioh 

undoubtedly were resolved by other factors such as reliability.    Nevertheless, 

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 velocity 

They increase with velocity capability to the extent that system weight becomes 
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increasingly « function of propellant loading.    Under these circuMtances, the 

higher perfonnanco propulsion sjatma nay offer significant weight «dvantagea. 

Propulsion systems are sooetimes used for several maneuvers which Bay permit 

the use of higher energy systems.    For example.  Lunar Orbiter performed both 

midcourse correction (snallAv) and orbit insertion (large ^V) 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 mono propellant engines in the Hanger program and bipropell- 

ant engines in Surveyor were enough to offset their development.    Mariner hard- 

ware and technology was derived from Ranger.     Lunar Crbiter used Apollo program 

bipropellant technology.    Thus,  velocity control systems used in the 15O-40ÜÜ 

fps velocity and  55U-^50ü lb spacecraft weight  range currently use the higher 

performance monopropeiiant or bipropellant engines since the technology,  hard- 

ware, and space experience are available. 

Impulse requirements are proportional to spacecraft  size.    It has been mentioned 

WIUAO proyM.n-on system weight becomes  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- 

propeiiant and bipropellant engines.    The  larger spacecraft currently occur in 

the manned Apollo and Manned Orbiting Laboratory (MOL) programs.    Maneuvering and 

attitude control engines in the Mercury Spacecraft (Apollo Program) used mono- 

propeiiant hydrogen peroxide thrustors.    The succeeding Gauini  spacecraft used 

bipropellant engines for maneuvering and attitude control as will the Apollo 

Command (CM),  Service  (SM)  and Lunar (IM)  modules. 
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LM« Sjq>ul«e la utually r«qutr«d for attitude poaltioning «ad control than tor 

performing aajor nanciirtr«.    fit« lapulte capsbllitj provided to satellite«, 

especially earth Mtellltes, Is prinarily tor attitude control aad Is thus 

not lazge In magnitude.    The pulsing duty cycle «qployed for reaction control 

reduces the perforsaac« advantag« of monopropellant or blpropeUaat thrustort 

over stored gas thrustors (cold or heated gas).   Also,  the velght of •■all 

propulsion systems Is ttrongly Influenced by components which are sot strongly 

velght-sensltlv« to thrust level or propellent loading such as standard 

coaponeots sizes,  fittings, bosses, aounts, cabling and -wiring.    As a 

consequence,  the lover perforaance cold gas systems have been coapetltlve on 

a weight basis and have distinct advantages In slapllcity and hardware 

availability.    When velocity requirements Increase,  such as for velocity 

control purposes, a weight advantage accrues to nonopropellant and bipropellant 

propulsion systems, since engine perforaance is highest when operating under 

steady»state conditions. 

Nonopropellant engines vlll increase In use as hardware experience, performance 

and availability increases.    Hydrogen peroxide (HgOg) has been recently used 

as a moaopropellant with good success on several satellites.  Including Syncon 

and Ocmsat.    It had previously been used as a nonopropellant for reaction 

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

Centaur upper stage booster. 

Boosters and maneuverlag stages have frequently had   pulsed bipropellant engines 

for reaction control using the primary propellents.    Recently,  monopropellant 

engines have been Introduced into booster system use with the Burner II upper 

stage using hydrogen peroxide for reaction control.    Significantly, the 

bipropellant attitude control and maneuvering engines on Titan II TTanstage 

have been changed to monopropellant hydrasine engines using the Shell 406 
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4,3»2   Rasponse and Impuls« Bit Bffeets 

Ihrustors usad far rvry soall vaLodty corractlons, attltud« poaltloolq^ «id 

attitude control are particularly affected by engine pulsi&e cbaracterlatiea, 

••peclally thrust responee and Impulse bit alsa.    Good pulsing cbaractarlsUos 

srs aeasured In teras of good repeatability,  eaaU alniaum Impulse bits, rapid 

thrust rise and decay tlaes, high perforaance,  and long operating life,    figure 

U.3-2 Is a generalised guide for selecting engines to be used In pulsing 

applications In vhich    mlnlmua bit sise is loportant.    This figure shove 

discrete regions of thrust and adnimuni lapulse in vhich particular types of enginei 

(i.e., stored gas, nonopropellsnt or bipropellant) are appropriate,    the boundary 

describing the lovest nlnlaua isqmlse bit In each area indicates the best 

pulsing capability of close-coup&ed, fast response thrustor systems.    Adjacent 

to these regions are arrows Indicating the particular type of odssion to which 

these engines are suited.    This figure shows especially that unaanned earth 

orbital,  lunar and Interplanetary satellites are the spacecraft which require 
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engines of less than 1 pound thrust and ICP* lb-sec miniaiua iapulse bit 

capability.    Boosters* reentry and boost glide vehicles and manned satellites 

use larger engines which have larger minixmai impulse bits.    Future large 

unmanned satellites may use larger engines, but they stay still need relatively 

small minimum impulse bits.    Small engines will be used in applications involving 

the smaller satellites,  low maneuver rates,  extremely fine pointing require- 

ments or where they are used in conjunction with other attitude stabillaation 

devices« 
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Response characteristics are transient conditons involving chamber pressure, 

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.     Ignition delay is used herein for that period of time 

consumed between initiation 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 transport lag 

and delays in chemical reaction initiated by hypergolic,  electrical,  thermal or 

catalytic means.     Bipropellant engine manufacturers sometimes use the term 

"ignition 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 

thruot  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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TYPICAL ROCKBT MGIWE TRAKHIEST C0*!T/ITIOI*3      (Mt,  3) 

Figure  4.5-3  shows two f-alcea  frcrr, a sequence of L.in obtained with a small bi-    j 
I 

propel J ant  thrustor operated  at  a  norninaJ   duty cycle of 9%.     This  sequoncu 

shcjwr.  transient  oharacterititles   Wid  reproducibility of  chaflibor  pressure, 

prop»'J Iant   inlet pressure,  and valve current and  vcltago as  the  val/e  is 

actuated   for  each puiae.     Ihe   jharaber  press-ire trace shows  that   eleven  (ijj msec 

were  consumed  between the   application of valve voltage and  reaching  rated 

thrust..     Approximately four  {U)  msec,  of thij ^ere  taken  up  by   the electrical 

delay  and  valve poppet opening  tiue.     The  remainint- seven   (7j  msec,   include 

t^e  injector  and  feed tube filling  time,   propellant  ignition delay,  and the 

time   required  to fill the  chamber  volume with combustion  ga^es.     The  shutdown 

transient   censumed approximately   eleven   (II) msec,   between  removing valve 

power and attaining essentially  (.£' thrust.    This  time was  consumea in electrical 

delay,   valve  poppet closing,   emptying the "dribble  vclure",  and emptying the 

chamber of gases. 
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Engine response characteristics are primarily controlled by the chanber design 

and the valve-chamber relationship.    These characteristics depend on the valve 

actuation time,  and the propellant volune contained between the valve and the 

injector ("hold-up volxrae").    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 "hoM-up volune."    Such engines are referred 

to as "fost-acting" and "close-coupled."    Thrust chamber volume is important 

because small thruster chambers have faster response characteristics.    Fbr 

quick response,  chamber volume should be as small as possible,  though not so 

small that performance is reduced through incomplete combustion.    Chamber size 

is described in terns of L*,   the chamber characteristic length,  which is equal 

to the chamber volume per unit of nozzle throat area.    Figure U.3-U ahovs how 

ignition delay increases with L*.    Figure ^.3-5 shows how (l) performance 

decreases with decreasing L* and (2)  that there is a performance difference 

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

desired for single point,   steady-Btate operation. 

Characteristic length  (h*)  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 by 

variations in state or source temperatures.    Consequently, cold gas thrust©r 

performance,  though comparatively low,   is constant and predictable throughout 

system operation,   simplifying the design of attitude control logic. 

Monopropellant engines do not behave in this fashion.    Since they are designed 

to operate at elevated temperature, performance is variable until stable 

operating conditions exist.    This happens when the engine and catalyst 

have been raised to operating teaperature by heat obtained from the 
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decooposltion process.   Psrfonnanca is rsducsd, and thrust riss ti*ss sststutod, 

until stable operating conditions are attained.    Thus, monopropellsnt englnse 

do not exhibit uniform performance and response characteristics tinder all 

operating conditions. 

Translations! maneuvers are controlled by either a timer or an aocsleroneter. 

Maneuver rate data is used to control attitude orientation maneuvers.    Timed 

maneuvers accumulate deviations fron scheduled performance as a total error at 

end bum.    Maneuvers controlled by acceleroneter or rate data correct for these 

Ueviations accumulating only those errors attributable to instnaaentatlon 

tolerance and thrust tailoff variations.    An additional error may develop from 

interference in pulse scheduling when response is so slow that additional 

pulses are conmanded before previously ordered pulses are detected.    This is 

particularly appropriate to "cold"  (ambient) monopropellant engines.    Hanuever 

error is greatest with timed maneuvers,   being generally on the order of 10-3CUJ 

for very aaall maneuvers («feü.io m/sec;  and 3-7^ for large maneuvers (^1.0 m/ssc) 

In most installations accelerometer control can be Justified for maneuvers 

exceeding ü.l to 10. ü m/sec. 

Bipropellant engines lose little performance to engine warm-up since combustion 

temperatures are so much higher (SOOO-Süüü0?) than with monopropeHants (laOO- 

3300°?) that it is necessary to keep the chamber walls from overheating.    These 

engines depend,  to sane extent,  on film cooling by using a fuel rich barrier at 

the chamber walls.    Since no catalyst is required there is little interior ohswber 

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 
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coaditlotia.   It usually has Io««r steady «tat« pcrfonmotj «• sboim 1» Ficort 

^•3-5* but for « particular design, parforaanca and raqpoasa is eopslstaat 

over a vlds range of operating conditions.    Xt can tarns be ussd in tiaad« 

accalarosttter controlled, and rate controlled aaaeuvers vith relatively slsyle 

control logle. 

flast actiog propellant valves are necessary to quick engine response«    thess 

valves must be capable of rapid and positive response*    Direct acting solenoid 

valves af torque motor actuated valves are usually preferred.    Typical valve 

actuation periods are In the 5-10 millisecond range. 

Oold-gaa thrustora have superior response capability in that fast acting, 

close-coupled hardware can be used,  thrust characteristics are relatively 

insensitive to propellant or hardware temperature,  and simple control logic can 

be used.    Response of cold gas engines is limited by valve capability «hieh Is 

currently on the order of 3-7 milliseconds.    Transport lag can be as brief as 

1-3 milliseconds.    Time to 90% thrust then can be less than 7 milliseconds. 

Repeatability of cold gas engines la 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 

somewhat higher.    Monopropellant engines will,   in pulsing operation, be somewhat 

less rspeatable since the volume uncertainties involve liquids instead of gases, 

and response characteristics are influenced by thermal conditions«    Response 

to 90% thrust exceeds 7 milliseconds for small monopropellant thrustors designed 

for pulsing operation and operated with smblent propellents and a hot catalyst 

bed.    Performance is higher than with most cold gas engines. 

SHEET  31 

U 1  4»0Z   1414  * r V . I.«) 



COMPANV 

NUMBER K-ukuS-a     -;,r^i 

REV   LTR . •■ m& 

< 
or 

a. 

a. 
o u. 

Biprc>p«tllant systaas have boId*up volune and kyüraulie lac effect» la botli the 

fuel and oxldlcar circulte and, in addition, they require sane degree ef «txtur« 

ratio control.    In snail engine«,  tranaport lag aay conaune fc*5 ■dllieceoada. 

Staaller, fast-reeponse, clo»e*coupled bipropellant engines are capable of 15-25 

mililaccöndi   response to 90% thrtist. 

U.3*3    PacXaglng Effects 

Propulsion system installed ▼oltsae oay,  at tines be an Important factor due to 

linltatlons imposed by the booster,  sLroud, spacecraft structure, or experlaent** 

Cold 6*s systems are inferior in this regard since a relatively large amount 

of propellant is stored in the gaseous state.    Hovever,   cold gas equipment may 

be easier to position on the spacecraft since therein no daagae of propellant 

freezing.    Additionally,  cold gas thrustors have minimum thermal interference 

vith adjacent spacecraft equipment. 
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5.0 HOOCET EMGINE PBRPORMAKCE 

The basic steady-state performance equations for rocket engines are developed 

in detail in numerous textbooks among vhich are Bfcferences  5      and    6 .    Tbese 

equations are briefly developed herein to support subsequent discussions of 

delivered steady-state performance, and of transient performance. 

5.1 OEEORETICAL STEADY S3ATE PERPOMCAMCE 

The thooretically ideal rocket is based on adiabatic, steady state flow of 

hoaogeneouc,   conposltionally invariant propellants (in chemical  equilibrium) 

which obey the perfect  gas lavs,  vhich develop no friction,  and which have 

uniform,  axially directed velocity.    These assumptions permit one-dimension8l 

analyses of the rocket engine. 

Rocket engine  thruat is defined by a monientum plus pressure-tlra«.-area term: 

F=^\4^CPe-^A, (5.3-1) 

The principle of conservation of energy is used for gas velocity at  the nozzle 

exit.    For an  adiabatlc gas expansion  (no heat  transfer between  the gas and 

nozzle) having no  friction bet-ween  the gas and the nozzle wall,   the conservntion 

oi  energy requires   the deorea.se  in gas  enthalpy to be equal  to the increase in 

gas kinetic energy.    That is, 

Kc-K^Äh= [ye-^I]/t9. 
For a perfect gas 

Iv-k-AK-CptTc-TcIl 

(5.1-2) 

(5.1-3) 

(5.1-M 
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For an Icentroplc process. 

Te     LPc J 

id 
(5.1-5) 

Acsuxuing  Uxat  the cha iber cross-sectlonal area is large compared  to the throat 

area,   v    is smsLll anU can be neglected; 

Mi8-]Kn [i-£-)*?]} {5.1-6) 

Tlie mass  flow rate equals; 

(>.i-7) 

Tiie   üu-oat velocity V4   ir. t^uul   to  the  speed of souad  at the  throat,   which it 

v - m ^ (5.1-a) 

The flow denßity nL the  threat is related to the  chamber density by 

-i Ht-D 
& 

^ I= b+iJ (5.1.:.0 

Usir^  the  ideal  gas relationship, 

^"     RTc 
(5.1-10) 

and  substituting equations (5.1-6)  and(f',i-0  into equation (5,1-7) gives 

(5.1-U) 
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Combinlnti equations (5.1-6) and (5.1-il)  into (5.1-1) 

F' PcAt s" [^ "-M-ftfJl J * IlAc (5.1-12) 

Equation 5.1-1? is generalized,   non-dimensionaily,   to: 

c- F •^ 

i    ^-v:J "1^*-«^]% (>.1-13) 

Die  term A /A    io  evaJtjated by applying  the principle of conservation of 

matter: 

}A.vt 

Notirig   f.xit, 

:> A v 

Jc 

(%1-1U) 

and tippiying the iscntrcpic flow relations. 

(^•i-l^) 

a. ™   ^ vv / 

K 
and 

U 

a 
e  term     J^ / 3^.      I 

S   ft 
^-0 

p -  V 
T- 

e J 
(5.1-16) 

beoomer. 

v.   „   ^      .       IJ.,, 
(5.1-17) 

Combinlnr,' equations  (^.i-37),   5.1-3),   (v.1-6)  and (S..I-I4),  the area ratio 

equal. ^       ^^     v^0     ^T.       ..r I        D V* *) li'fe)^^ 
(5.1-1.6) 
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llius 

^' Sz 

Q..^ Uh ~i 
e^xV 

^:J     >. .r_-^,-rt ^ 

D8fe MK- lf§ (5.1-19) 

A plot  of this  equation Is  shown  In Figure 5.1-1.     It contains a velocity 

thr'isl coefficient (Cp  ) and a pressure thrust coefficient  (Cp ),   such that: 

z 
o 
.j 
< 

u 
< 
S 
z 

a 

a. 
>- 

BC 
O 

=   a 

vhere; 

~k 

Xll -,-> J£ 

Specific   Impulse,   I,,.      ,   equals: 

3pi 
F 
T 

(5.1-20) 

(5.1-21) 

(^.i-£3) 

Combined with (r.l-ll),   (s.l-13),   tiits becomes: 

c 

(5.1-2^) 

Equation  (5.1-24)  can be further  simplified to 

TSP,- W 
'£ 

by defining a **ei-gÄt fxow parameter,   W,  at- 

SHEf?T    ^6 

(5.1-25) 
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so  that 

'yr\ - ve A (5.1-27) 

Equation 5«1-19 is shown eraphically in Figure 5.1-1  for specific heat ratios 

of 1.1  to 1.66.     Equation c;.l-c6 is  shown graphically in Figure 5.1-? for 

specific heat ratios from 1.1  to  I."'.    These e^uftlions assumes a constant 

specific heat ratio during  the expansion process.     In general,   this Is a 

valid atJSUKiptior. because the effects of temperature and pressure on Bpecific 

heat ratio are sruall . 

[;.2     DELIVERED STEADY-STATE  PERFORMANCE 

Delivered porfon.tance differ0  iron  tiieoretical  values because actual conditions 

vary   fron  tliose assumed  in   the ideal  case.     Primary variations can be 

attributed   to bcundery layer effects,   uozzle divergence angle  effects,   and 

ncn-howogenous,   cheuiicaliy  changing propellant conditions  during the flnw 

process. 

■..:.]     BOiraDAKY LAYER EFFECTS 

Thvt effect ol boundary layer growth on nozzle perfonnanoe is  tvv-fold: 

a. The average gas exhaust velocity is reduced because of friction 

between the gap and  the nozzle wall  in  the boundary layer. 

b. T.\e  effective area  ratio cf the nozzle  is reduced by growth of  the 

boundary layer.     The  thickness of the boundary layer in cliaracterized 
c 

by the displacement thickness, £*. 
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Nozzle flov with a boundary layer is soheciatically illustrated belov: 

^± 

NOZZLE.   0O5V 

FIGURE 5.2-1    ITOZZIf FLOW WITH A BCUUMBX LAYKR 

^ 

Velocity Profile 

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

layer diaplaceraenl thicknoes,  and the totni viscous drag force at  the nozzle 

wall.    For design purposes,   the use of the correction factors C. and Cn is 

uiost convenient.     Values  of Cy and C^ can be estimated from the experimental 
D 

data summarized in Pigurec  5«2-2 and S.r-o«     T^ie  correction factors Cw and 

Cn are applied  to  the ideal performance  factors  in  the folloving manner: 

CK ac tual hCe\r     '   ^   *   CD (3^-1) 

factual    = Mi  *   CD (5.^P) 

Cie.  nrespure  thrust coefficient,   Cp ,   is a small  part of the  total   thrust 
P 

coefficient,  bei:i£  less   tiian 2> of  tiic  total  thirust coefficient for area ratios 

above approxiraately ;jC:l,   at    |  = i.4  .     Therefore,   the velocity,   divergence, 

and discharge  _-oei 1 icients can be applied to  the  total ideal  thrust coefficient. 

Cp ,   without sitniflcaiit  error.    That is: 
i 

'tuai 
A  <->,  • cv • cD 

i  _., 
sHf r' kO 

(5.C-3) 
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v( 
Ths difference between ideal and actual nozzle performance is primarily the 

result of boundary layer effects,   so the velocity and discharge coefficients 

are correlated by the throat Reynold's number,  as shown in Figures 5.2-^ and 

5•2-3.     The throat Reynold's number is Calculated from: 

(5.2-4) 

5.?.2    DI\rSRGENCR AIWLE EFFECl-S 

The nozzle dlvergerice correction  Is  necessary because of the divergence of 

exit velocity vectors  froiE the axial direction,   represented below: 

Vgsm Q 

Altnou^h the velocity vectors have a magnitude equal  to  the ideal one-dimensional 

value vei,   the component (ve sin ö) produces no useful axial   thrust.    'Die 

correction factor fcr nozzle divergence is designated (A )>   and is evaluated 

as: 

\ 1/2   (1    +   COGO^) (^2-5) 

where ^( is the nozzle divergence angle ahown above.  The divergence angle 

correction factor Is applied to the velocity term in the thrust coefficient 

such that: 

%• = ACFV 
+ CFp (5.2-6) 

stjr;: 4i 
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Figure 5.2-^ shows the effect of nozzle divergence angle,C)\,  on thrust 

coefficient aß a function of nozzle expansion ratio,  and specific heat ratio, 

and divergence angle of conical nozzles. 

%2.3    PROPELLANT AND GAS EFFECTS 

In  the real  case,  actual performance also differs  from "ideal" vaJues because 

the propellants arc not really homogenous,   compositionaliy invariant and in 

cheaical equilibrium throughout the chamber and nozzle.    Moaopropellant engines 

are  reactors designed to  change propellant condition by catalysis.    This 

process permits propellants  to exist in various  conditions within the chamber. 

Additionally,   dissociation may also follov this process,   ar; vith neat 

hydrazine (NpH|,).     Bipropellant engines are designed to promote chemical 

reaction of fuel and oxidizer within  the cliamber.     Obviously,   comjiosi tional 

variations exist  throughout  the mixing end chemical   reaction process which, 

when related  to time,   represents different locations within the engine.     Fuel 

rich  flow is  usually provided   to cool   the chamber vails.     Also,   recombination 

cri.11 accompany these processes.     Since  these  effects are related to erglae 

'■'.f-.l^n  they vjil be discussed additionally under  the particular engine involved. 

Certain propellants  contain water vapor as an exhaust product.     Vapor condens»« 

lion lias been suggested as a source of performance variations  from that 

calculated for  "ideal" conditions.    However,   condensation effects on nozzle 

performance cannot now be predicted vith confidence in view of the uncertainties 

involved in experimental   efforts  conducted so  far.     Farther elaboration on 

this  subject is available  in References J,  9 and 10. Until  this effect is 

resolved,   it is recommended that the magnitude of condensation effects be 

neglected in Performance estimates. 

L 
^3 
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5.3    TRAMSIENT PERFOIMAJfiCE 

An analytical 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 the thruster throat 

3) Instantaneous valve openirig at ö ■ 0. 

The follovlnc expressions  for the pressure rise and decay transients are 

obtained: 

vhere 

P 

;s 

<Y 

t.» 

t 

A, 

Vr 

£/ '-^ 
'T 

=       instantaneous  chamber pros surf; 

=       steady-state,   plentuü chamber pressure 

*|  I "'    V^.   \     s  ^  ^OT vncuun operation 

A^ \i ) v ^ ; 

diraensionleas  tirae factor 

,]^ 
sonic velocity 

specific heat ratio 

time 

nozzle  throat area 

valve orifice flov area 

volume of thruster plenum chamber 

(5.2-7) 
(rise) 

(5.2-3) 
(decay) 

(5.2-9) 

(5.2-10v 

(5.2-11) 
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Tne  thruoter rise time, neglecting valve transient effects, is the time 

required to reach Pc/P88 =» 1> or. 

i: 
O u1 LM. -.I (5.2-12) 

The decay time required for the pressure to fall from Pss to P , is 

where 

&;   (YH) (5.2-13) 

(5.2-1M 

(5.2-15) 

The preceding equations show thai  the  thruster rise and decay times  can be 

decreased by: 

l)    mlriimizing toe plenum ehaober vcluiae,   Vc 

r)    making  the valve orifice area,   A0,   lar^e coiripared to  the 

nozzle  throat area.  A*. 

Note  that  this analysis does  not include  the effects of a finite valve opening 

Linie,  or the effects of electrical delays between application of an opening 

command and motion of the valve poppet,.     For well-designed  thrusters,   these 

delays ore of the  name magnitude as  the thruster pneumatic delays.    As a 

result,   the  transient response analysis must include the valve characteristics 

as well as  the thrust  characteristics. 

SHtf. k6 
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6.0   TH^USTORS FOR UOWAVAFPUCAT10NS 

Sol   QDU) QA8 TKRQBXOMI 

6ol«l   GKHBtAL 

"Cold" gts prppuJuBlon systes» (Figur« 6«1*1) «re popular« «t«t(»«jrf'«*he<- 

art syttCM drwlng fro» a large variety oC «pece^qualifled» •etf-the» 

ahalf" hardware«    Such new component develqpiwnt aa la aeceaaaxy for 

parfclcular appUeactlona ixsrolvea Binianei davelopaiant time and eaqpenaa* 

Thaae ayatena are relatively slaqple, reliablet low coat and eaay -bo develop 

item which still deliver adequate perforaanee and very enall9 preelae 

and repeatable liqpulae hitso   The principal diaadvantagea of cold gaa 

ayateaa involve low apeciflc Inpulae, hence hi^b propellant wei^it, and 

relatively hi^. storage systea weight to atore the propellant aa a gaa^. 

Sooe \-«iQ.v,t reduction la poasLble by using propellanta which acre liquid 

at otaoieat conditions such aa propane or aaaonla* 

Thruatora for cold gas systems are simple in design, consisting of a gas 

plenum chanfeer, nozsle, solenoid gas valve and an Inlet line«    Pigore 

6*1-2 shows a typical cold gaa thrustor of the type used with aatiafaetory 

results throughout the Lunar Orbiter program«    The principal variation to 

this design involves mounting the plenum and nosale in some Installatloai 

in such a way that the thrust vector is at an angle with respect to the 

gas supply vector to the plenumo 

6.i«2 mircmx OF orauanc» 

Cold gas propulaion systems rely tqwn games stored at higher than amvijroa» 

mental pressures to produce thrust 1900 mqpanelon threragh a plema»flw|«la 

arrangemanto   The gaseous petopellsnt is oaually stored la hl^b 

(9000 • liOOO paia) gaa bottlea at aabient condltiaas*   Tiwy «re thus 
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'^i'i limi 

xmtmmä. to «• "cold gM* &f9tvmt «a opposod to 'iMctod 8M** 

la «b&sb tlMTMl en«rcr i« «ddoa to th« propellaat prior to «vonsion» 

la ^aooeraft, tho sMtous propolLtnt «rvply la ■«MeraUy looJirtoa Croa tha 

raat of tbo ayataa^ prior to oparatlon, to allow taxvlelag and ohaokout 

oparatlona and to adalalse prapaUMact laalca«a.   Tha ayatam la aetlvatad tgr 

firing tho laolatlon a^ulb ralraa» pronrldlng propallant to tho tferoate» 

vaXra Inloto 

This le uaually don« prior to launch In the pra-laimota m 

■avuanee, or aftar reaching orbit a    Cold gaa syatans ara uaod 

In booataray and than without isolation valrlng of the high 

circuit« 

Infrotuantay 

preaatflra gaa 

The thröator valve controla gas flow, and eonaavMntly the Iqpulse delivered 

by the ma&Lat»   This valve Is usually spring losdad so that fallare of the 

povar atqnply or aolanold coll osuaas the valve to fall In a eloaed position* 

In Dovaal operation, an slectrlcal eooaand energises the aolanold coll, 

oovlag the valve socnature and lifting the valve poppet fro» the aaatt»   Ihia 

üsporta the valve exit, permlttlag gaa to enter the pieman cbaafcer»   A 

saaoth flow transition is prorldea to tne noasle atttranea*   The gaa undar- 

geaa a controlled anqpanslon In the nozele, conrartlag the randon gaa 

«oletMile valoolty (aaaaured by gaa teaperatur«} to an ortoed aochaKuat 

velocity,   She inereaae in naan gaa velaeity fron aaaentially aero In the 

plentn dhaafber to the eadiaust velocity at the noasle exit produooa & 

ra«stlon force, or thruat,   ASditlcnal thruat results froai the praaaure 

dlffarMtlal (aosala exit preaaura to ariblaut pressure) acting ovir the 

aoeala exit 
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6.1.3 OüLD GAS THRU3JDB CONSTRUCTION 

The cold gas thrxiator is  the simplest of small rocket engines, having only one 

propeilant and requiring no catalyst.    Figure 6Jr3shcivs  the construction of a 

typical unit involvlne a  closely integrated valve and engine unit.     Physically 

it consists of a nozzle,   plenum chamber,  and propeilant control valve.     The 

valve is predoninmnt in cold gas  thrustors,  and especially so at lover thrust 

levels such as shown here. 

Materials and construction r.ethods are selected to satisfy the requirements 

for low cost,  light weight,   reliable systems having high cycle life and very 

low leakage characteristics.     Shell ana closure materials can be of hir,h 

strength alt .rt-.urn alloys,   such an ?0?kt  since thcrtml variations  in the chamher 

are sinall.    Attaching  the nozzle assembly by means of reounting screws,   as  shown, 

makes  it easy to change  thrush level or nozzle  expansion ratio by switching 

to nozzles with different throat and/or exit areas.     This enables a single, 

basic  unit to satisfy a raw e of   thrust,   expansion ratio,   or geometry require- 

ments,   thereby reducing unit co-its and development requireuients. 

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

stu.inl"?s Steel poppet seat.     This assures a good gas seal for 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 poppet seating  spring. 

6.1.4 GOLD GAS PROPELIANTS 

"Cold gas" thrustors used propellants stored in gaseous  form at,  or near, 

ambient conditio«^:.    They may also use gaseous prcpellants stored as liquids 

at reduced temperatures.     They are referred to us   "cold gas" thruwtors primarily 
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to distinguish then fron «nginss la which beating takss pl*cs by electric*!, 

isetopie, or cheniaAl Beene* 

■Cold gas" thrustors have been operational for »any years.    During this period 

many different gases auch as those in Table 6.1-1 have been suggested as 

candidate propellants.    Primarily, they have consisted of single component 

gases, though some gas mixtures have also been considered.    Generally, these 

gas mixtures occur as byproducts of other subsystems,  such as for life support. 

Only »ingle coaponent gases are currently used,  however, and among these, 

nitrogen applications predominate. 

6.1.5   PERFORKANCfi 

CoZi 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 

neglected with most propellants.    Hydrogen gas is an exception in this case. 

These performance expressions also require assumptions for noszle 

expansion ratio and chamber operating pressure and temperature.    These latter two 

items (chamber pressure and temperature)  do not remain constant when the system 

uses       an unregulated blowdown mode.     In fact,  gas    storage temperature is not 

constant during pressure regulated operation,  either, due to gas expansion in 

the storage bottle. 

Theoretical performance of selected cold gas propellants is shown in Figure 

6.1-4.    However,  in preliminary design exercises,  steady state performance of cole 

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

- J 
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factors are available.     Rather,  it is arbitrarily specified   as      68 Ib-aec/lbm 

for nitrogen ccnsiütent with a -iBo^F to -l+Li"? blowdown tenperature ranc«. 

This procedure has developed from numerous designs,   studies and applications 

conducted throughout  the induetry.    It is also not uncommon to supplement this 

vith a propellant loading based on safety factors between ?.'J and 3.0.     In other 

words,   industry experience with nitrogen systems in a variety of applications 

has produced a relatively conservative,   but constant,   value of 63 ib^-sec/lbra 

for use in preliminary  subsystem design.     Nitrogen,   being easily the most 

popular "coll fas" rropellant     has a].:o developed into somewhat of a standard 

in  that, performance of ether r".:;es may be  estimated by comparison.     For 

exaraple,   the   'ideal" performance equation: 

1 9. 
w (5.1-25) 

can be further simplified  to: 

r  -  ICrx "Tc 

(6.1-1) 

where:     Kp  =  a  constant for a particular gar.  at specified conditions 

Hence,   the specific  irapnlst-  of any other gas,   I..   ,   equalt: 

or. 

i -, 

(6.1-E) 

Xs\ (6.1-3) 

On  this bHüls,   h^ilOÄ yieids  a steady   state specific  impulse of 1^8 lb.   sec/lb 

at equivalent T^ vala..-.^. 
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6.1.6    COLD GAS THRÜSTOH DESIGN 

Most cold gas thrustors sre engine-valve arrangements ccabined In a single 

housing into which different slse nozzles can be installed.    Preliminary 

design of the cold gas thrust chaaber and nozzle can be conducted in the 

following manner: 

1)    Assume engine thrust level,  P 

^)    Determine propellant flow rate, w,  by: 

w - F/Is (6.1-4) 

where:    15 = 68 lbf aec/lbm for nitrogen 

Calculate Is for other propellants using equation 6.1-«i 

3)    Determine Cp  for the propellant from Figures 5.1-3,   5.4i-5 or equations 

5.1-19 through 5.1-^. 

4}     Assume chamber pressure equal to MJ psia for pulse operated engines 

or 15Ü 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,  below 0,01 inches. 

The 40 psia value is common for small attitude control engines.    Steady 

state operation usually involves higher thrust levels permitting the 

higher chamber pressure suggested. 

5) Calculate nozzle throat size by: 

AT = F/Pc CF (6.1-5) 

6) Determine chamber volume,  VQ, by: 

Vr « L* (At) (6.1-6) 
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vhere: L*, chamber charftcteriatic length Is selected above 

a minimuai of 10 inches to minimize inlet effects of 

gas  flov Into the chaaber. 

6.1.7    COLD GA3 TimUSIDR GEOMETRY 
i 

The closely integrated valve-chamber design of most coid gas thrustors causes 

them to be dinensionaliy quite dependent on valve characteristics.     IbeBe 

characteristics are quite dependent ou the vai'^e manufacturer's approach.     The 

cold gas engine thrust  chamber and nozzle,   iraaediately adjacent to the valve 

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

l)    Assun«,   frotii 6.1./,   ».he i'olijving: 

Chtunber pressui'e (Pc) 

Thrust   (F) 

Expansion  ratio (€ ) 

Specific Impulse (I   ) 
3 

c)    Assume  thß  foiloving  values determined with  the procedures described In 

6.1.7: 

Propeilnnt  1'lov rate,  CO 

Ptozzle  tliroat area,  At 

Chamber volume,  V 
C 

3}    Assume the  follovlnt; b^sed on common practice vlth cold gas  thrustors: 

Nozzle lilver^ence  half angle,»^   « l-l*  (conical) 

Nozzle convergence •ingle,  f3   ~ 30* 

VA/LVC. 

\ 
+ )    Determine nozzle exit area, At,   thrust diameter,  dt,  and exit diameter,  d : 

A^ At€ 

it(e) 1/2 

(6.1-7) 

(6.1-Ö) 

(6.1-9) 
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5)    Calculate  chamber  length,   L^,   ^y: 

V    + 0.3y6 d,3 

L      = ~ ^-                                                                        (6.X. 
tC            3.14 dt 

-10) 

6)    Determine  nozzle  length,   L„,   oy 

d,     (€)■   - ! 

?)    Determine  thrustor length,   L ,   by 

S a LtC   +   LN                                                                                      '   (6-1- 12) 

6.1,8    CCLD GAS  THRUSTOR WEIGHT 

Thrustor weight  is  strongly affected by  valve  weight which   In turn,   depends 

on the valve manufacturer  involved.     Cold gas thrustors are uaoal^y  basic 

units,   aized  for ;i range of thrust   levoxs  consistent with various nozzles and 

different   propel1.ant  euppi^'  j'T-essurcs.     Hence,   these units may be quite 

oversized on  a weight  oasie at   lower thrust   ratings.    That   is,   a   lighter weight, 

rr,cre  compact  assenbl^' might be  aoveloj^ea  if   it  were advisab^'? from a weight 

and/or cost   standpoint.     However,   cold gas thrustora are usually   so  str^ill that 

they contribute   little to  total  sj-acecraft  weight.    The total weight of coid 

gas  thrust   chaniber,   no?.7,lv,  and   /alve asaeinbly may be estimated   from  the 

following expression: 

W, „       . 0.2 ♦ 0.15  F                                                             (6.1-. -3) 

This expression   ^.^ reascnab"^   valid  within a  thrust range of O.U'>  to  jo.b 

lbs    providing  that  an acbolute'Jy minimum weight package  is  not  involved. 
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6.1.9    DEVELOPED COLD GAS THRU3T0RS 

Cold gas thrustors have been developed for uoe over a thruat range of 0.002 to 

l^i.O Iha.    Primarily they have used nitrogen or hellvan though Preon,   Krj-pton, 

and argon have also seen limited use.    A List of these cold gas thrustors is 

shown in Table ^.1-2 .    This list Implies a much greater number of thrustor 

deslgno than actually exist.    Cold gas thrustors are quite easily applied 

throuKhout a wide thrust  level by varying  inlet pressure and nozzle fittings. 

Thun,   a few basic  thrustor/valve designs can easily cover u broad thrust 

range,  providing  structural  design and response are adequate.    Weight penalties 

associated with n large chamber pressure range are  alight in the cold  gas 

thrustor sizes conmonly «mrloyed.    Response  is very g:>oä since the cold  gas 

valve md thrunt chamber  are very clonely coupled.     Thus,  Table ö.l-t-     incluies 

both basic thrustor designs and particular  applicationa of these thrustors. 

in which operating  characteristics are  somewhat, different.    This is  an  advan- 

tageous feature of cold  P:as  thrurrtorc   in that developneut expenses con  be 

written off against mmerotis programs.    The  units are relatively inexpensive 

on  a recurring co;rt basis,   and  little development  tine  is required  for Tiost 

profcramt;. 
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6.?    HEATED GAS THRUSTTRS 

6.2.1    OENERAL 

TTie disadvantages of cold gas thrusti 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 cliaraber,   all other factors being equal,    "nie currently popular 

cold gaa  systems are expected to be replaced In  time with higher performance 

equipment which may include propeilant heating provisions. 

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

that is  inltialLy at ambient temperature.     Thrust-TS supplied with a hot gas 

(e.g.  from a main combustion chamber or gas generator) are omitted although 

portions of the performance data are applicable.     Propeilant gas beating is 

accomplished by using el-'ctrical  resistance heaters (reslstojets) or nuclear 

radiolsütope decay  (radloisojets). 

6.r.C    PRINCIPLE OF OPERATION 

A typical  heated gas  tJirustor consists of an  inlet tube,  a propeilant valve, a 

heater,  a heat exchanger,  and a converging-diverging nozzle.     The configuration 

ii illustrated  schematically on Figure 6.?-l. 

Power Leadb 

Propeilant 
In 

Nozzle 

FIRirpw f.o_;i     nPICAL HCATED GA3 TURU3T0R 
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This configuration ban its own heater and haat exclumger unit,  though several 

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

Heated ga;   thruators operate  alrallarly to cold gas thrustors  (6,1.2) except that 

the gas Is heated prior to being exhausted through the nozzle,    *» heat 

exchotv^r in usually configured to raise gas temperature to some value between 

1500^ and 1+000^. 

A heated gas propulsion system can be designed identically to cold gas systems 

except for thrueter differences.    Thrustor design  includes a high temperature 

heater and,   possibly,   thonnal Insulation.    Propellant  storage,   regulation, 

distribution mid control systems are similar to cold gas system;;.    Thus,  in the 

event of heater element failure the  sycten can be used as a cold gas system. 

Heated gas tlirustors are designed  as either  "thermal storage"  .nr "fast-heat up" 

devices»     Thermal storage thrustors  arc primarily suited t«.   pulse-mode applica- 

tions,  vhereaa the fast-heat-up thrustor can be used in either pulse-mode or 

steady-stute applications.     Pover,   in the thermal  storage thrustor,   is  supplied 

continuously by a heater clement   (nuclear or electric)  and propellent  flow Is 

pulsed.    The applied power  is equal to the thrustor heat losses at the design 

operating temperat\a*e.    The heat capacity of the thermal  storage unit must be 

large enough for the heater clement temperature to remain essentially constant 

durinp  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 riaimized.     As a result,  the power 

input  is equal to the thrustor heat  losses plus the heat required to increase 

the temperature of the propellant. 
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The advantages and disadvantages of each of these concepts are sunoarlzed 

In Table 6.2-1 

TABLE 6.2-1 

COMPARISON OF HEATED GAS 1HRUSTOR CONCEPTS 

Thermal Storage 
(High heat capacity) 

Fast Heat Up 
(Low heat capacity) 

Advantages No thermal cycling 
Miuimuai response  time 
Constant pover innut 

Simple power supply 

Low average power consumption 
Low thrustor weight 
constant I^p for all duty cycles 

Dl sadvantages High average power 
consumption 

High thrustor weight 
lap decrease b as duty cycle 

increases 

Frequent thermal  cycling 
Delay between command signal 

and Impulse bit 

More complex power supply 

Table 6.P-2  ahov 0 a list of applications of resistojet type heated gas 

thrustors. 

TABLE 6.2-2 

RESISTOJET APPLICATIONS                                                                  1 

Application Thrust (lb) Vendor 

Vela II 0.042 TOW Systems 

Advanced Vela 0.020 TRW Systems 

ATS -  1 500 x 10 AVCO 

ATS -  C 
-6                 .6 

10G  x 10     ,   10 x 10^ AVOO 

LES -  7 

DODGi-M 3 x lO"6, 6 x 10"6 

200 x lo" 

AVCO 

R&D 0.020 G.B. 

_ 
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6.9.3    CONSTRUCTION OF HEATED GAS THRUSTORS 

A simple heated gas  thrustor (F^ rure 6.2-2)ia basically a cold gas engine 

vith a heater and heat exchanger unit.    When several thrustors use a single 

heater unit,  each thrustor has Its own valve. 

Heater yNozzle 
Propellant             pj       Tube 7   * 
In ^_ S^VTTTft i  

Valve 

Power Leads (Ref.   15) 

LOW  IIEAT CAPACITY,   FAST HEAT-bP HEATH) GAS THRU3TOR 

FIGURE 6.2-2 

Propellant valves  normally utilize cold-gas  technology,   such as elastomerlc 

seals and valve seat,a,   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 

heat exchanger.     When  thrust is required,   the valve is opened and propellant 

flows through the heat exchanger and the nozzle.     The heat exchanger 

raises    the propellant gas  temperature from ambient  temperature (typically 

about 500,R)  to a temperature In the range of 1500oR to ^OOO^R. 

The heat exchanger can be as  simple as an electrically heated tube  through 

which propellant gas  flows,   or it can use a relatively complex multiple-pass 

configuration. 

Figure 6.2-2 siiovs a low heat capacity,  fast-heat-up type of thrustor.    Oie 

resistive heating element is  the stainless  steel propellant feed tube.     Ihit 

configuration is simple,   small, and light,  but It has relatively lover per- 

formance because the heat transfer process is not partioolarly eiftcieut and 

St ■ t i   6k 
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because the heat losses during operation are fulte high. 

Figure 6.iJ-3 ie n lov 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. 

Cooled Jscke-t 
for Radiation 
Shield —- - _ 

Water 
Cooling 
for 
Positive 
Electrical 
Lead 

J Positive 
Electrical 
Lead 

Pyrometer   ^n \ 

J    Port-W        1^ 
j> Hnooqo'tlbGQg^ 

Propellant 
Inlet 

VOO CTO O O ü üt5 ^Hl 

Water Cooling for 
Nozzle and Negative 
Electrical Lead 

Negative 
Electrical Lead 

FIGURE 6.P-3 (Hef.  16) 

WATER-COOLED TOBULER HEAT EXCHANGER THRUSTOR 

Figure 6.2-4 shovs a high heat capacity thrustor.     The heater elements are 

mounted on a central  core,   which stores thermal  energy when  there is no 

propellant flow.    Wnen propellant  is flowing,   the central core is cooled as 

the propellant is heated.     A radloisotope power core  can be substituted for 

the resistance-heated core,   if desired. 
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Heater & Core 

Power Leeds 

Propellant     ^ 
Inlet 

InBulation Shields 

(Ref.  17) 

FirAIRL 6.2-1»      HIGH lffiM; (JAtACmT HEAI1«) GAS THRUSTOR 

Insulation is uaed on thermal  storage tiiruators  to reduce power recuiremeuta. 

It ie not usually used vith low heat capacity (fast heat-up)  thrustors 

because  (l)  small  thruator heat loss  is low,   (2) low thermal capacity Is 

required,  and (3)  Larger thrustors (i.e.,   hydrogen) can be regeneratively 

cooled. 

Power requirements are significantly influenced by the impulse per pulse, and 

the number of nozzles per header/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 a  "radiation window" in the insulation,  so 

power required  is    affected by the number of nozzles.     In addition,  each 

nozzle requires a separate propellant feed line,  so that the conduction coo- 

ponent of the heat loss is dependent on the number of thrust nozzles used. 
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6.2.4 PROPBLUHTS FOB HEATED QA8 TRRUfBORS 

Propellants for heated ^as thrustors Include the «loele component gaeec 

nitrogen  (« ),  helium (fie),   tiydrogen (Hg),  and aBBionla  (MH ), as veil as 

gas mixtures obtained from subliming solids such as anaaonluB sulfide  (NH. ) S, 

aoaaonium carbonate NiLCO HH.   and amiaoniUB hydroeulflde,   NH. HS.    The VELA 

satellites used heated nxtrogen (V.) with 2% argon by volume. 

Current emphasis is on the use of aumonla (>H )  for smaller systems because 

of its high storage density  (lov storage volume)  in liquid form.    The 

advanced technology satellite  (ATS-l) uses ammonia vith a fast heet-up 

thrustor.    Advanced VELA is currently planned for ammonia,   in conjunction 

vith a thermal storage type  chrustor. 

Previous emphasis on using hydrogen in high pover systems  (iiKW) was based 

on the expectation that   its potentially high specific  impulse (^ 350 lb sec   ) 

vould offset the tankage  penalties associated vith  its  lov density.    This 

interest has recently abated iu the absence oi immediate missions and practical 

pover supplies. 

Characteristics of propellants seriously considered for use vith heated gas 

thrustors are described in Table 6.1-i,   since they art generally the same as 

those considered for cold gas systems. 

6.2.5 HEATED QAS THRUSTOR KRPOBMAMCE 

Estimates of steauy state performance of heated gas thrustors can be made for 

preliminary design studies using the propellant performance data and procedures 

covered in 6.1.3 lor cola gas thrustors.    Basically,  a broad range of per- 

iormance  is poFeible if enough pover is available for raising gas temperature. 

Performance lor nitrogen thrustors can thus be estimated b>  using; 
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(6.2-1) 

where: T    ■ gas  temperature in thrust chamber (•R) 

The performance of other gases can be estiaated 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.^-1 

becomes 

sp„ 17.5-8 L^xj 
K 

(6.c-£) 

vnere: mx » molecular weignt 

> 

The principal  differences  from cold-gas   thrustor performance estimatiou con- 

cern dissociation effectü with    -ert-.in propexlants  sucii  aa aimnoriia.     The 

effects of dissociation on performance evaluation are two-fold: 

s.     Propellant chemical  composition may change. 

b.    The energy required  to Increase propellant  temperature is  significantly 

affected by  the degree of propellant dissociation. 

Figure 6.,'-5       shows the  effect   of  temperature and pressure on ammonin a«   it 

is profrcsalvely dissociated to  nitrogen and hydrogen.     Tlie effect of dissocia- 

tion on energy can also be inferred from this  figure.     It  is  thus  shown,   that 

after dissociation commences,   large amounts  of energy are absorbed by the 

dissociation process rather than by Increases  in gas temperature.     For 

example,   Figure  ..,;•-!.  ixluatrates the effect of dissociation on specific  impulse 

for two different  thru6t>r« designs having different surface-to-voluae ratios 
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la Xhm flov p&sMgeß. The larger relative smface area meane that more of 

the «omonla flow It expoeed to the catalytic action of the propellant flow 

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, 7^ _,  and the overall engine 

efficiency, 7?    •    The froren flow efficiency is the  ratio of available thermal 

power 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  levels since  short noziles produce propellant 

residence times measured in microseconds  (Reference  15). Frozen flow 

efficiency is evaluated by: 

u (H ■y 
(b-2-3) 

wnere 

cx 

m H o 

stagnation enthalpy of propellant 

enthalpy of dissociation or  ionlzation 

i*lS260tEi/
/^(Btu/lb) 

degree of dissociation (O^OC -l) 

dissociation potential   (volts) of the propellant 
molecule 

This definition of frozen flow efficiency assumes that propellant enthalpy 

at the nozzle exit,   H ,   is much less than the  stagnation enthalpy,   B .   and so e o 

can oe neglected.    Since dissociation lowers  froxea flow efficiency,   thrustor 

operating conditions are selected to minimize dissociation when good 

performance  is desired. 

Overall engine efficiency, 7?    ,   i« the  ratio of tne  Jet power to input power or: 
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f. *   riT*&* (6.2-4) 
^ -    frozen flow «ffletooey 

.^u •    h«ftt«r •ffiei«ney 

<^^ •    DOSEI« «fflelracy - o 

Beatar efficiency Is difficult to define analytically since it depends on the 

efficiency of Insulation (if any), the awthod of cooling the thrustor (radiation 

or regenerative) and the efficiency of the heat transfer process betveen propell- 

ent and heater.    Mossle efficiency,^ ,  Is slaply the nozzle velocity co- 

efficient,  c ,  defined in 5.2-1. 

Overall engine efficiency is calculated fron the basic definition. 

Jet Power 
^e   /^ Input Power 

Jet power can be calculated froa neasureaents of thrust end Isp by 

p - .0218 Isp P 
J 

(6.2-5) 

(6.2-6) 

Input power is electrical power plus effective power of the incoalng propellant 

streea. 

1   electrical    1 (6.2-7) 

The slope of the curve on Figure 6.2-7 Is an indication of the engine efficiency 

(the lower the slope, the higher the efficiency). The curve also shows that 

more power per unit of thrust is required when the specific iapulse is 

Increased. 

tower required as a function of operating temperature is shown on Figure 6.2-6 

for a thensal storage type of electrical thrustor. 
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tor hi^b heat capacity thrustor«,  the preceding efficiency factors, 7|[ ^ 

7|   ,   '?a ^ a0* adequately characterize the thrustor perforaaaoe.    fbr 

exaaple,  maxlalting the frozen flow efficiency means minimizing the degree 

of propellant dissociation.    This occurs since additional electrical energy 

is required for propellant dissociation vhich 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 

lower molecular weight ol the dissociation propellant results in a performance 

increase with no increase in power requirements.    A» a result,   a design goal 

for high heat capacity thrustors involves maximizing propellant diBsociation 

at operating temperature and pressure. 

< 
2 
Z 

6.2.6    DESIGN OP HEATED GAS THRUSTORS 

Heated gas thrustors are basically coid gas thrustors wüich utilize gases at 

temperatures significantly above ambient conditions.    The heater unit may be 

contained within the thrustor,   or remotely located.    Consequently,   the chamber 

design is 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: 

lep = 17.i>0 

where: m = molecular weight 

"l-L 

m (6.2-2) 
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3)    Determine propellant flow rate by: 

*    '   F/lsp (5.1-23) 

k)    Determine Cj. from Figures 5.1-3,  5.?-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: 

F 
Pc CF 

\ 
7)  Determine free chamber volume, V-, by: 

L* (Aj 

(6.1-5) 

(6.1-6) c ' kt' 

where: L*   -   characteristic lengtii is eqoal to a typical value 

somewhat greater than 10. 

6.2.7    GEOMETRY 

Figures 6.2-2 through 6.P-4 demonstrate that the physical  size of heated gas 

thrustor units considerably exceeds that of the basic  chamber nozzle and valve. 

This additional space is occupied by the heater and heat exchanger unit which 

comprise mo:.;t of the  thrustor.    Since few actual  thrustor designs exist, 

insufficient dimensional   information is currently available to develop 

general expressions for use in preliminary design. 
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6.2.8   REAXBD OAS TBBDSTQK VBIQIT 

BMit«d pis tturustort art b«lag e<m«id«r«d la «paeaoraft pralialaary datiga 

axareiMa vitk iaesaaaiog flraqaniey-.    Howairar, thrustor iafoxvatloa •ultabla 

for prallaiaaiy A»»ign axareiaa« has yat to be aad* availabla.    Hane«, this 

Inlbxaatlon auat ba infarrad flro« tha few design* extent« .    The val^tt of 

heated gas thruator* is strongly affected by tberaal parameters,  in addition 

to the uaual engine design paraaeters of chsaber pressure,   specific iapulse, 

thrust, and nossle expansion ratio.    Engine veight is particularly sus- 

ceptible to duty cycle.    The following expression is included for us« in 

estiaating the wei#t of heated g&a thrustors.    It has fair correlation 

to the few designs currently known.    However,  it is based on considerably 

fewer designs than was used to develop similar expressions for aonopropellant 

and bipropellaat engines.    Nevertheless,  it does appear to offer a reasonable 

solution to praliainary weight esttastes for heated ps thrustors.    Since 

these devices operate at very low thrust levels, and are thus quite awdl, 

the tolerances Involved are probably not significant on a spacecraft weight 

basis.    This expression 1st 

^■sQ1-*] D-33 + <p)13J (6.2-8) 

where: 

P     •   Ingine total input power (watts) 

K-   -   A constant equal to 0.50 for all theraal storage 

engines, and for fast-heat-up eagiaes above 0.0025 

lbs thrust,    fhst-heat-up engines below this value 

will have a r   value defined by: 

0.05 

CFH 
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6.^.9    DEVELOPED HE-VTED GAS THRUST0R3 

Heated gas thruotora liave been developed from 10      to 0.4 lb thrust using 

nitrogen or hydrogen propellante heated electrically or by isotope radiation. 

Flight applications heve so far been limited to an upper throat level of 

approximately 0,04 pounds.    Table 6.2-3    lists known details of these engines. 
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6.3    NOROFROPBLLAirr THRUOTORS 

6.3*1    GEMBRAL 

Liquid Bonopropellaat rocket engines produce thrust by eatalytically decom- 

posing certain chemically active propellants called monopropellants in a 

reactor and directing the exhaust through a plenum-aozsle 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^) hydrogen peroxide as propellants.     Since then,  90^ hydrogen 

peroxide has come into connon use,  because  it has higher performance and greater 

density.    Future generations of monopropellant engines vill probably employ 

either 96^ hydrogen peroxide  (H^g) or anhydrous hydrazine  (MgH^)-    The 985t 

hydrogen peroxide thrustore are being developed as growth versions of hardware 

currently used with 90^ peroxide.    Overall gains from these modifications 

can be as much as 10^ in performance and 1% in propellant density which is 

enough to Justify the necessary development.    Hydrazine  (NpU^) monopropellant 

engines are currently becoaing more popular.     In their first real space 

applications.   Ranger and Mariner,  the hydrazine engines required an 

"oxidizer slug" to initiate the decomposition process.    Subsequently, 

"spontaneousn catalysts have been developed which are able to Initiate 

decomposition at ambient conditions,  and sustain it.    Predominant among 

these is the Shell k05  (Shell Development Company) spontaneous catalyst 

which has provided the Impetus for further use of hydrazine systems. 

Hydrazine engines have a performance advantage over peroxide engine,  with 

typical steady state I    values of 235  seconds fov hydrazine ma opposed to 
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l£o e«eond» for 90^ peroxide and posclbly iflo seocnds for 9^ pearndd«« 

Hmnnrcr^ peroxide Is about kot »ore denee then hgrdnaSne eo volxne reqiüre- 

nMtste of 903t peraodde nyntem» «ad hydrexlae syetene ere esaentlelly 

eeapereble« !Rie 98^ peroxide ayeteme hare ebout * W% Toltape edvantt^e 

over hydraelne aymti 

Peroxide systeiMi «re used where coet end crailehillty is Inportent end 

vhere aoro perfomm^e la vented then can be obtained with cold gaa eyateae* 

Peroxide ajniteae are aowewhet storage llwltod, however. In that peroxide 

Is so active that storage for long periods should be either In hl^i pressure 

containers or In vosaela constructed of materials which are pertlcularly 

nonreactlve with peroxldeo Either option raises flight system weight, 

tending to offset the performsnce advantage onrer cold gea and the coat 

adrentage over faydrazlne« Fewer compatibility probleoat exist with $0^ 

peroxide« However, it decomposes at higher temperatures then does 90^ 

peroxide^ exoeedlag the structural limits of the atandard catalyst« Hence, 

a high teaiperature apontaaeous catalyst must be developed for use In 98$ 

peroxide engines» 

Both spontaneous and nonspontaneous catalysts are in use with hydraslne 

engines, ao hydraxlne engines are available for either pulse mode or steady- 

atsge operatiooo BSydrazlne has superior space storage characteristics, 

and la thus generally considered for missions requiring high performance, 

several operating cycles and extended apace storage capability« 

Growth versions of bydraslne systems are baaed primarily oc mlxiag 

hyorexine (Vg Hjj.) with water to depress its freezing point end with 
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hydratla* aitrat« (H2 1L MO.) to Increase perforaanc*.    The latter mixture 

substantially Increaaea decomposition temperature to the extent that It 

exceeds the structurwl cspabillty of UOJ spontaneous catalyst.    Current 

research Is directed toward developlnc a spontaneous catalyst-binder com- 

bination suitable for use with hydrazine-bydrazlnc nitrate mixtures. 

Materials compmtibillty is also being researched for this propellent though 

It is not empbasleed to the extent that the catalyst research is. 

Propoeala are occasionally aade to use other aonopropellants having signi- 

ficantly greater perfonoance and better density characteristics.     Oeneraily, 

these aonopropellants have considerable developoient 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- 

« propellent Systeme will attain only limited use. or 

a 
o 6.3.2    OPEBATIHO PRIHCIPLB - MOHOPROFELLAffT ENGINES 

Nonopropellant  engines resemble other rocket engines except as their operation 

relates to the propellent decomposition process.    Figure 6.3-I is a schematic 

of a typical pressure regulated monopropcllant propulsion system.     In this 

system the propellent Is supplied at constant 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 catalyet bed where it undergoes a aecoaposltion reaction.    The 

products of decomposition,  dissociation and possibly any additional recombination 

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

thrust. 
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6.3.2.1 RTDROOBir PBPXIDB BWOINE OPHUKTION 

In nonopropellent 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 vapor 

oxygenCcO gas.    Decomposition gas temperature varies as a function of peroxide 

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

6.3.2.2 HYDRAZDJE ENGINE OPERATION 

Hydrazlne,   and hydrazlne mixtures with water or hydrasinium 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 hydrazlne is decomposed in a remotely 

located gas generator,   the exhaust stored in a plenum chamber and thence 

directed to the thrusto :■,   as  in Figure 6.3-^.    The hydrazlne decomposition 

process follows these consecutive reactions: 

3^ ^ ^ ^3 * N2 ■•■ lkk' 3P0 BtU 

U mL c^t 2 N2 * 6H2 " 79,200 Btu 

(where •    ÄgH.   and UH^ are expressed in Ib-aoJL) 

Initially,   hydrazlne decomposition is exothermic,  producing anraonla, nitrogen 

and heat,    /tamoonia dissociation,   an endothermlc process,   follows,  producing 

hydrogen and additional nitrogen and absorbing heat.     Assuming that the inltifCL 

reaction proceeds to completion,   these reactions can be combined into a single 

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

3n2\ cat k  f1-*) N^ ♦ 6xH2 +   (2X + 1) N2 +      IM, 300-X(79,200)i   Etu 

(6.3-1) 
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FIGURG 6.3-3     HYDROGEN PfiROXIDE  DBCOMPOSITIOR TEMPEFA1VRE 
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Inspection of this relntionchlp •taom» ttant heat rele&ee,  hence adlabetlc 

teflpereture, 1« highest vlth no diMocletloa end decreeees with laereasin« 

dissociation.    This situation Is shown In figure 6.3-5.    The ■oleeuOar velght 

of exhaust gsses end the chMber temperature also are shown to decrease with 

Increasing saaonla dissociation. 

The designer can control decooposltlon sod dissociation to a certain extent 

by Influencing flow variables and engine geoaetry.    These factors are also 

affected by the type of catalyst end hov  It Is used.    The "spontaneous" nature 

of the Shell 405 catalyst  (i.e.,   it needs no other mean« of Ignition) aafces 

it a leading candidate In hydrazlne applications either by Itself or in 

combination with other catalysts.    Propellent decomposition ts controlled 

by the exposure it has to the catalyst.    Thus,   important catalyst design 

psoameters are area,   catalyst bed length and ratio of propellent flow rate 

to catalyst bed cross-sectional area.    Aossonla dissociation is also Influenced 

by these factors,  especially with the Shell 1*05 catalyst.    A specific catalyst 

bed length is required for 100^ hydrazlne decomposition under given conditions. 

However,  aamonia dissociation will also commence in the catalyst bed to the 

extent tnat there can be 30£ or more dissociation by the time that 100% 

hydrazlne decomposition has occurred.    This means that reaction temperatures 

of 2200OF or less can be expected wnieh Is convenient  In that it permits 

relatively simple radiation cooled engine designs with currently available 

materials. 
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Hi« gMMMl design features of hydragen peroxide or hjdrmclae MonppropellMt 

thruators ere quite slnllar.    Dowaatreea free the propelleat floe control valve 

la an Inlet and aanllold for distributing propellent to the injector.     Adjacent 

to the injector is a  "catalyst bed" coaprieed of aaterlals which sustain prop- 

ellent decoaposition by catalyais.    It  la desirable that the catalyst also 

initiate the catalytic proceaa through other devices are sonstiaes necessary for 

ignition.    These aethods either raise catalyst  bed  teaperature to a  level which 

will proaote decomposition or a brief hypergolic reaction is initiated.     This is 

done with electric or  isotope heaters or by  introducing small eaounts of 

ozldizer to react hypergolicelly with the propellent.     The catalyst  bed   is 

retained by structural  baffles through which exhaust passe» into the convergent- 

divergent nozzle section. 

The specific design feetures of hydrogen peroxide and hydrasine monoprope 1 lent 

thrustors are sufficiently different to be discussed  individually. 

6 3.3.1    HTDKXUOr PXROXIDE THRUSTOR OCHfSTRUCTlOW 

A nonopropellant hydrogen peroxide thruator conelsts of an injector,   thrust 

chaaber,  catalyst bed  with catalyst, noasle and,   coaaonly,  the propellent valve. 

The thrust chamber with catalyst are frequently referred to as the reactor. 

The catalyst bed consists of a aetal catalyst  in screen fora,  stacked  in such a 

manner as to proaote even  flow distribution acroee the catalyst  arsa. 

A typical hydrogen peroxide thruator is shown in Figure 6.3-e.     This thrustor 

uses a "staged" catalyst bed design in which different materials,   construction 

or flow direction are Involved  in different phaeee of the decoaposition procees. 

Initially, propellent  le edaltted tb the chamber by the propelleat flow control 

velve,  often referred to ae the "engine valve. "    Propellent is distributed 
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rtdl^lly fron a central  injector Into a gold oatalyat aevm to pr«b«at th« 

•Ogla« and propallant.    The gas flow is than diractad through tha aaln catalyst 

bad coapoaad priaarily of silver catalyst  acreens.    Final catalyst  acraana are 

«ade of «Mpael.    Anti-channel baffles are uaed to prevent bypassing the catalyst 

bed at start-up.     Retainer screens are inatalled  in such a «ay aa to prevent 

local  "hot spots" which can damage  the  catalyst  bed      These screens are held in 

place by a baffled  support plate 

Structural materials  for the chanber «alls,   "head" and  "tall" ends,   support plate, 

and nozzle sections are generally of 321 or 347 stainless steel uaed Mthi 

welded construction.     The 304L or 316L stainless steels can also be used.     The 

hesvler thrustors use 347 stainless steel due to  its superior strength at 

elevated temperatures. 

6.3.3.2     HYDRAZDIE THRUSTOR CCNSTRUCTION 

A nonopropellant  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 

i<fcfiili  is liaid    in place by various screens  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 

catslytie material are arranged  in the bed   in layers to support  a particular 

phase of the decomposition process.    Propellent  is admitted  to the chamber by 

the engine valve to and  through the  injector into the catalyst  bed.     Injector 

designs for hydrazine engines vary by manufacturer such that baffled plate or 

ahowerhead-type  injectors  (Figure 6.3-7)   are used by some while others use 

perforated probe or coil units which penetrate  into the catalyst  bed. 
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Thii thruBtor Aislgn is based oo tb» us« of • "•poataasous* catalyst, such as 

flball 405, vfaloh spontaasously inlUatm the decoaposltlon process oo contact, 

under anblent teoperature conditions.    Older catalysts,  such at the H-7 used in 

Ranger and Mariner hydrazlne engines used saall quantities ( "slugs") of nitrogen 

tetroxide (VpO. ) reacting hypergollcally for start-up.    Other designs at that 

time involved electrical or isotopic heaters In the catalyst bed to raise bed 

tsnperature to a level at which it vould initiate the decaqposition process. 

The advent of spontaneous catalysts,  especially the Shell k03 catalyst, has 

largely replaced these approaches. 

The actual conposltion of the Shell U05 catalyst remains a classified item. 

Basically,   It consists of a high surface area ceramic binder Impregnated vitb 

metals which are catalytically very active.    Ohls arrangement is satisfactory 

for chamber temperatures of up to l800*F,  but the binder becomes structurally 

insufficient auch beyond this point.    Research has been,  and is being,  eon- 

ducted to develop higher temperature binders for use vith the higher performance 

hydrazine (l^H|f)/hydrazlnium nitrate (NoHcHC^) mixtures which decoorposo at 

higher temperatures. 

the Shell b05 catalyst originally cost about $1500 per pound,  and the price has 

not changed significantly.    It is available on a standard basis in 1/8 by 1/8 

inch or 1/8 by l/l6 inch cylindrical pellets.    It is almo marketc:   j.n fines 

crushed from basic pellets in 10-30 mm granules and microspheres from 0-5 to 

several millimeters in diameter.    However,   the 1/8 inch cylindrical pellet is 

still the standard form.    The 1/8 by 1/8 inch pellet is the smxiaaM pellet size 

currently available. 

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

surface arc« particles are adjacent to the injector to promote smooth ignition 
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and operation. Tb«*e particles aay be lightly fU««d in the first •nslns firing 

tiiieh proaotes catalyst bsd strength and leogtbans catalyst life since very 

saall particles can be easily dislodged from the engine. Soaetlaes the Shell 403 

catalyst Is used adjacent to the injector and backed up by the conventional 

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

is used far the apontaneous ignition feature and the H-7 catalyst is used for 

extended life requirements. 

Cbaaber construction is usually of thin-wall Haynes 25 alloy for the chamber 

vails, front and aft closures, and nozzle assembly. Sometimes, in small engines, 

these parts are made of 3^7 or similar stainless steels. Interior cbaaber 

vails are coated vlth Roklde 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-nozzle section to the 

chamber vail and inserting the catalyst support plate, catalyst, and upper 

screen. Hhe forward closure. Injector plates and/or tubes are installed in 

place, and this assembly mated with the upper chaaher wall and welded at this 

point. A design preference has involved placing the engine mounting lugs at the 

forward closure weld for a thermal relief path after engine operation. However, 

the mounting ring baa also been located upstream of the injector head in the 

vicinity of the engine valve. Location of the engine valve and inlet manifold 

is sometimes extended farther upstream of the catalyst face for thermal standoff. 
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6.3.% 

luawrou« coBgomiA«! or nixtur«* of coHpounda, har« toon «ugftstod for VUM A« 

■OQopropoll«ats.    Hcmcrer, Muay hair« b««n discarded la rlew of the etablllty 

and handling requireaeots of the opezatlonal situation.    The aost finequeatly 

neationed aonopvopellaBts include hydrossa peroxide, bydrasine, hydrasine- 

taydraeinlum nitrate, ethylene oxide, aitroaethane and tetraaitroMthaae.    Of 

these, hydtoflen peroxide and hydrasine are the oa3.y aonopropcllants to 

reeelre exteasiTe use.    The characteristics of these aonopropallaats, and 

their variations, viU be separately discussed in the following sections. 

6.3.^.1    HliWOOm PKROXISB (Hg02) 

Btjrdrogen peroxide has been used to drive turbines In both rocket englaes 

and APU's and as a •ooopropellant In attltuds and velocity control systeas.    Its 

perforaance is directly related to the percent of peroxide in the peroxide-vater 

solution.    Currently,  90Jt peroxide is used aost frequently though increasing 

eaphasis is being placed on 98£*    Characteristics of both varieties are shown 

in Table 6.3-I.    Peroxide solutions ar« insensitive to the Initiation aad propa- 

gstlon of detonations.    Although the decomposition products are oxidizing,  the 

flsne tenperature is low eaoa^i to preclude significant materials problems. 

Decomposition is usually initiated by a suitable catalyst stich as permaagsnate 

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 quite clean to prevent accidental catalysis. 

Thus it is necessary to clean aad chemically treat aaterials that will be exposed 

to the liquid.    Even so, there will be a slight concentration loss (0.5-1.0^ per 

year) during long storags periods.    Absolute viscosity, density and vapor 

pressure of S&% hydrogen peroxide are shown in Figure 6.3-8 as a function of 

temperature.    Density is shown in Figure 6.3-9 *• » function of peroxide 

concentration. 
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TARLB 6. .3-1 

FHDPSRl'lBS OF HTDHOGBI FEROXIJQB 

aoMcamumoir BT WKCCBT              1 

205- W- 100%                1 

|       Average Molecular Weight 31. ^1 33.^*22 

1       ionnal B^lltxxg Point •R 7^.2 759.2 

\       Mormal Freezing Itolnt •R ^71-3 W7.5 

Density (# KT*) g/cc 1.383 1.U31 

Vapor Preseurt (f 537*H) P3I .0735 .01*26 

1       Critical Pressure PSI 3144.96         \ 

1       Critical Temperature •R 1318 

1       Dielectric Constant 77 77 

Electrical Conductivity {ß> 537*R) ohm    cm -1 i^do"6) O.SCIQ-6) 1 
Fire Point 

1       Flash Point 

1       Heat Capacity,  Liquid (!+92-533#R) Btu/lb* F 58.0 

Heat of Decomposition (# 537*R) Btu/lbSOUD 1108 1215 

j       Heat of Formation,  Liquid (® 537*8)6^/15 2369 

i       Heat of Fusion Btu/lb SOLID 158.1            1 

I       Heat of Dilution to Infinite 
\                           (€ 537#R) 

•i -31.2 -41.0 

|       Heat of Vaporization,  Total,  301113 Btu/lb 700.3 662.0 

Viscosity («537*R) Centlpoi se   1.153 1.155 

(Bafs. 22 and 24) 
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6.3.4.3    BIDttUDIB (X^) 

%«lrasiae ha« b««n used as m turblne-drlve gas,  as wsll as a «ooopropsllaat la 

attitude and velocity control  systems.     It  Is s clear,   colorless, hygroscopic, 

toxic,   flaaswtblA,  caustic liquid end a strong reducing agent.     "Heat" or 

anhydrous hydrasine used in rocket engines is controlled by MIL Spec MIL-P- 

26536B.    Physical properties of hydrazlne are listed in Table 6.3-2.     Density, 

specific heat,  vapor pressure and viscosity of hydrazine a««' shorn in Figure 

6.3-10 as a  function of temperature. 

z o 

< 
at 

< 
z 

a 
o 

Bydraxlne  is conpatible «1th most stainless steels,  aluminum,   tantalum,   titanium, 

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

propylene. 

Considerable research effort has been expended on reducing the relatively high 

freeaing point of hydrazine  (SS.e^F)  by adding water,   ammonia,   or hydrazine 

nitrate.     Simple binary or tertiary solutions of these compounds form low 

freezing point eutectlcs.     These mixes also change other characteristics of the 

propellants.   Including density and performance.     Figure 6.3-11  shows ho« hydrazine 

freezing point changes «1th «ater addition.     The density variation of solutions 

of hydrazine,   hydrazine nitrate,   and «ater are sho«n in Figure 6.1-12 as a 

function of teaperature.     The physical properties of hydrazine-ammonia solutions 

are shomn  in Figure 6.3-13 as a function of ansonla content. 
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TABLE 6.3-2 

PROPERTIES OF HYDRAZIHE 

Molecular Ponnula 

Molecular Weight 

Norwal Boiling Point 

{formal Freezing Point 

Density (^ 5&B*R) 

Vapor Pressure (€" 537'R) 

Grltlcal Pressure 

Critical Temperature 

Dielectric Constant {§ 537#R) 

Electrical Conductivity (g 5370R) 

Fire Point (Tag Open Cup) 

Flash Point (TÄe Open Cup) 

Heat Capacity (liquid) (§> 537#R) 

Heat of Combustion (to N^ + 2^0 liq)(€ 537#R) 

"Heat of Formation,  Liquid (§> 537#R) 

Heat of Fusion (© ^95 5#R) 

Heat of Solution,   Liquid (g 537*R) 

Heat of Vaporization (€ 696.3#R) 

Viscosity {§ 537*R) 

N2HU 

32.05 

696.3°« 

I.O083 g/cc 

0.28 psla 

2132 psia 

ll'^'R 

51.7 

2.3-2.8(lO"6) ohm"1 

585.6*R 

585.6*R 

0.737 Btu/lb0R 

-8,359 Btu/lb 

676 Btu/lb 

170 Btu/lb 

-219.6 Btu/lb 

5^0 Btu/lb 

0.90 centipoises 

(Refs.  21» and 26) 
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6.3.5    NDHQRtOFELLAIfT PERFORMANCE 

The performance of hyärotten peroxide and of hydrmslne are compared in a general 

fashion in Figure 6.3-& as a function of duty cycle and pulse width.    The 

superior performance of hydrazlne 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.I    PIKFORMANCE -  HYDROGEN PHWXIDE 

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 stwwn in Figure 6.3-15 

as a function of peroxide concentration.    Propellattt p-anrr.;      is related to 

peroxide concentration in Figure 6.3-16.    The performance improvement possible 

vith 93/^ 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 90^ hydrogen 

peroxide is shown in Figure 6.3-1? as a function of nozzle expansion ratio. 

In pulsing operation,  performance can be expected to follow that shown in 

Figure 6.3-13 in which delivered specific impulse is related to pulse length 

and the spacing between pulses.    Figure 6.3-I9 shows how several different 

engines using 90^ hydrogen peroxide perform in pulsed operation. 
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6.3.5.2    FKRfOBMANCE - HYTBAZXIK 

Vydrazioe decoapoaeB exotberBially to aitxogaa gas and amonla vhlch partially 

disaoclatea to nitrogen and hydrogen.    This decoapositlon reaction and 

dlMoeiatlon procea*      are related in expression 6.3-1 to the paraaeter, X, 

representing the fraction of aononla dlasoclation.    Figure 6.3-20 shows the 

perforaance of IDOj» h^-^razlne {K\) in terms of specific impulse,  character- 

istic velocity (C*)>   chamber temperature,  and exhaust product sole «eight and 

composition. 

The performance actually delivered by nonopropellant engines  Is affected pri- 

marily by nozzle expansion ratio,  engine thrust level,  and whether the engine 

vas designed for steady-state or pulsing operation.     Figure 6.3-21 shows 

delivered specific  impulse as a function of thrust level for oany different 

hydrazlne engine designs.     In preliminary design exercises,   delivered specific 

Impulse (vacuum,   steady state) is generally assumed as 230-235 Ibf-sec/lbm with 

engines larger than one pound thrust.    Performance of very small engines may be 

assumed as low as 210 to 215 Ibf-sec/lbm.    These values are based on  "hot bed" 

results.    Cold bed performance is substantially lower,  extending posaibly to 

the cold bed temperature limit of approximately 113 Ibf-sec/lbm for a 60 F "cold 

catalyst bed. 

Performance of a typical hydrazlne engine under pulsed operation Is shown in 

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

Minimum impulse bit  cepablllty of hydrazlne engines is strongly affected by the 

engine-valve relationship,   and by reactor design "learning curve" effects. 

Mlnlsum reproducible  impulse bits  (lb-sec) equal to 0.005 times the nominal 

thrust rating have  recently been demonstrated in hydrazlne engines from 2 to 50 

lbs of thrust.     Minimum reproducible impulse bit values (!_      ) are shown in 
Figure 6.3-23 for existing hydrazlne engine designs. ialn     ■   
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FXÖURB 6.3-€3    KHOMM IMKJI££ BIT CAPABILITY OP HTTRAZIIBS EHQIRBS 

Caution  should be exercised   in selecting design values of 1        ,   bince fatt 
min 

resjionse  systems can be substaatiaily morr expensive.     This greater expense 

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

Values of I, may be   increased considerably where mutllple engine valves are 
min 

used  for reliability purposes. 

Impulse tolerance  is usually  specified in conjunction vith minimum  impulse 

requirements.    These operations are always time  related,   and are thus sensitive 

to  timing errors.     As a general  rule,   engine minimum  impulse tolerances may be 

estimated ae + 10^ of the minimum impulse bit,   and  are commoniy stated Ujst way. 

Some  improvement  is possible though,  when necessary.     Mariner II   (Mariner B) 

which was acceierometer controlled was capable of ♦  3^ tolerance on the minimum 

Impulse bit.    Where possible,   it.   is suggested that   impulse tolerance values 

shown  in Figure 6.3-2i* be used  for design purposes. 
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SyüxmsliM jwrfozmnc« can be significantly Improved by mixing It with bydra- 

Blnliat nitrate (ll^HclD.).    Unfortunately,  reaction temperature« of the alrture 

(2300 F) exceed the capability of the spontaneous catalyst binder, although 

they are vlthln the capability of H-7 catalyst,    gydraslnlm nitrate 1» also 

quite shock sensltlre.    Performance,  decomposition temperature,   shock 

sensitivity and propellent freezing point can be Improved,   however, by alxlng 

the hydraclne and bydrazlnium nitrate vlth vater.     Figure 6.3-25 Is a ternary 

diagram of the mixture shoving freezing point,  specific Impulse,  and shock 

sensitivity as « function of the amount of each substance involved.    Fair 

stability has been found vith mixtures containing up to 15£ hydrazinium nitrate, 

but shock sensitivity increases rapidly beyond this point. 
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6» 3*6    MraOEROVELLAHI TliKUBTOR BESKHI 

The design of nonopropellant thrustors using hydrogen peroaciAe and those 

using tydrazine Is sufficiently different to merit separate discussion.    Their 

design Is stfeongly affected by the particular catalyst used, which Is quite 

different in the two systems.    Variations In design, to acoosBoodate more advanced 

propellents,  such as 98^ hydrogen peroxide, or the hydrazlne-hydrazlnluB nitrate 

aixtures,  can be treated on a prellnlnary basis as a slnple change to basic 

design paranetera.    HoweTer, these changes actually Involve significant materials 

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

as currently operational approaches. 

6.3.6.1    THRUSTOR DESIGN -  H3CDB0GEN PEROXIDE ENGINES 

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

by vising the procedure outlined below.    Primarily,  this concerns setting per- 

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

shown in 6.3*3.1* 

1) Assune engine thrust level,  P,   and duty cycle 

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

3) Determine specific heat ratio,^f > for the propellent using Figure ^O-l^ 

h)    Determine thrust coefficient,  C«, for the engine using Figures 3* 1-1 and 

5-2-5. 

5) Estimate propellant specific impulse, Is, by means of Figur^t 6»3-17 and 

6.3-1^ considering duty cycle effects 

6) Determine propellant flow rate, U), by 

a 

7)    Determine catalyst frontal area,   Ac,  by 

Ac a  )xc^ 

(6.3-2) 

(6.3-3) 
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vhere: 

K^,    «    a constant relating catalyst frontal area to propellant flow 

rate.    Peroxide thrustors with pre-heat sections use a K c 

value of k in2/(lb/3ec).     If no pre-heat section is tised, 

tissume K   a 3. c 

8)    AsGurae catalyst pack len(jth,   L; 

\ 
3     ^.0  inches O'.vM 

9)    Define catalyst pack pressure drop,  ^P    ,  by use of Figure 6.3-26. cp 

10)    Modify thrustor design,   or catalyst  presfnrre drop when changing engine 

operating conditions,   such as when  operating at different pressure 

levels or when throttling,   by: 

(AP. v^^feö^tS KT (6.3-?) 

6.3.t''2,n{RU3TOR DESIGN-yrYDR/^IIIE THRU3TOR3 

f-lonopropellant  hydrazine decomposes at  relatively low temperatures.     Figure 

6.3-5 relates  hydrazine decomposition temperature and molecular weight  to the 

amount of ammonia dissociation Involved.     It is generally desirable to minimize 

ammonia dissociation to maximize performance within the temperature limitations 

of practical tnuterials.    However,  minimum residence time requirements for 

complete hydrazine decomposition also result  in approximately  30 percent 

ammonia dissociation.    The decomposition temperature of hydrazine under these 

conditions allows the use of such materials as llaynes 25 alloy  In conjunction 

with radiation cooled or radiation/hetit   sink engine designs,   and   the Shell ^C5 

catalyst. 
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Bydrmzttm thru»tors of this type can hm defliwd la a preliminary fashion by 

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

1) Define engine thrust level,  F.    In velocity control engines this is done 

by evaluating limits to asneuver duration, acceleration,  gravitational 

enviroxaMBt, control authority,  engine location,  and duty cycle.    Maximua 

thrust liaiits are set by asaxiaua vehicl« acceleration limits for structural 

or control purposes,  single pulse Kiniwm eaneuver velocity limits and 

engine system sice and weight.    Minimum thrust level limits are defined by 

aaxtmim maneuver time limits involving engine life,   performance penalties 

associated vith finite burn-time effects,  an^ thermal and pover limits 

involved vith being In the maneuver position. 

Thrust level selection for reaction control purposes involves defining 

upper and lover thrust limits associated vith disturbance torques,  mluimum 

impulse bit,  response rate,   and engine location for limit cycle operation 

and for all attitude positioning maneuvers. 

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

specific  impulse using Figures 6.3-21 and 6.3-22. 

3)    Determine propellant flov rate,  v,   by: 

vi = F/I (lb/sec) (6-3-6) 

4)    Assume an initial value of reactor bed loading,  0 (propellant flov per 

square inch of catalyst cross-sectional area),  vhicb can be  subsequently 

iterated.    Bed loading values can be selected betveen: 

0 - 0.03 to 0.0U5  (lb/sec) per in2 

3)    Determine chamber diameter: 

k 
^rc ■m (6.3-7) 
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6)   Determine catalyst size at lower end of catalyst bed«    It is reconunended 

that different size catalyst pellet particles be used at various levels 

In the catalyst bed to promote smooth and responsive decomposition.    This 

ic the so-called "layered" catalyst consisting of discrete  Layers of 

catalyst of different sizes.    For the Shell U05 spontaneous catalyst,   a 

0.2 to 0.3 inch deep layer of 2U-3O mesh catalyst located at the upstream 

end of the bed is usually sufficient.    The lover portion of the bed 

can then be made up of the l/8 x l/8 or l/8 x l/l6 inch particles.    The 

l/3 x l/8 size catalyst Is currently the largest size available  from Shell. 

Catalyst particle diameter  (dp) at the   lover eud of the bed  is: 

dp-Hp/ö (6.3-8) 

/)    Evaluate the major catalyst bed paraneters of L»ed porosity,   C. r>,   and 

specific  surface area,   Ac..      Figure 6.3-27  shows catalyst bed poror,ity,t-., 

as a function of bed diameter for granular and cylindrical pellets of Shell 

MD5 catalyst.     Figure 6.3-23 shows catalyst  specific  surface  area ac  a 

function of bed diameter for these  sajae catalyst pellets.    These figures 

were cjilculated from measured data by the following: relationships 

wnere: 
^ 

^ 

^B-l- 

catalyst bed density  (Ib/in-^) 

catalyst particle density  (ib/in^) 

(6.3-9) 

Catalyst  specific   surface area,   A ,   equals: 

As=^r^l '6.3-10) 
where:     0   a  catalyst sphericity 

0 

Catalyst  sphericity is a measure of exposed  surface  area on the catalyst 
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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 cylindrlceL 

pellets: — t"''^ 

rt   -   ^ Ck: UJ L> - -^ =H— (6.3-11) 
'- Lt -. Lc 

where:       A /A 
o    c 

o 

0.. 

o 

» cylinder dianeter  (in) 

= cylinder length   (in) 

» Exposed surface  area,   sphere   (in ) 

= Exposed surface  (urea,   cylinder  (in"") 

= Volume,   sphere   (in'^) 

= Volume,  cylinder   (in^) 

■•)    Determine catalyst bed length,   L- 

, .   o.^hyC 0.30.  . 0.3 
(6.3-12) 

wl-iere:    P   = average chamber pressiu'e,  psia 

Tlie  specific  surf-^ce  area,   A ,   is for the  lover portion  r>f the bed. 

This equation  represents riinlmua bed  length for  stable  reactor operation, 

defined   as   less than t   i' Pc  oscillation pcjik-to-peae:.     This  results  in 

fHI, dissociation of approximately 55^. 

9)    Determine R^yncLdG number through each  layer of  the catalyst  bod; 

Re--s.^Di/Arjdt/) t-3-131 
(lO) Determine catalyst bed pressure drop for each particle  size layer in the 

catalyst  bed.     Total bed pressure drop,   which is the total for all  the 

layers Is connuonly liaited to  30-^0 pdid. 
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or 
Ap =  gooA^Ls wlttxe:(too<Nx<3ooo) 

6      £&Cl.7^) (6.3-15) 

-n=N 

(APCH\ = (APCHT 
"Yl' 

'0.3-16) 

11)    Iterate bed loadinc  (step U) imtil  (APc)rn =   30 to Uo psid. 

Somet.luier. the reactor is designed as  a gas generator to provide pasea to 

roTX^ly located thrusters,   to pressurise propellant tanks,  or to drive 

turbines.     In  these  applications,   the   hydrazin«? decomposition reaction is 

Msuallv conducted for grea-uer  aiaraonia dissociation,   lowering f^as teniperatir-os 

and exhauJft 'g«s molecular velght.    In  tiles« application« flow rat^  (u>), 

chamber pressure  (P )  and anmorila dissociation  (X)  are either specified 

or easily established.     The  catalyst bed is then desicoied by the above 

procedure,   except t; at catalyst bed length is calculated from 

U- sAÄMnn (0.3-17) 

where:    dp    =    particle size  in lower portion of catalyst bed 
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Injector design Is a very Involved sxibject which is strongly affected by 

design preferences of the engine vendors.    Generally injector details are of 

little consequence In preliminary design exercises for spacecraft.    Occasionally, 

hovever,   it becomes important to configure the injector in a prelininary 

fashion.    The following procedure for injector sizing is thus provided (Ref. 26) 

together vith the caution that  It be replaced at the earliest couvenience 

by more exact data fron the en/rine vendor« 

1)    Asouaing a shoverhead type injector,   determine the necuss'iry nu-nber 

of injector orifices,  TL,,   from catalyst oed dimcasions by; 

N 6/. 
T c 

where:     A    »  cat'ilyst bed  cross  sectional area (in^) 
c 

2)    Determine  injector pressure drop,ZaP-,  hy: 

(6.V1B) 

KP 
i c 

where:     K   =   a constant  from 0.10 to 0,20 
1 

(6.3-19) 

3)    Get the  injector to catalyst bed  spacing at  zero,   and determine the 

orifice hole  spacin,rj by 

2  -. ^ "Yvl^o 

whert 

"A 

N-r-fCTMC-n+i) 
spacing between orifice hole centnj 

number of injector orifice rows 

(6.3-20) 
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6.5.7 MonoKOPttwirr IBRUMDR (aWffliRT 

The basically different design approaches developed in 6.3.6, and extenAed 

here to cover thrustor gecsietry, require Indlvldusl coverage for hydrogen 

peroxide thrustors and for hydrazlne thrustors* 

6.3*7«1    SIZE-HYDHCXaaf PEROXIDE THRUSTERS 

•Ärust chaaber sise may be developed from the procedures described in 

6.I.7.I,  in conjunction vlth the folLovlng operations referenced to 

Figure 6.3-27 i 

1)    Determine catalyst pack 

diameter, d , by: 

Catalyst 
Bed t'LJr1^ 

1 r^ifr^öTtiu^ 
(6.3-1) 

2)    Define thrust chamber exterior diameter,  d^ ,  by: 

d,,. d 1.02 d tc c (6.3-22) 

3)    Define nozzle throat diameter,  d.,  by 

yz 

k)    Define engine major diameter,  at the nozzle exit plane,  d ,  by: 

5)    Determine thrust chaoiber length, Lp^,  by: 

L^ LC + 0.07 [yy*- 

(6.3-23) 

A 
(6.3-24) 

(6.3-25) 
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9)    DetenBlne nozzle length,  ly,  by 

LN = 
(6.>26) 

7)    Oeteralne thrustor  length,   Lj.f   by 

LT- Lm+ U (6.3-27) 

8)  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, L , equals 

LE ^ 4 -h LT (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 dimenslooally critical applications, it is suggested 

that specific \alve designs be used in conjunction with equation 6.3-27. 

6.3.7.2  SIZE-M0MOPR0PSLLANT RmUXOrX THRUSTORS 

Thrust chamber size may be determined with expressions developed from the 

design procedures previously described in 6.3.6.2.  Thrust chamber exterior 

diameter, D^, equals approximately: 

v-'-JW-I- 4F 
^GXe (6.3-29) 
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■tMdyoBtftt« »fMlfjLc lapulM (1.    }  for the prebftbl« rang« of appUoatloai 

«fty rang« fron 230-234 sec.  «ad reactor bad load lag, 0,  fro« 0.03 to 0.043 

Ib/M« la .    Tkus,   this eaqptrssAlon. can b« roducod to 

DTC«KoDr3i! 
(6.3-30) 

wbere KL » a factor betwoea 0.35 aad 0,43. 

At  low chamber presaures or aaall aozale expansion ratloa,  a point  la reached 

when chamber diameter exceeds nozsle exit plane diameter.     Ibis point occurs 

in nonopropellant hydrazlne thruators when the reactor bed loading,  0,   equala 

the propellent   flow rate per unit area at  the exit plane (Oip/A^).     Thus, 

When (4,/AJI is larger  than G,   chamber diameter exceeds nozsle exit plane diameter, 

and maximum thrustor diameter,  D    equals: 

D„.I.I28 g E_T£ 
wU«:(^ >€_) (6.>31) 

When(b^>/A_ is smaller  than G,  nozzle exit diameter predomiaatea and maximum 

thrustor diameter,   D^,   equals: 

^ i-«^Küä ^A& 
•32) 

Total thruator  length is compriaed of the length of the installed valve 

assembly,  the reactor and plenum,   aad  the nozzle asaembly.     It  is particularly 

sensitive to reactor length la 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 c«aw in 

discrete sizes and are rarely repackaged  for particular engines.     Total  thrustor 

length can be approxlwated with the following expression developed  from numerous 

hydrazlne thruator deaigns: 
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(6.3-33) 

«here 1^ ■ thrustor total length,   Inches 

C    a no^sle factor,  e<|i«ls 1.0 for conical 

nozzle« and 0.80 for 80% bell nozzle«. 

6.3.8    NONOnOISLLMff THRUSTQR VBIOJff 

Qydrocen peroxide and hydrazlne thrustors are different enough In design and 

conatructlon to serit separate discussion relating to «eight definition. 

6.3.3.1  WHO» - jmnoan VEBOSXJDK TBRUSTOKS 

The «eight of hydrogen peroxide thrustors is affected by operating chamber 

pressure,  nozzle expansion ratio and particular catalyst bed design.    In aost 

installations, existing thrustor designs are sodified «ith basically simple 

changes such as adding additional catalyst screens,  enlarging injector holes or 

screwing in new nozzle sections.    Consequently,  the hypothetical Kiniaua «eight 

hydrogen peroxide thrustor rarely is used.    In preliminary design exercises,   it 

is desirable to use «eight estimates vhich reflect hardware situations «hieb can 

be realistically expected.    Thus,  the following expression,  derived from actual 

hydrogen peroxide thrustor design,   is suggested for use in preliminary design 

situations: 

E .5 +  .025 F (6.3-3M 

6.3.8.2    WtlOHT-MOHOPROPILLA« RXCRAZUB THRUSTORS 

The «eight of monopropellant hydrazlne 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 
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TalY« ftMesbly to be used«   Uelfht estinetee can be made for prelimlnery deslsn 

purpoacs ueiog the following express ion derived frm aany existing engine 

designs.    Ingine esseably weight, ¥_,  Including valve,  injector,  cfaaaber, 

catalyst, and nossle equals approxlaately: 

.3 ♦ .05 F (6.3-35) 

6.3.9    DBVBLOEED NOMOFRORLUn THRUSTOBS 

Nonopropellaat thrustors have been developed for use over a thrust range of 

0,002 to 1200 pounds.    Hydrogen peroxide thrustore extend from 1 xo 1200 pounds 

vitbln this range,  though space applications have not exceeded 630 pounds. 

Table 6.3*3 Is a list of monopropellant hydrogen peroxide engines which have 

been developed.    Developed bydr&zine engines span a 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 lists nonopropellant engines developed for spacecraft 

applications and for research purposes. 
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6.k    BIFSOPELIAirr THRUOTORS 

6.4.1    GSMKRAL 

Liquid blpropellant engine« produce thrust by chemically reacting two pro- 

pellant«,   called the oxidlzer and the fuel,  in a thrust chaaber and directing 

the resulting exhaust through a nozzle.     Blpropellant engines are used in the 

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

Early blpropellant engines employed hydrogen peroxide,  liquid oxygen or 

nitric acid as  "oxidlzers" vlth alcohol,   anilene,  or kerosene  "fuels".    These 

engines were used In missiles,   rocket-powered aircraft,   and boosters. 

Satellites have only recently used blpropellant engines to any extent.    These 

applications have occurred  In conjunction with the trend to the  so-called 

"earth-storuble'   propellante.     Spacecraft applications  strongly contributed 

to this trend by using the  good storability and perfcnnance characteristics 

of these propellants to advnnt^e  In the  space envlroiB&ent. 

BipropellÄnt engines for spacecraft   generally use nitrogen tet.roxide  (NpO, ) 

or mixed oxides of nitrogen (WON) as oxidizerf. and Aerozine-bO or mono- 

met hylhydmzlne   (»MH) as fuels.     Occasionally,   inhibited red fisalng nitric 

acid  (IRPNA)   IS  used as an oxidizer,   and  "neat" hydrazine   (N.H. )  or unsymaetrl- 

cal diaethylhydrazine  (UDMh) are used as  fuels.     MDN is a mixture of nitrogen 

tetroxlde >.ith  10-25'j6 nitric oxide.     Aerozlne-^O is a trade name  for a 50-50 

mixture,  by weight, of hydrazine and UDMK.    Chlorine trifluorldc   (CIF^) is 

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 compounds.    However,   a real need for 

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

cover the currently popular nitrogen tetroxlde,   1RFNA,  MOH,   anu   chlorine 
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trifluortd» axidlumrB, Mid hytfrttla», UDMH, 1MB, and 4«mtla^$0 fi»li. 

CoaiMBatioai of tlMMt ftMli ud oxldis«r« «r« taorpArgolie, ttet is, th*y 

IflBit« on eontnet in tbm thrust cbMibsr and mquire no «uscillnry iffkition 

psovinioan.   Thin in dtnimbi* from the ntnndpoint of •ynt«« slaplicity but 

it eonpliontns nnnrioo nad handling proeoduras In thnt Inndvnrtnnt contact 

of fnal to oxidisor aunt be avoided. 

6.%.2    OnERATUQ FKUKW1M 

Blpropellant rocket engines consist of a propellant control ralre,  propellant 

supply lines,  injector,  thrust chamber,  and nozzle assaably.    ProTlsioas 

any also be Included to mount the engine to the spacecraft to naintain a 

predetermined thermal condition,   (thermal control) and to control the engine 

thrust rector direction (TVC). 

Propellants are provided to the engine Injector on demand by propellant flov 

control valves in both the fuel and oxidleer engine feed lines. Fuel and 

oxidizer are kept separate continuously as they pass through the engine pro- 

pellant manifold into, and through the injector assembly. The injector dis- 

tributes and mixes fuel and oxidizer within the chamber to promote efficient 

reaction, to prevent and suppress pressure instabilities, and to assist in 

engine cooling. 

Chemical reaction of these blpropellants produces gases at high temperatures 

(5500-6000oR) which exceeds the structural capabilities of practical chamber 

materials.    Propellant mixture ratio (ratio of oxidizer to fuel,  by weight, 

at the chamber walls is deliberately controlled by injector design so that 

aubstantially cooler,  fuel-rich gases contact the walls.    Heat rejection from 
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bipropellAat Mflats is ooatrolltd bgr i«di«tloaf ■•t*rl«I «blttioa, or by 

r«flRiM«tlT« eooUoiu    Alaoat all «urly blpropallaat «aslat« uMd rtfMMvatlTa 

eooliat or wtarlal ablation to protoet tha •ngXm durla* «od 1—i<IHf ly 

fbllowlat» «agin« operation.    BsfiMratlvaly ooolad «agLa«« ar« not nirnaly 

ua«d vb«r« xapld r««poa«« and pulsing eapablllty ara A««lr«d b«eaaa« of tha 

larflDe hold-Hp VOIWM lnirolv«d.    Ablativ« «nglae« bar« ba«n uatd for «a«« 

tla«, «c th« technology ha« r«aeh«d « eon«ld«rabl« d«gr«« of raftnaatnt*    But, 

ablatlr« engln«« ar« 11 f« lialt«d by ablation rat« and th« aaount of ablatlv» 

aatarial which wmmn» that long oparatlng parlod« raqulr« h«aTi«r «nglaa«. 

Soaa radiation cooling ha.« b««n u««d in lat«r ablatlv« «ngla« desl^i« to 

reduce v«lgbt.    Radiation cooled blpropellant «ngln«« hav« r«c«Btly b«en uaad 

with success la space.    The blpropellant Marquardt MA-109 engine ha« been 

«ucc«««ftally flown in the five Lunar Orbiter alaslon«.    Radiation cooled 

engine« ar« fairly lightweight, auch less 8en«ltlve to life llaitatlons,  and 

can be closely coupled to the propellant valve« for fast response end good 

pulsing perfoxaance.    Radiation cooled, blpropellant,  «ngln« design« currently 

cover th« 5 to 2000 lb.  thrust range, and thl« trend to radiation cooling 1« 

expected to continue.    Ablative engln« deeigM persist, especially in th« 

larger blpropellant engines which are soaetlaes aufpented with soaa radiation 

cooling*    The Surveyor spacecraft is th« only currently known ««« for low 

thrust,  regsnerativelycooled,  blpropellant engine«.    Tabl« 6.W1 shows a 

coaparlson of the«« blpropellant engine types based on those factors which 

are particularly Mission or spacecraft related. 
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6.^.3   BIPROFIUAlfT lHRm«UB COHOTRUCTIO« 

lha thrM major cooling techniques used In «Mil blpropcllant cngloM involve 

regent»tivt cooling, meterlelt sbletlon or redletlon cooling.    Ablative 

engine« are particularly life Halted by the amount of ablative material 

present.    Ablative and rrgenerativcly cooled thrust chamber» have low exterior 

surface temperaturce (loraally less than 500*r) which permits them to be 

recessed vithln the spacecraft.    Radiation cooled engines (surface teqperatures 

above 2000*r) are usually not recessed since they Induce heavy thermal loads 

on adjacent equipoent.    Some tines they are even affixed to extended mounts as 

a thermal standoff to minimize radiation effects.     These mounts,  plus asso- 

ciated plumbing and wiring can, however,  impose significant weight penalties 

to the system.    Recently research and development programs have been conducted 

to adapt radiation cooled bipropeliant chambers  to burled Installations. 

6.U.3.1    ABLATIVS ENGINES 

A typJcal ablative engine Is shown In Figure   6.U-1 complete with valves. 

ijplifled terms,  an ablative thrust chamber is  constructed of resin-lopreg- 

'bergiass.    Cooling is acccmpllshed by boiling out the resin.    This 

tv, thrust chamber assenfcly has been employed on the Gemini, Apollo 

CcsüEaajid Module,  and the Titan III Trans tage.    Ablative thrust chambers are 

used with radiation cooled nozzle extensions in larger propulsion units 

(OOOO-eOOOO lb-thrust class). 

Ablative thrust chambers are usually designed for chamber pressures between 

100 to 130 psia since pressure related weight penalties become prohibitive 

at higher pressure levels.    Above a pressure level of 130 psia,  a refractory- 

type throat Insert is considered mandatory to minimize thrust variations due 

to throat area growth.    A somewhat common design criteria Involves restricting 
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external surf&ee tampemtur« below kO0oF to permit a burled installation. 

6A.3.2    RADIATION COOLED KNOIMBS 

A typical radiation cooled blpropellant engine is shown In Figure   6*k~2, , 

Snglnes similar to this are used on Lunar Orblter, Apollo Service and Lunar 

modules,  and on the Agena secondary propulsion system.    The high combustion 

temperatures of blpropellant engines require special materials Including the 

refractory metals.    Currently,   the most frequent applications Involve molyb- 

denum-titanium or tantalum-tungsten alloys.    Government funded research and 

development efforts cure 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 

aiumlnide or slliclde)  to prevent oxidation of the base metal.     External 

surfaces are also coated to improve emlsslvity,  and to prevent oxidation 

during test.     Currently,  these coatings  limit chamber wall temperatures to 

about 3000-32OO*F,  which in turn limits maximum chamber pressure to about 

100 psia.     Current operational throat temperatures are on the order of 2000- 

c500*F,  a value achieved by operating the engine slightly off optimum mixture 

ratio 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    REOEHBRATIVELY COOLED EKGIlfES 

A typical regeneratively cooled,   savall blpropellant engine is shown in Figure 

6.1*-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 correction, attitude control retro 

maneuvers,  and terminal maneuver vernier control.    Attitude control  is 
accoaplished bv differential  thrnttnirur.  
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The regenoratlve cooling circuit contributes a relatively large trapped pro* 

pellant volume below the engine control valve.    Thia prolongs engine operation 

during any valve actuation until  the cavity is cleared,    tboa,   transient 

response and minimum operating times are Inferior to those possible In the 

»ore closely coupled ablative or radiation cooled engines.     It Is possible 

to design regenerative engines specifically for transient performance by 

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 ii, cah    cause    the propellants  to boil.    This is not desirable in that it 

may overpressurlze propellernt plumbing briefly,   and it nay result in entrained 

gas problems during subsequent operation. 

S.h.k    BIPROPELLAflTS 

Blpropellants in extensive space usage currently involve the eo-caiied  "earth 

storable"propellents.     Coamon oxidlzers are nitrogen  tetroxlde and the mixed 

oxides of nitrogen (MDN),   nitric acid.     Chlorine trifluorlde,   already in Savy 

shipboard use,   may also be used in space application.     Common fuels are hydra- 

zine,  unsyraraetrical dlmethylhydrazine, Aerozine-50,  and monomethy 1 hydrazlne. 

Significant physical properties of these propellants are summarized in 

•feble     6.U-2    .     They will be discussed separately In greater detail. 
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"A 
MON-10 

M0N-i5 

MON-25 

IRFNA 

Fuels 

TABLE 6.4-2 

PHYSICAL PHOPERTIBS 
OF imrajAm 

Freeze     Boll»      Specific*   Absolute* 
Point,      Point,    Gravity        Yificoeity, 

*F *F     lb/ft.aec 

?.95x10"^ 

^.O^xlO"2* 

11.8 

-10 

-24 

-61 

-65 

-lie 

70 

45 

35 

17o 

142 

53 

1.49 

1.46 

1.41 

1.39 

1.59 

1.83 

9.50x10 

3.10x10' 

-4 

Beat, 
Btu/lb-*F 

O.365 

0.418 

ü.308 

N2H4 34 236 1.00 6.^0x10"^ 0.734 

UIMH -71 146 O.T05 4.10x10-'* 0.647 

MMH -62.3 189 O.871 6.70x10"^ 0.699 

Aero-50 18.8 156 O.908 7.10x10-'* O.689 

♦   Bolllnp temperature,  referenced to 14.7 pai 

+    Specific gravity,  viscoeity,  and specific heat referenced to 60*F 

(Ref. 4) 
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6.U.U.I    OXIDIZER8-XITR0GEN TETROXIDE AND THE MIXED OXIDES 01 NITROQBlf 

Nitrogen tetroxlde (NO.) consists principally of tbe tetroxlde in equixibrlum 

with a small amount of nitrogen dioxide (B02).    As obtained commercially,  It 

contains lees than 0,1% water by weight.    Nitrogen tetroxlde 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 

tetroxlde are shown as functions of temperature in Figure  6.4-U . 

a s 
a. 

O 

vk: 

The relatively high freezing temperature of nitrogen tetroxlde may be reduced 

by forming a solution with nitric oxide (NO),  producing the so-called "mixed 

oxides of nitrogen" or MON.    TSiese solutions are generally designated by the 

percentage of ND,  hence MON 10, MON i>,  and MCN 20.    Boiling point is oisc 

changed,   as indicated in Table  6*h-2» The density,  absolute viscosity and 

vapor pressure of MON 10 solutions are shown in Figure  6.U-5 • 

6.h.k.2    Oxldlzer-Nitric Acid 

Inhibited red fuming nitric acid (IRFSA)  consists of 63.M nitric acid (HMO, 

13^ nitrogen tetroxlde (N^O^),  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.WJ   shows specific heat,  absolute 

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

6.4.4,3    Oxidizers-Chlorine Trifluorlde 

Chlorine trifluorlde (dF^)  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 all 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.»».4,7    lUILEhlOlOMerBXUyORAZIMI (Mffl) 

AB vith other hydra«Ine-typ« fuels, Mffl la toxic and volatile.    It is not 

sensitive to iapact or friction.    It is sore stable than hydrazins, hut is 

similar to hydrasin« in sensitivity to catalytic decoaposiiton.    The viscosity, 

specific heat, density and vapor pressure of MMH is shown in Figure 6.4-10 

as a function of temperature. 

6.U.5    nRFOBMMCE OF BIFROFSLIABT EMGIMBS 

z o 
-I < 
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Lu 
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>- 

O 

Figure 6.4-11 shows the theoretical performance of bipropellant combinations 

considered in this section as a function of propellent weight mixture ratio« 

and referenced to a 100 psia chamber pressure and 50:1 nozzle expansion ratio. 

Propellent density is sufficiently different for most combinations to affect 

epacecraft size,  so Figure 6.4-12 shows overall propellent bulk density as 

a function of mixture ratio for these same combinations. 

The perfoxmance actually delivered by these combinations is reduced from 

theoretical values by losses attributable to the mining and coabustion process, 

thermal and cooling conditions,  friction drag, variations in propellants and 

the geometrical influences of the injector,  chamber and nozzle.    These factors 

vary with engine 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 ratios, 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 those data can be attributed to vhetber the engine 

vas designed Tor priaarily steady state, or pulsing operation. 

As operating duration is decreased,  the reistirely constant thrust build-19 

and decay transients represent a greater portion of the delivered Impulse. 

Transient operation is less efficient since operating characteristics greatly 

exceed the conditions for vhich the engine vas designed for greater perforaanee, 

including propeliant mixture ratio.    This result« in decreasing performance 

as pulse slxe (i.e., width.) decreases.    The variations in performance for 

these conditions Is shown in Figure 6.4-14 as a function of delivered steady 

state perfomancs. 
• 

figure 6.4-15 shovs the performance of a typical blpropellant rocket engine 

using earth storable propeliants. 

It  Is sonetines desirable to impart very small impulse bits to perform very 

small msaeuvers.    Consequently,  the engine capability to provide this control, 

known as "minimum impulse bit" capability,  frequently becomes a very important 

factor in engine design or selection.    The capability for very small impulse 

bits is determined primarily by how fast the engine valves can be operated. 

The "hold-up volume,M 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, minimun Impulse bit capability for these close coupled,  fast 

response engines can generally be estimated by: 

L, -  .01 ♦ .004 F (6.4-1) 
TMln 

Minimum Impulse bit tolerance generally win not exceed ♦ 10^ of L, 
^n 
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6.^.6  BinofiLLAirr IHHüSIOR ncsiof 

Blpropollant engin«« e«a be eonflgured for spaeeexmft preliBlnary daslffi 

exerclMB by using the fbllowiag generallzetf proc«dux«: 

1) Aasw» «ogliie thrust lev«l, F, «ad duty cycl«.    Th«M •*• ••tablicbcd 

fbr velocity control englaes by «vmluntlng liaits to wwcuver duration^ 

«cccltmtion,  graTitntlonnl envlro—egt,  control authority, «agioe location 

and duty cycle.    Nuclmun thrust levels «re set by acceleration Halts for 

structural or control purposes, single pulse Binlaos Maneuver velocity 

Halts, and engine size and weight.    Minimsi throat levels are set by 

aaxiBua naneuver tljae limits iapoeed by engine life, perfontance penalties 

associated with finite burn tins effects,  and thermal, power and 

coamunication limits associated with being in the naneuver position. 

Thrust level limits for reaction control are evaluated froa disturbance 

torques, ainlaum Impulse bit,  response rate,  and engine location for 

limit cycle operation and for all attitude positioning maneuvers. 

2) Assuae thrust chamber pressure,  P ,  consistent with the following values 

representative of current practice: 

a) p   (radiation cooled engines) » 50 to 100 psia 

Current radiation cooled blpropellant engines in the 0.2 to 200 lbs 

thrust range are evenly distributed throughout this chamber pressure 

rangt. 

b) F   (ablative type engines) - 100 to 150 psia 
c 

Current ablative blpropellant engines in the 3 to 150 pound thrust 

range are rather evenly distributed between 80 to 150 psi chamber 

pressure. 

c) F   (regeneratively cooled engines) ■ 100 to 300 psia 

The few regeneratively cooled blpropellant engines designed fit in the 

3   4»0t   14)4   A f V  .  «.6« 
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SO to 200 lb tfaruvt vngß and «r« eiMrally throttling «BfliMNi. 

ChudMr preMur*« raiy, coa«l«t«nt vith thrust, vlth «pproxlaattly 

15 to 150 ptl«. 

3)   AMBvm» aossl» •xpaaslon xmtio,^.    A (pod starting point !• £ • 1«0 at 

which tha aajorltj of mall blpropellant englae» are daaloMd. 

i*)   Oeter-alne pxopallant specific latpulaa,  lap for ataady atata oparatlon 

fro« Figures 6.4-11 thru 6.4-15. 

5)    Datemlae propellant flow rate tram: 

r/i. (6.4-2) 

6.4.7    BIPBOPBUAMT BHGIMB GSOMBTRY 

Dlnenslons of blpropellant engines will vary sooewhat depending on the basic 

cooling technique, amount of Insulation,  and location of engine valres.    In 

preliminary design exercises,  the thrust chamber and aozale major diameter 

are usually the nozzle exit diameter,  d , which can be eatlmated by: 
6 

d   - K   ♦ 0.84 
O 0 0 c J 

(6.4-3) 

where:    K    • a constant relating nozzle exterior to Interior dimensions 

In the exit plane,  and having a value of * 

K   " 0.3(radiation and regeneratlvely cooled engines) 

■ l.OCablatlve engines) 

Some latitude la available In aettlng the major engine assembly diameter, dL,, 

which la frequently affected by such Items as engine mounts and propellant 

values.    However,  current practice essentially follows: 

^ * de * K, d (6.4-4) 
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vb«re K. • a constant rtlatlng aajor Mseably diaaeter to noamla «xit 

dlHMter, and having a valua of: 

K. • 2*9 (radiation and r«9»aaratlYely ooolad engine«) 

«2.2 (ablative engine«) 

Total length of a typical MpropeULant engine aeaeatoly, L,  including pro- 

pellaat valiee can be estlmted in prellainary deslpi exereisea with: 

1/2 1/2 

6.U.8    BIFROHBLLAHT BIQIM «1100 

Bipropellant engine weight is affected by the cooling techniques used.    Inglne 

vendor* have conducted nuesrou* paraoetrlc atudle« to relate,   for each cooling 

method, engine weight to thrust, chamber preaaure, expansion ratio,  and 

operating duration.    Such studies atteaqpt to show weight relationship« 

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

has shown,  however,   that they frequently do not correlate well with actual 

engine designs.    This can happen beoauae (l) some factors are really not 

amenable to para—trie treatment,   (2) «oae parameters can be valued 

differently depending on cooling concept,   (3) cooling concept can affect 

the welgrt of non-propulsive spacecraft equipment, and (h) there is a 

degree of optimism which accompanies studies not. immediately related to 

hardware.    Vendor differences In cooling concept, design' construction 

and materials are difficult to relate parametrically.    Standard material 

9MPS and component sices actually introduce step functions Into weight 

comparisons.    There are also installation and mission related weight 

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

nay obviate direct comparisons.    To Include these effects, the following 
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velcbt cxpressioa« htve been derived fron the veicht and deelgo eherecterietice 

of «ore tbeo 1(0 different blpropellent rocket eaglnee between 0.2 and 200 

pound« tbruet, «ad uelng earth etorable propellaate. 

a)    Full Abletlve teglnee - The velght of a full ablative engine, V , that is, 

an engine taeving an ablative thrust ctasaber, an ablative nozcle assembly, 

propellent valves,  injector,   inlet pluabiag,  fittings, virlag, cabling, and 

engine aounts, can be roughly cat lasted fron the following expression: 

2.5 ♦ -05 P 

>- 
_i 
z o 

< 

z 

a: 
« 
a 

a: 
o 

(6.4-6) 

where:    F - engine thrust level between 5 and 100 lbs and the nozzle expansion 

ratio is sbout 40. 

Ibis expression does not resolve engine weight variations as a function of 

operating duration. 

b)    Radiation Cooled Engines - The weight of a radiation cooled blpropellant 

engine, VL,   including valres.   Injector,  inlet plumbing,   fittings, wiring, 

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

WR - 0.161 5 * F0^ * F0-a$(«r>io) (6.4-7) 

c)    Regeneratively Cooled Engines - No mathematical model can be given for 

smell,  regeneratively cooled,   blpropellant rocket engines since too few 

such engines exist upon which the analysis could be based. 

6.4.9    DEVELOP© BIFROPELLUT TBRUSTORS 

Table 6.4.3 lists blpropellant engines developed for spacecraft applications 

and for research purposes. 
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7.0 stsrmm ccmwmtaTßm 

Certain syntmaa cc«islderations are iaportant in a diecusalon of velocity control 

and reaction control thrustors«    The thrustor itselT is actually a snail weight 

and geometry penalty to the system.    But thrustor design significantly affects 

propulsion system characteristics which.  In turn,  arc usually important to 

the spacecraft.    Spacecraft design Is especially sensitive to power require- 

ments,   command and control procedures,  data provisions,   thrust vector and thermal 

control requirements,  propellant performance,  and propellant storage pressures. 

These factors vlll be briefly discussed. 

7.1 umsptc-Bs 

The thrustor itself interfaces with the propulsion system directly and the 

spacecraft.     The propulsion system also interfaces directly with the spacecraft. 

Both the thrustor and the propulsion system have an interface with the mission 

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 thrustor assembly connects directly to the 

propellant feed system at the inlet side of the engine or engine valves. 

This connection directs propellants from the feed system to the engine 

injector.     It is affected by propellant flow rate and by propellant supply- 

pressure.     Engine chamber pressure is related to feed system pressure drops 

and propellant supply pressures in the tanks.    Hence,   engine chamber 

prtissure 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- 

latlonal loads imparted to feed system plumbing throTj^h engine gimbally for 
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thrust vector control.    A deliberate «tteapt should be wmA» la tbl« regard 

to dlatrlbute these load« la euch a Manner as to nlnlalse their effect on 

glmbal actuator control authority. 

b) Thruat Vector Control — Knglnes used for velocity control aay require soae 

thrust vector control capability.    This capability may take the for« of 

glaballlng the engine, deflecting engine exhaust by vanes In the exhaust 

stream,  or differential thrust control of several engines.    Engine glaball- 

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 propellent supply 

plumbing.    Jet vane systemß  involve a fixed engine assembly.    Jet vanes 

are primarily sensitive to thermal loads from the propellent exhaust to 

the vane limiting it to use vith lover temperature systems.     In multi- 

engine assemblies used for velocity control,  differential throttling 

or pulsing can be used for control of the mean effective thrust vector. 

Ihe primary interfaces in this case are electrical for coamand and control, 

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

c) Structural Attachments -- The thrustor interfaces either vlth the spacecraft 

or vlth propulsion cystem structure at a specific attach rolnt at vhlcb 

thrust loads are transmitted.    This Interface may also affect clearance 

requirements when glmballed.    Precise location of the engine on the thrust 

mount  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 Coatrol   —    Thermally, th« thruator affects the spacecraft envlroo- 

■eat, end le in turn affected by the spacecraft and the space environment. 

Thrustor Induced thermal loads arlae from radiation and conduction fron 

the engine and radiation from the exhaust plume.    Thermal Interfaces 

exist at the engine attach points,  propellent  plumbing, glmbal attach 

point«;  thermal shielding,  and the radiation profiles of the engine and 

exhaust plume. 

e) Electrical -- The electrical Interface Includes all electrical provisions 

for power,   control and sequencing of fuel and oxldlzer valves,   and instru- 

mentation and for data readout. 

f) Service -- The service Interface includes all electrical provisions for 

verifying electrical continuity and for all service instrumentation.     It 

also includes hydraulic, mechanical,  and pneumatic provisions for pre- 

llight service and installation. 

7.2    SYSTEM POWER 

Electrical pover is used by the propulsion system to actuate valves on the 

engine,   in the presourization system,  and in the propellent 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 pover requirements  for operating many existing 

stored gas, monopropellant sad bipropellant engines.    These are total engine 

valve electrical power requirements for non-redundant installations.    Thus, 

bipropellant engine requirements Involve both the oxldlzer and fuel valves. 

These power values should be doubled when redundant valves are involved.     It is 

Important to note that these are not minimum power curves,  but are regions 

which show the power requirements associated with actual installations having 
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different reapoose conditions.    The general flat nee» of these curves develops 

fro« the fact that.   In nany installations,  the sane valve is used at different 

thrust levels and response characteristics.     Figure 7.2-2 sbovs the relationship 

of valve power to response for a typical solenoid valve. 

Qsrsten power requirements may greatly exceed engine requireoents,  especially 

if nany valves are used In the pressurlzation or propellent feed systems, 

ibver requirements for command,  control, and telemetry data concerning propulsion 

system status are small. 

Heated gas thrustor systems using electrical heaters nay he expected to have 

significant weight allotments for power.    Similarly,  electrical heaters used for 

theroal control nay 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 sumoary,  propulsion system power requirments develop from the needs of many 

components,   having different power 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 power 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 numerous  bipropellant engines this capability is 

provided by gimballing the engine in two axes normal to the thrust vector.     This 

procedure requires mounting the engine within a movable assembly of sufficient 

strength to withstand stractural and thrust  loads,  and to provide actuator 

attach points of similar capability.    Engine inlet plumbing and cabling must 

also be positioned and designed to minimize their loads on the actuator and to 

prevent clearance problems. 
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It is also possible to rigidly fix the engine eeaeably and direct the effeetire 

thrust vector by giaballing the noxzle, or by aoring vaaee positioned in the 

exhaust stresa at the nozzle exit. Vanes are conveniently used -with aonopro- 

pellant engines since the engine exhaust is free of solid particles and at a low 

enough tenperature to allow staple stainless steel vanes. 

Other possible vector control Methods include translating the engine or engine 

components, injecting fluids non-uniforaly 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 glabal in a single axis. 

Figure 7.3-1 shows weight estimates of rocket engine thrust vector control eyeteme 

which are sufficient for preliminary design purposes. The glmbal system consists 

of a gimbal platform, movable in two axes, which is firmly attached 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 face. Jet vane assemblies, used in mono propellent 

engines, consist of four Jet vanes, four rotary actuators, a mounting ring, 

and the necessary wiring and cabling. 
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Figure 7.3-2 rolat«« J«t vane deflection to effective gi»bal angle and specific 

iapulae penalty.    Figxure 7.3-3 relates Jet vane torque actor actuator per- 

fomance power requlreaent». 

7.4    TOEBKUu COKTROL 

Thermal control of the spacecraft is concerned vlth,.  anong other things,  pro- 

viding a proper thermal environment to the propulsion system and accommodating 

the thermal loads vhich it imposes. 

Propcllant temperature affects engine performance as it relates to response, 

impulse bit size, blpropellant mixture ratio, and sometimes,   specified impulse. 

These factors can 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 parameters.     Absolute limits may also exist such 

as the 350F freezing limit of hydrazine 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 most strongly 

affected since they are radiators.    Proper thermal insulation at engine toounting 

points is a necessity.    The injector in all rocket engines vievs space through 

the nozzle throat and can,  consequently,   exceed its thermal margins unless 

adequate provisions are made. 

The engine and exhaust plume are large  radiative 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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Behaust pluae tlMrzmaX radiation depends on plume site,  temperature,   and 

enlaalvlty«    Saiseivit/ is especially significant la propellante having 

•olid particles in the exhaust such as vith hydrocarbon or aluminised fuels. 

Flume radiation from stored gases is not significant.    With nonopropellant 

engines it can be quite Important though emissivlty is rather lov.    Figure J.h~2 

shows the exhaust plume characteristics of a 200 lb. tarust hydrazine engine. 
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Heat conduction from the engine forward to the inlet plumbing and attach points 

will occur following shutdown and during certain pulsing duty cycles.     This is 

referred to as heat  "soajeback" 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 heat" 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 as the engine mounting 

flange. 

7-5    LUKTIME 

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 ml 11 ions of cycles. 

Propellant tank positiv« expulsion devices are limited to fever cycles, 

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

Rocket engines are both duration and cycle limited.    Cold gas thruitors are 

sensitive to valve cycle limits.    Heated gas thrustors are too,  though they 

are also subjected to beater element lifetime limits.    Figures 7.5-1 and 

7.5-2 show estimated lifetime characteristics of tungsten vires and tubes 
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In ft hydrogen fttaospbcr«. These chamcteristlcs »re fttaoepbere dependent, 

but slBilftr Informtlon for other gasea ves not generally available. 

Nonopropellant eagines are also affected by the cycle llnltatloas of liquid 

propellent vmlvee, but their lifetime limits are usually discussed in terms of 

catalyst life. The destructive mechanism which affects catalyst life is 

erosion coupled vith flexing and thernal cycling in vlre screeoe and abrasion 

in particle catalysts. This Is aggravated by extensive pulsing and high 

temperatures. Figure 7-5-3 shows catalyst life for various hydrogen peroxide 

thruators In tense of thrust and operating duration. The lifetime characteristics 

of a hydrazlne thrustor using Siiell 403 catalyst is shown in Figure 7.5-4 in 

terms of chamber pressure and propellent flow time. Lifetime of the non- 

spontaneous H-7 hydrazlne catalyst is better than that of the Shell 405 

"spontaneous" catalyst, but hydrazlne and peroxide catalyst In general have 

more lifetime capability than is generally desired from smallAV engines. 

Hydrazlne monopropellaut engines have now demonstrated over a million pulses, 

and over 8 hours of steady-state operation. Lifetime limits for monopropellant 

engine parts other than the valves and catalysts have not been identified In 

test or statistically established. 

Blpropellant engine lifetime is primarily related to valve cycling and operating 

duration. The cycle limits of liquid propellent valves ere 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. 

RadistLon and regeneratively cooled blpropellant engines have lifetime 

characteristics similar to monopropellant chambers. Their lifetime rating 

is usually stated as the qualification test requirement Instead of the absolute 
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