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FOREWORD

This is the summary final report submitted in partial fulfillment of
-Cuntract AF 04(611)-1078%. The program had two Af{r Force managers,
Mr. Richard Weiss/AFRPL, origimally, and Capt. J, F. Ensminger/AFRPL who later
succecded hia. This report cowtains a sumaary of major sccompliohmente and a
digcussion of techmical pcogress of Phase II of the prograam. Phase 1 of the
program is covered by asnothear fimai report, AFRPL-TR-86-6, and the experimantal
Hzoz heat-trans far vork apanning both phasses is pressnted {n special report
AFRPL-TR=66~263. The peried of parforsamce covered by the Phase II final
raport is from December 1965 to July 1967.

The Advencad PFropallant Staged-Combustion PFeagibility Program was con-
ducted by the Advanced Storsble Engine Division of Liquid Rockat Oparations,
Aerojet-General Corporatiou, Sacramsanto, Califormia, under the dirvection of
Mr. R. Beichel. Techaical sud sansgerial cuatrol ves provtdod by
Mr. R. J. Kunts, PE, Project Manager. Mr. R. G. Sjogran was thi Project
Engineer.

Contributors to this veport, ia addition to thoen rs~ad on the title
page, included the folluwing Asrojet persconel!:

Hardware Desipgn: G. V. Brerston
Engine Transient Cooling Characterisiice: R. L. Ewen -

P. F. Farr

. D. Mercer
Pexformatica Analysis: J. T, Ito
Heat -Flux Anslyeis: W. J. Bailey

M. J. Ditore

H. . Siegel

J. J. Willtams
Combustion Y:ability: ) D. A. McCallister

K. K. Wong
Catalysc Pack Operation Analyeis: C. J. 0'Brtan
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JOREWORD (cong,)

In addition, we would like to acknowledge the help of Mr. J. M. McCorrdck
of the Food Machinery and Chemical Corporation for supplying valuable technical
assistanca with regard to catalysta for peroxids decomposition.

This technical report has been reviewed and is aspproved.

Capt, J. T, Rosminger
USAY Program Managar
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UNCLASS D _ABSTRACT

The major cbjective of this program was the definition of problem. asso-
clated with the use of 982 hydrogen pcroxide (HZOZ) and Algnixine-bJ in a staged-~
combustion rocket rngine system. In the coolad version of the enzine conceived,
all of thé uzoz is used to regeneratively cool a secondary combustor (in which
Aluzizine-43 is burned) before the Hzo2 passes through the preburner catalyst
pack and the turbine. Conditions ascociated with operating this engine cycle
that require investigation are (1) the ability of azoz to cool the sccandary
conbustor, (2) integrity of the catalyst {sctivity, duradilicty) at higher

‘tempersture, (3) heat-transfer characteristics of 98X peroxide, and (4) the

effect that thormal decompositinn of H202 vapor may have on ths engine design.
The program was divided into two phases. Phass I (of six months duration)
consiste? of deeign and analysis, 98% uzoz experimarictal technology, and critical
hardware procurement for Phass II, This phase of the contract was conducted
Erom.June to Deceubar 1965. The results of Phase I indicated that 98% u202
would be s sattsfactory coolant and oxid{zer for an Alumizine-fueled engine.

Phase II wes initiated immediately following the conclusion oZ Plase I
and consisted of a weries of 20,(00-1bf preburner and stagad-combustion evalu-
ation tests. The Phase IT technical achievements includsed the completion of a
H202 cxperimsncal heec-transfer program, a pruburner test prograw, and a staged-
combustion test program. Satisfactory operatiosn of a 90% nzoz preburner was
demonstratxd at throughputs from 48 to 108.2 psim for two cacalyet configura-~
tions. Staged combustion at 3000 peia with 98% H202/A1um1§1ne-4i was demon-
strated autisfactorily with two secondary tnjector concepts. Heat~transfer
data on critical areas of the chamber and throat were obtained. The experimental
performance of the propellant combination was dctermined over a range of mixture
ratios with tuo different L" chambers. The performance of 90% H202/A1umizine—63
vas determined and compared to the 982 HZOZ/Alun1x1n¢~63 propel)lant combination.
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SECTION 1

INTRODUCTION
A.  PROGRAM DESCRIPTION AND BACKGROUND

) High=chasber-pressure liquid rocket engines incorporating tha
staged-combustion cycle and using storable liyuid propellants such as "2°a and
50% UDMH-30X hydrazine have been under avaiuation for som¢ time. Mission and
grovth-potential studies indicated that the perforsance of this eangine system
can be increased aignificantly by using ac propallants gelled mixturas of
hydrazine and aluainum powder with either '206 or 98% “202 as the oxidiser.
Further studies indicated that azoz provides significant advantages over Nzo
because llzo2 requires only s wonopropellent: preburner (which reducas the
complexity of the propulsion eystem); provides "on~board" life support and
lublyi:nn capability; and offers tha possibility of further performance
incresses through the use of gelled mimtures of hydrasine with beryllium powder
or light metal hydrides.

4

) In cthig advanced engine syetesm, all of the nzoz is decomposad when
passing through a praburner catalyst bad; tha decomposed 1(202 1, a hot gas
(oxygen and steamn) that {s capable of driving a turbine to drive the fuel and
oridizer turbopumps. The turbine exhsust then passes through & secondsry
injector vhere the fusl ia added tec be burned im the combuation chambar. The
engine system way or may not bs coolod, depending on design requirements. 1In
the cooled version, the “202 firet passsr through the coolant jacket of the
cosbustion chamber before entering into the preburner catalyst bed. Other
cooled variations are possible (e.g., parallel flow circuits fot the cooclant
Juckat and tha preburner). In the uncooled version, & tungaten-liried, zraphite
heat-gink chasber would be used for the cowbumtor.

(u) The combinad ves of H202 and metalixed propellants in a high-pressurc

ctaged-combustior engine systom veoquired further development in various arens of

P-gc 1
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1, A, Progrsm Description and Background (comt.)

technology: & high-temperature catalyst bed for the decomposition of 98% H202
nad to be developed; ths ability to burn metalized propallants and to resllze
high performance efficiency had to be demonstrated; and the fsssibility of
absorbing anticipated high heat {luxes in the combuaiion chamber had to be
established. An exploratory development program, divided into two phases, was
thercfore initisted at Aerojet-General Corporation under the direction of the
Air Force Rocket Propulsion Laboratory, Edwards AFp, California. Organization
and task structure of this progran are lhoyn in Figure 1.

) Phasa I vas primarily concerned with the avsluation of “202 ay a
prospective oxidizer and with a comparison of problems sssocisted with the use

of uzoz or Nzo‘. At the conclusion of Phase I, it was determinad that (1) “202
can be used ae & regenerative coolant for a high-pressure rocket ungine,

(2) the prospective materials of construction for such an engine are compatible
with 98X Hzo2 having & temparaturs as high ss 270°F, and (3) an experimental
high-temperature catalyst, under study at Food Mschinery and Chemical Corporation
(FMC) is acceptable Zor use in tha preburner. The techaical effort during

Phase I is summarized in Ref. 1.

B. STATEMENT OF WORK FOR PHASE 11
1. Iagk I-cExtended 99% 4202 Copvecgive Jisat-Traneler Experiments

(v) Convective hest-transfer expariments were to bo parformed to
evaluate the effact of tube material, velocity, heat flux, operating pressure,
and uther paramsters on the regenerative cooling characteristica of 98% Hzoz.
Tests were to be conducted to evaluate the repeatability of tast data and to
determine the effect of duration on the heat-transfer characteristics of

98% H2°2‘ Long-durstion tests vare to be conductsd for durations up to 10 min
of cumulative running time to determine possiblc changas in the cooling

Page 2
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I, B, Statewent of Worl. for Yhaes IL fcont.)

capability of 9P¥ H,0, ar & functien of tima. Thesa tests ware to be oparated
at various levals of heat iuput, covering tha rangs of approximataly 35 to 80%
of the short-duration burnuvut heat flux. Inconel 718 was tv be used for the
tube tast sections except in thoss tests in which tubs materisl was to “e
evaluated. Material eveluation rests wers to be conducted with Ty,e 347

stainless steel.

V) The transiemt éooltn; requirements for starc, shutdown, and
restart of a characteristie uzoz cocled wangine ware to be ovn;uaeod to obtain
design criteria and tdontify potential problas: arsss.

2. Issk IL--Preburner Evaluaiien

V) Tests were to be conducted with s preburner component using
982 u,oz ss 3 wonopropellant. Catalyst heds of two differeat throughput
(uzo2 load) configurations were to be evelusted during this phase of the
program, and an evaluation «us tc be made of the rwsultsat decowposition gas
tewperaturen, Satisfactory cperation of the preburnet sweemwbly wee to be
dezonstrated at 4 chamber pressure of approxi~ataly 4000 psia as a prelude to

Task III. Tne preburmer was te be sized to permit passage cf the total oxidizer

tlow requiied for a thrust chamber assembly with a thrust of eprroxinately
'20,000 1b at sea lavel,

3. Iask III--i teged-Combustion Svaluation

) - Scapsde-combustion tests were to bw conducted al approximataly
20,000 1Lf. All testing waa to be conducted at approximatsly 3000-psia chambar
presgura in the secondary combustion chanber. A rtationary prassure dropping
davice vas to be.installed between the praburner and secondary combustor to

create a pressute drop, The 3202 wonoprupellanc preburaer from Task I was to
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e used to generate dacomposed Hzo2 gas as the oxidizer for tha secondary
combustor. Tha fuel for the secoudary combustor was ta be Alumizine-43 con-
forming to the available military specification, MILeP=27412. All hardvare
was to be uncooled. At laast two diffaerent injector concepts for tha secondary
combustor wers to be evaluated. The best injector from this tescing was ta be
used for evaluating the effect on performance with a different chamber

length (L*). Data vers to be obtained to evaluata epacific impulse and
combustion efficiency performance; specific impulse efficiency of at least 87%
of theoretical was a program goal. The assembly wes to be fustrumanted with
high-frequency transducers and temperature ptrobes to evaluate cowbustion
stability and heat flux chsractoeristics, reapectively.

C.  SUMMARY OF ACCOMPLISHMENTS

1. Eatendsd 98%.H,Q, Nest-Transfer Riperimence

w The detailed results of the hea.-transfer tests conduc:ed

under this task are roported in Ref. 1. It we» found that the short-duration
burnout heat flux characteristics of 98X uzoz ware indapendent of oparsting
pressure and materisl. However, the lomg~duration burnout tests indicated that
the allovable heat flux, as a function of velocity, wust ba reduced to approxi-
mately 651 of that obtained in short-duration burmout test.ng. This phenomenon
existed in high-pressurs tests, and becauve of the limitations of the test
program, it vas not determined vhethez a long-duration burnout phencmanon axists

at lov pressura.

() The transient cooling requirements for a Hzo2 vegensrativaly
cooled chasbar at the 100,000-1bf thruet lovel were svaluated. It was deter-
mined that & potential transient cooling problem could eaist during the shut-
down of such an engine, and that the required propellant phssing and flow
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L. v, Summary of Accomplishments (cont.)

anirol for this condition should be studied co deteirmine the requiremencs for
start, shutdown, and restart. The study indicated that the shutdown transient
wis the most severe but found that eafe shutdown of such an engine zould bde
acconmplished 1if the instantaneous mixture ratio for the engine vere 2allowved
to shift toward the oxidizer-rich side and the turbine flow were controlled
_independ.n:ly from the jacket coolent flow.

2. Task 1I--Preburner Evaluation

() - High-pressure decomposition of 98X 3202 vas demonstratad over
a pressure range of 4150 to 4500 psf{ with chroughputs ranging from 48 to

108 psim. This was accomplished by using two different sixed catalyst packs
made from 4 high~temperature catalyst material (compressed screen configuration)
developed by Food Machinery and Chemical Corporation. [t was found that
predictions for the catalyst depth, wvhich vare usde as a result of tha subscale
cotalyst test conducted undar Phass I of this contract, were valid. An active
catalyst depth of less than 1 in. successfully d .composed all of the H2°2 at
the high operating presaurs. It vas also found that stable pack opearation
could be achieved with relatively low pressure drop (approximataly 50 psi).
From the temperature profile obtained during testing, it was detearmiaed that
pure silver screens can be utilizad at the entvy of the pack to {nitiate
decomposition without excessive silver meliing. Thiz means that the higher
cost, high-temparature catalyst can be used in smallar quanticies than
previously anticipatad.

3. Task IIl--Staged-Combustion Evaluation

() Fourteen high-pressure staged-combustion tests wers conducted
witi, Hquz and Alumizine at pressures rauging from 2650 to 3050 psi and at
“e .o ratios of 0.49 to 0.83 (oxidizer to fuel ratio). The desired program

.ol e gods of 874 of theoretical Ia was exceeded guring all valid tests
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bue one. An 1. efficiency range of from 89 ro 931 was demenstrared for the
~ixture ratio range studied, and the peak at 93X I. was achieved at a mixturas
catio of 0.72 and at 2 chamber pressurs of 3050 psia. Two basic injector
conflgurations were evaluated. One used & vane principle in which small tubes
wvere attached to the trailing edge of the vanes, and the second type used
relatively large tubas injecting the fual sxially tnto the cowbustion chamber.
Performance information was obtainaed frowm all valid tests, and heat-flux
measurements were made to determine the transient heat-transfer characteriscics
of this propsllant combinatiocn. The performance svaluation indicated that
parformence efficiency incresses with higher mixturs ratics., These data con-
firm analytical predictions which indicated that & greater percentage of
thaovetical performance can ba achieved with mixture ratios slightly above the
cptimum theoretical .xture ratio value. The performance data from testa of
the two injector configurations clearly demonetrate that high cowbustion

efficiency is achieved from fine dispersion of the Alumizine 'into the oxidizer-
rich gas.

w The tests conducted comparing 70-in. L* with 40=in, L*
chambers tend to indlcate cthat higher combustion efficiency can be obtained
with the 70~{n, L* chamber. However, two of the three tasts conducted with the
40=in, L* chamber wera at a lowar mixture ratio and the injewctor pavtern was
degraded by plugging of some of the fual injection tubes. The highest perfor-
mance achleved during all ceeting was at s mixture ratio of 0,72 with a 40-in,
L& chamber, Adjustments wers made in the data of the two tests conducted at
low mixture ratio in an attempt to coupensate for the maldistribution of the
propellant. 1t must be concluded from all of the tests conducted that 40-in,
L* is sufficient to obtain high combustion etficiency with this propallant
combination vhen a high performance injector is used. There are also {ndica-~
tions that less L* is required at a higher mixture ratio than at a lower

‘mixture ratio,
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L, v, swatary of Accomplishments (cont.)

W The measurements made of heat flux in the combusticn chamber
{ndicated good agreement with Colburn equations.

() The purformance characteristics of 302 Hzozlhluniztnc-hl wers
also evaluated. It was found that no parformance afficiency degradstion should
be anticipated by a drop in Hzo2 concentration, I. efticiency - f 90% vas
demonstrated using a modified version of the large tube injector.

D.  ORGANIZATION OF REPORT

(v Thia raport follows the general outline of the Statewmant of Work.
The threc¢ major tasks were: onﬁino tcansient cooling characteristics, preburner
evaluation, and astaged-combustion evsluation. Each of these sections stands
alone with irs own introduction, swmary, snd technical discussin:, The
conclusions drawn from this Phsee IT of the contract can be found in Sectionr V.,
Recommendations, based on the conclusions, can be found in Section VI followed
by appendixes and references.
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SECTION II

ENGINE TRANSIENT CCOLING CHARACTERISTICS
A. INTRODUZTION AND SUMMARY

w A high-pressure staged-combustion engine using HZOZ ard Alumizine
as propellants, can be designud to use either & ¢ooled or uncooled (heat sink)
combustion chamber. One of rhe cooled versions of this sngine would use the
azoz as A regaiaracive coolant. The heat-tranafer characteristics of 982
Hzo2 vere datermined in Phase I of this contract. These studies indicatad
thai 982 azoz can accept high heat fluxes, and the short-durstion burnout
heat flux is strictly v function of coolant velncity and appears to bde inde-
pendent of the coolaat static pressure.

) Ragenerativaly cooled, high~pressurs combustinn chember design
studies ware also made at the 100,000=1bf thrust level. These studies indi-
cated that such a cowbustion chamber would requirs a thirmal tarrisr (coatirg)
to separate the tube wail from the hot cumbustion gas aud thus limit the tude
wall temperaturs to an accaptable opezating level., For mors information
concerning this design and the heat-transfer characcteristics of HZOZ’ see

Ref. 1 and Z. .

()] Many liquid rocket unginea hava baen dev( oped i1 which a mono-
propallant has been used for coolant of the cumbustira chamber. Transient
codling problems could occu:s because of fmproper propellent phasing during

-the start and shutdown of the engins. Such problems exist for twu vecsons:

(1) the hest flux in the combustion charbar during ths engine transienty ls
not dire:tly proportional to the tcansient coolant velocity, and (2) during
shutdown, residual heat in the cuoling jacket can cause & bulk teaperature

rise in the coolant that can subsequantly result in thermal decomposition.

These problens are furcthar eggravated by the energy stored in the riquired

thermal barrier.
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Ii. A, Introduction and Summary (core.)

) . The purpose of this sfudy was to analyze the shutdo'm transicad

cf a 100,000-1bf engine combustior chamber, vperating at a steudy-state pressure
of 30C0 psi, to determine the propellant phasing required to eliminate the
possitility of coolant tube feilure. It was considered that [f the ahutdown
tranaient could be accomplished sstisfactorily, the start and restart conditions
could also be solved. To this end, a transient tharmal snalysis of the. con-
buszion chamber wag conducted to indicate feseible modes of engine whutdown.

) Two types of anilyses were conducted as part of the shutdown
investigation. In the first rype, various valve resistance transients wera
assumed, the engine flows and pressures were calculated, and the reoults were
used for wall cooling analyses at the throat of a thrust chamber with a& thin
aetal-onide coating. Tha engine was astumed to have only ii-plc resistance
valves in the fuel and oxidizer linos. It wae found that the high thermal
resistance of the coating, which 1s required to meet steady-state tube wall
temperature limits, forcea the iwat flux to the coolant to decay slowly,
relative to the cuolant flow decay as long as the combustion gas vecovery
temperatuire remains high. As a result, a severe tube wall burnout condition
develops as the shutdown transient proceeds. To reduce the combustion gas
temperature, an oxidizer shutdown delay was used to increase the secondary
combustur mixture ratio. However, it was found that the oxidizer lag which
the postulated engine system can zccommodale without excessive pécburncr pres-
sure and turbine speed during shutjown is not sufficienz vo eliminave the
barncut prohlem. Tt became apparent that the simplified engine control system
would not produce the proper flow concrol for a safe engine shutdowr. However,
a modified control system, in which the turbine flow and coolant flcw are
independ=ntly controlled, should sactisfy rhe requirements for the shutdown
transjent. The flow requirements for such a control system were evaluated in
the second parn of the <cudy., This investigation wau orizntod toward estab-

Proiiey the rixture ratio transient required to solwve the “urnout problen.
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i1, A, Introduction and Summary (cont.)

Fer this purposs a typical pressure decay transient was agoumed on the basis
of the previous system studies without oxidiser shutdown lag. A mixture ratio
transient reuching 15 (oxidizer tc fuel) in 0.5 Jac vae tound vhich yields
dacreasing wall temperstures and no degradation of the burnout margin during
the shutdown for the thin cbating. In addition, the coating surface tempera-
ture decay was such thac a criticsl temparature~mixture ratio coubinarion
«xigts for only 0.1 sec. Therefore, the prescribed transient will cause
little or no erosion and/or oxidation of the coating.

) Preliminary analysis of & tungsten-coated (thick coating) tube wall
revealed that the increased heat capacity of this coating significautly
aggravates the shutdowm burnout problem, thus dictating that s fsater increas:

in the secondary combustion mixture ratio would be required thsn that neaded
for the thin coating.

B.  TECHNICAL DISCUSSION

(W Tha shutdown transient analysis was accomplishad in two parte:

engine flow analysis and locsl chamber wall snalysis. Fuel and oxidizer valve

resistance traasients were the forcing functions for the flow model, which

defines four engine flow rates: (1) the coolant or oxidi. sr flow, (2) the fuel

flow, (3). tha turbine flow, and (4) the secondary conbuntqr flow. At any
instant during the shutdown transient, the turbine flow cxcoido the oxidizer
flow, and tha secondary combustor flow is greatex than t..e sum of turbine and
fuel flous because of the praessure trangients {n the preburner and secondary
compustor. A computer program was designed to datermine these pressure transients,
as wvell as the turbine speed, ueing backvard time differencus to represent the
differentfal aquations involving these variables. The resulting engine System
equations wvere solved iteratively at ¢ach time step using an outer iteration

loop which adjusts the two pressures simultaneously and an inner iteration loop
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to determine the fuel flow rata. Detaile of the angine system model are gilven

‘v Appendix I, Section A, and the computer program is desciibed in Appendix I,
Section B.

w) The results of the engine flow analyais wore used ar the input to

a local=-chambev-wall computer program. Analyeis of local tube wall and coatiag
temperatures and heat fluxes way tased on an approximate {ntegral method of
solution of the corvesponding one-dimensional conduction equaiions. Quadrevic
teuperature distributions with time-dapendunt coefficients were sauumed {in both
the tube wall and coating. The resulting trensient energy baiances were
written {n terms of the averagn coating and tube well temperaturss (see
Appandix I, Section C). Howaver, solution of thass oquuttonn(l), couplad

with the sesumed temperatuss distridutions, provided transtient tenpersiures sud
heat fluxes acroes tha chamber wall at & given axjal position. In thias study,

only the throat was evalusted becausse the most severe heaiing condition exists
ir this area. '

) Figure 2 shows schematically the intervelation of the parts of the
analyais and tha evaluation of shutdown criteria from them. Two local thrust
chamber criteria wore satisfied in detail in this investigation: the coating-
tube wall interface temperature must not axcesd its steady-state value, and
burnout=heat-£1lux :atio(z) must not excead its steady~state value, As noted
in Figure 2, two additional criteria wuet aleo be considered. First, tha
combustion chamber mixture ratio tuat be corxralated with the coating surfacae
temperature so that erosion or oxidation of tha coating {3 negligible. Bacause
this criterion cannot be spacified in detail at tiiis rime, the invactigation

(1) Again the implicit backward differerce merhod was uned, as described in
Appendix I, Section D.

(2) Burnout-heat-flux ratio is defined aw ths predicted heat flux divided by

the heat flux at which tube burnthrough will occur under the exi{sting
flow conditions.,
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I1, #, Technical Discussion (cont.)

sought to mini{mize the coating surfaceu temperature for mixture ratics sbove
stolchiometric. Second,. the coolant bulk temperaturs wmust not exceed spproxi-
mately 270°F in order to prevant thermal dccomposition of the uzoa. This
requirement vas not evaluated sxplicitly, becsuse it is so closely related to
tha burnout criterioe. Insswuck as the burnout~hedat~flux ratio and the bulk
tsmparature rise are both controllsd by the ratic of coolant heat flux to
coolant velocity, it was sssumed that the therw .l dscoamposition criterion {s
met if the burmout is satisfied. 3} Scction B of Appendix I tndicates how the
transiant bulk temperatures zan be calculated for am axplicit evaluation of
the thermal decomposition erictarion.

(n System limications were also considered, beacause &u increasing
nmixture ratin in the combustion chamber could result {m en increase ir
turbine pressure ratio, thus causing an incresss in turbine apeed and
correspondingly an increass im preburner pressure. Beveral engine shurdown
concepts were svaluated, assuming various oxidizer~ and rusl-valve rasistance
transients. These cases clearly showed the intersction of the various system
components durting shutdown and, particularly, the potential heat-transfer
problem areas in the sscondary combustor during the shutdown transient.

) Two chamber designs, one with s thin metal-oxide coating and one
with a thick tungsten coating, ware considerad in the analysis of shutdown
trsnsients. A satisfactory secondary-coshustor flow transient has bean
determined for a thin (0.020-in.~thick) coating, but the more complex problem

of a thick tungsten costing (wvizh & higher heat capacicy) wes not thoroughly
analyzed. '

) The engine flov system sud chamber-wall analyees conducted during
this contract are discussed in the following paragraphs.

(5) This cona{deration also permitted use of steady-atste bulk temperatures
as g good approximation ir. the local chauber-wall analysis.
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11, B, Techni.al Discussion (cont.)

1. Engines Flow Systam Apalysis

(u; Tte computar program was uted to evaluate saversl angine
flow condicions. In esth case studied, {2 was casumed that shutdown is
complete when the pressure in the combustion chsmber decreases to 10X of the
steady-state valus. This aseusption waus necessary to ensure that the calcu-
lated traasicnts do nct approsch sevo and invalidate the systom equations.

) Although sany transients have veen {.vestigatad, only two
casaz are discussed in detail in this report, because they clearly show the
syster regponse during shutdown and because they define the problsa areas. In
the first case, both valves weve closed eimultaneocily in 0.5 sec; in the
seccnd case, the cloeing of the uxidiser valve wes deliyed 0.10 sec, but both
valves were still clcead by C.3 sec. The valw resistance transients for
both casex are shewn in Figure ). Because tenistance was specified as a

ratio of valuss during the trsusient to valuss during steady state, the ygems
ratioc was applicabla to both the fusl and the oxidizer valve in the firut case

considered.

) The results of closing both valves simultanvously are shewn
in Figures & and 5. Figure & shows the resuiting flov-system transients. As
will be noted, the transieuts appear reasonable, and the -inun-uue EXCUT"
sion in the secondary cosbustor has baen coafined to a narrov tregion Letwesn
1.0 and 1.26, which {e consistent with the costing erosion criterion. Of
particular interest ie the fact taat very little departure from staady scace
occurs until about 0.45 sec; at this tima, the resistance of the valvas
increasas by a factor of 10. The sssumd i{nitial valve resivtances vw.re very
sm.ll conpared to those of the total syeter and thus a large clizigo vas

12quirad to wffect the fiovw system.
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11, 8, Techinlecal Discussion (cont.)

) Figure 5 shows the thermal response of the sacondary-
conbuator wall (at the tircat) with the thin oxide coating. The plot of wall
terperatures indicatas thet the coolant-~e{de wall tempnrature (TL) app ‘oaches
1500°F, which couid produce “202 decomposition; the tempesrature of the
coating (Tc) decreases satisfactorily and the temperature at the intarface
betrwen coating and tube (Intérrace temperaturs, Ti) remair almost constant.
Anothur parameter of interest was the coubustion chamber burnout safety factor
(Figare 5, Plot B). It can be gseen {.om the curve that a tube burnout is
predict 1 although the inside hest £lux (to the coolant) appears tc be
dropplng satisfactorily. The terwm "eafety factor' is definad as tha racio

uf ti:a transient burnout~hest-flux ratio norualized Lo the steady-state
burnout=hast=-flux raide.

w) Althongh the abovs valve rasistanie transients are sstis-
ficzory for the flow syatem, the combustion chamber would fail because of the
turnout phanowmencn. Sacausa of rhe high therual resistance of the coated wall
relative to the gas-side and liquid«:ida ronvection resistances, thc.hcnt
flux to the coolant uacreawed at & wuch slower rate than the covlant flow.
This car be sltered by incceasing the mixture ratio early in the shutdcun
trunsiont until the combustion-gae recovery temperctuce is reduced. Tha
mixtura vatio is increased by simply discontinuing fuel flow and continuing
oxidizer flow (oxidizer lag on srutdvwm), '

()] As indicatad sbcve, the cese selected fir discuesion (s one
‘n which the oxidizer valve is delayed 0.1 sac and hth valvew are clossd at
0.5 sec. The valve resiutances durirg the transizut for thia case sre also
shown {n ¥igure 3. Figure 6 shows the engine flow~systox respcnge to this
transient. It should be icted that the oxidizer flow, praburner pressure,
and turbine speed incremse abova their atsady-state valuss during shurdoun.

This abnormality was caused by the fact that, in the flow system constdered,
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Figure 6. Advanced Staged-Combustion Engine Flow System Shutdown

Transient=«0.l+gec Oxidizer Delay, Botr

at 0.5 sec

Page 20

UNCLASSIFIED

Valves Closed



- b [~ [~} —t [ [ iine s [ ———

— watl

DS BN

ey s S
Witukito ut Tl

‘1, B, Technical viscussion (cont.)

4ll the oxidizer passes through the turbine. Thus, since the work required
to drive the fuel pump is reduced with decreasing fuel flow, the turbine
tends to overspeed and pumps more oxidiger at a higher outlet pressurcs. It
was therefore decided to confine both turbine 6varcpend and excess cuamber
pressures to no more than 10X of thelr stesady-scaie values. The perticular
casa evaluated, in which oxidizer flow is delayed 0.1 sec, very clossly
approaches these limits and ¢ discussed to show the maximum effect on the-
assuned flov system that can be produced by valve ltqu.nﬁing. Modifications

of the system hydraulics are passible to permit bypass control, but such
variations were not evaluated.

() The tharmsal responsu of the chamber wall for the oxidizer lag

case {3 showm in Figure 7. It should bs noted that wall temperatures and

safety margins are satisfactory until midway through the transisent. A further

shift to higher mixture ratios is necessary to control the remainder of the
tranglent,

) No modifications to the flow system have been investigated
because the primary objective of this study vas an investigation of the
thermal asptcts of engine shutdown. Subsequent effort wvas concentrated on
specifying a sstisfactory shutdown transient purely on the basis of heat-
transfear chacvacteristics of the combustion chember. This transient, in turn,
may be used as a guide to detsrmine the flow-system modifications that are
required to achieve a satlsfactory shutdown,

2. Ad er-Wall 2

) Two approaches to the thurmal-barrier problem were evaluated.
The first, lncluded {n the inftial shutdown calculatfons, considerad a mixture

nf metal and mecal oxides with low thermal conductivity. Tnasmuch as a

coating with a specif{ed thermal resistance {3 required to satisfy the
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Figure T. Advanced Staged-Combusticn Engine Chamber Wall Shutdown
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T, &, fceunical Discusainn (econt.)

steady-atate cemperature limita ionr of the tube wall, cthis thermal barrier
is quite thia and consequantly has a low heat capacity. The second approach
considered the use of pure tungsten. Since ths thermal conductlvity of
tungsten is iigher than that of the oxida coating, the tungsten coating

rust be thicker te limit the steady-state nsat flux to the coolant jack~t.
Also, the thick tungsten coating iv & good thermel heat eink and thus
ifucreases the required oxidizer iag on shutdown. The transient requirements
for the thin coating duriayg shutdowa wers determined first bdocause they may
be evaluated rore esasily ard served as a guide fur the zore difficult task
of evaluating the thick tungstea cunting. -

a. Thir Craving

V) A study wes meds to Jetevuine the mixture-rstie
axcursfon required during th.. shutdewn traveisnt for & chamber vith a thin
coating., For purposes of this study, the assuzird pressurs kvansien® was that
diecussed earlliur for the casa of c¢loui:z, both valves vimultanecusly.
Neglecting the energy storad in both the rude wall and the coating, steady~
state afquationd may be used to predicc wall iemparatures, heat fiuxes, and
safery wargins for any assuwnizi oarstiay coeditivns. These quadi-staady
calculacions ware uped to vbtain an ‘aitial ectisate of the aixtusr ratio
excursion required fc' a ronutost normalizead burnmout heat flux safety fuctor
of 1.0; the rasultsnt curve of mixture rvatio versus relative chamber pressu-e
is shewn in Flgure 8.

() A parelvis study was then conducted uilng tha thermal
section ot tha computar prugram and the assumed pressure transient, using the
Guagi-steady calculations of Figure B a3 a guide. The flnal calculated

wixture ratio transient at shutdown, which resulted {n an essentially constant

bumout safety factor of 1.2, 'w slsc shown in Figure 8. The magnitude of
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11, B, Technical Discussion (cont.)

ths mixture~ratio shift required when changing from quasi-steady to transient
conditions shouid be noted; it indicates the saffect of tha tube wall and
coating enargy storage.

0] Figure 9 shows the required flow conditions during the
transient for the combustion chamber as welil as :. 2 thermal responsa of tha
chrmber wall. The flow during the trsansient (Figure 9, Plot A) indicates

" that a mixture-ratio excurcion from 1.0 (stesdy-atate condition) to a finsl

value of 15 {a required at the end of the wagine shutdow. As indicated
abuve, ths normalized safety factor related to burnout is cssentially constant
at 1.0. Of psrticular inturest is the plot of well tempesratures (Figure 9,
Plot B), which indicates that ull tempervatures are decreasing throughout the
traneient. The surfece Lemperaturs of the coating is reduced to about 3800°FY
as the chamber mixture ratio passes through stoichiowstric, and remsins
betueen 2500 and 2800°F for only 0.1 sec.’ Thum, the prescribed transient
appears to be satisfactrry and will cause litela or no erosion . and/or
oxidation of the cuating. ’

b. Thick (Tungeten) Coatiug

w : The thick costing wes studied by using tie flcw trene
sient specified for tiae thin coeting; the rzsults zre shown in Figure \0.

It will be noted that thu chamber burnout~hest-flux tactor raaches a peak of
about 1.6, which {s not acceptabla. The resson for the pesk is shown cfoarly

ir. the plot of inc{dent heat flux and heat flux td the coolant during shutdowm.

The difference tetweea the fvo values is the vate of change of energy stored
in the wall; this energy is absorbed by the coolunt during the tranaient.

To reduce the heat flux to t¢he cooinnt. the incident; flux to he wall must
be reduced much earlfsr in the shutdown; this can be accomplished only by a

more rapié mixture-ratio e cursion during the transient,
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11, B, Technical Discuesion (cont.)

(V) This study indicates that a 100,000-1bf thrust level

H202 regeneratively cooled chamber with a thin protective thermal barrier can

be shut down safely 1if peroxide coolant flow is controlled independently of
turbine flow. Howvever, the specific conditions for the actusl engine system
requirs further study to sccurately define the control system requirementa to
obtain safe shutdowm wmodes.
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SECTICN I11

PREBURNER EVALUATION
A.  PROGRAM OBJECTIVES ARD APPROACH

V) The preburner evaluation portion of this program had as {its
principal objective the demonstration of high-pressurs (4000 psi) catalytic
decomposition of 98% uzoz. Other cbjactives were to evaluate the effect of
bed loading (throughput)(4) on the catalyst behavior characteristics such as
tenperature profile, stability, and pressure urop. The preburner evaluation
prograa was to culminate ‘in the demonetratiuvn of a high-pressure catalyst
agsenmbly capable of producing a stable flov of homogensous hot oxidizer gas
for staged comdustion with Alumizine-4).

W This saction ~onfines itself to a discussion of the five tests that
ware necessary to dawvelop tha preburnar. Preburner rasults obtained during
the stagsd-combustion evaluation are presented {a Saction IV of this raport.

) The hasic inteat of the uverall program vas to demonstrata, st a
thrust level of 20,000 lbf, the fesstibility of s 98X nzozluu-uuu-u propel-
lant system. The goal of this particu of the progrem is tu provide a workable

. “202 praburner for subsequant etaged-combustion use to aid {n fulfilling that

intent. With these premises as guidelines the approach teken was to perform
all the high-pressure tests with uncooled, rugged hardware and employ only
short~durstion tests to obtain the desired data.

(W In keeping with this philosophy, hardwars with at least a satoty
factor of 2 was designed (Ref. 1) and fabricatod. The prebummer design was
based upon existing high-temperature catelyst technology and {ncorporated design

T4 Throughput (3 in expression for flow rate through a catalyst pack and |-
expressed in psim: : pounds of peroxide
square inches of catalyst pack frontal area x minutoes’
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111, A, Program Objactives and Approach (cont.)

(5) aud tesuted on ; subscule basiz during Phase [

{vatures recomménded by TMC
of the contract (Ref. 1). It was the intent of the preburner program to conduct
s tast evaluation to tartify, not develop, & cacalyst material. FPortuitously,
the Age Catalyst Company of Buffalo, New York, in conjunction with FMC, had
developed the Ageite series of high-tempuraturs hydrogen peroxide decomposition
catalyst materiale prior to the inception of this program. Therefore, this
approach could logically be taken and the usahle throughput range of the catalyst
packs could be and were expevimentally dstermined.

w . ‘ In support of the preburnet iwaluation. certain supplementary
engineering investigations were conducted. These inciuded s thaoretical evalua-
tion of the probability of low-frequency instability occurring as a rasult of
system-coupled effacts, the evaluation of an actual 1ov~froqu¢ncy inotabilicy
occurrence (Testc 1.2-01-AAC=005), & start transient and preburner operation
analysis, and analysis of catalyst performance.

3. TECHNICAL DISCUSSION
1. Hardware

a. General

wn In designing the preburnar aseembly, the ;ovoining philoso~
phy was to design components to obtain a maxisum in operational flexibility and
simplicity. Also, because the program was concerned primarily with evaluation

of an advanced propellant system, not hardvare development, hardware ruggednens
and depepdabilicy vere accented, These design objectives warw {mplemented by

maintaining the same bolt hole circle size, seal size, bolt size, and bolt

(3} Foou Maxhxu;;; and Chemical Company, supplier of electrolytic 98% H,0,.
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I11, B, Technical Discussion (comnt.)

length throughout both the preburner asveambly and the secondery combustor. The
previously mantioned minimum safacy factor of 2/1 was maintained throughout the

atructure.,
b, Preburmer Structural Design

v Design paraseters for the praburiuer assembly are showm
in Table 1. The preburner configuration was designed to cover two diffevent
throughput ranges. Thess throughputs were nominally 40 peiwm (low throughput
configuration) and 80 psim (high throughput coniguration). Tla preburner
astembly was designed 0 that the two catalyst configurations matched the
interfaces of the adjacent coaponants.

W) The preburper assembly in its final form is shown in
Figure 11. Preburner design wes based both upon recommsndations and consulta-
tion with Mr. McCormick of Food Machinery and Cheaical Company and upon the

data derived in the subscale catalyst program conducted during Phaase I of thi-~
progran (Raf, 1). The latter program strongly influsnced pack design parameters
such as pack length, scresn orientation, and ecreen selectlon.

) The catalyst pack is made up of an entrance manifola,
sntrance orifico plata, catalyst screen (active and passive), and an exit
orifice plate.

)] Stainlese steal (Series 347) was used as the material of
construction for all preburner cumponents. This materisl was selected because
of its excellent structural properties at high temperature and {ts compatibility
with uzoz. The catalytic decomposition temperature of 98% llzo2 is approximately
1800°F. However, exposure to this tempersture would produce cnly transicent

heating effrcts in tho preburnar structure, because of the short duration
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Pigaweter
Through.put at MR = 0.s(®
(nominal design point)

Throughput at MR = 1.0
(off-design muximum)

Oxldizer flow at MR = 0.5
Oxidizor flow at MR = 1,0
Chamber presgure

Lias temperature

UNCLASC'FIED
Report 10785-F, Phase 11

TABLE

PREBURNER DESIGN PARAMETERS

Sxmbal Ynlcs
™ ' plil(b)
Y 4 psim

_ ﬁo lba/sec
ﬁo lbm/sec
'PC peia

*

TCP ¥

Valye
(Low) (High)
40

61

22,0
na
4500

1730

a0

122

(1) MR refers to the thrust chamber wixture ratio of total waight flows of

98% Hy07 to Alumizine-4d.
(b) Pounds per square inch of catalyst pack frontal srea tines minutrs.
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110, G, Technical Discussion (comnt.) j

(5.0 sec) of the testg. The inlet manifolds, catalyst housings, chambers, and
nozzles were all machinad from forged CRES 347, The remaining components vere

fabricated from CRES 347 slate, bar, or tubing.

wn " High=pressure Conolcnl(6) joints, were incorperated into
the preburner as the flangs seals. This type of metal-to-westal seal has pre-
vicusly buen used suc:essfully ia othar Asrojet highepressure componant test
programs. Thus, no alastomsr-type seals were used in any of the liquid uzoz

circuits.

4)] : ‘ As shown in Figure 11, & seven-orifice turbine simulator
vas designed using the compressible gas-flow through-orifice relacionship
described in Ref. 3. The turbine sim:lator reduces rthe pressuze from a level of
Letusen 4000 and 4500 peia (depending on balance requiresents) at the c-talylé
pack outlet, to s level of about 3000 psie--the decired operating pressurs for
the aecondary combustor. The pressurs drop Lls similar ¢o that anticipated forl

a turbinn in an engine.

w To parfors praburner testing, & hcchpprolouéc nogzla was
also dasigned and fabricated (ree Pigure 1l1l). This mouzle, in conjunction with
the turbine pimulator, allowed accurate simulaticn of the staged-combust ion

oxidizer flow and prescure conditions.

()] The assewbly aleo incorpoviied a chusber seccion which.
servad as a ges flow straightening section. Gay turbulence suticipated at the
outlet of turbine simulator cauld cause poor MR distribution end oxidizer-vich
zones across the face of the injector which ia turn could produce erosion of

th) Cunoseal Ls the trace name for a metal gaske: produced by the Marman
Division ol the Aeroqu’p Corporation, Los Angeles, California.
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3, Technical Discussfon (cont.)

dowvnstream ablative and tungsten componenta. The inside diameter of the chamber,

5.0 in., was salected to maintain a gas velocity of about dach 0.3, in keeping
with current design practice for gas generators.

c. Catalyst Pack Design

wm Tha catalytic decoaposition of 98% nzoz is an exothermic
reaction in vhich the tempersture of reaction is almost entiraly a function of
peroxide concentration and feed temperature. Prassure appears to have 1i.tle
effact although this has not besn conclusively demonstratad. Figure 12 shows
the relationship of decosposition tempuraturas to concentration and fead
temperature. Decomposition Cemparatures ia the range oi 1730 to 1800°F may be
anticipated. If pressurs has an effect, the dacomposition temperature cen be
expected to be closer to 1800°F. Therefors, pure rilver screens which perforn
very well with 902 uzoz cannot b8 used g8 tha sole catalytic waterial for %3%

HZOZ becausa the melting point of eilver 1s 1760°F. Other higher-tsmperature

X .
.
®
o
N7
4
¢
]

. R Pl [ ] [ ] o Snacs e -

catalytic screens sust be used, particularly in the high-temperiturs xone of the
catalysu nack., Silver may be used in the forward end of a pack to asyist in the
iniciation of the decompoaition wince this portion of the pack remalns relatively
cool.

4] Two axial flow catalyst pack configurationa ware designed.
Both of these incorporated high-temperature catalyst materials which effectively
resisted the temperatuces encountarsd from %8X R,0, decowposition. “hase

272
catalyst materiels. Ageite 220 and Ageite 225, are under a patsnt secrecy
ordcr(l) and their coaposition cannot bs revealed at thia t'me. The two

configuratiors ware: (1) a low throughput pack to cover tla peroxida loadlng
range of 40 to 61 peim; »nd (2) & high throughput pack to cover the rangc 80 to

- —————— S ———

(l)Unicud States Patent Office Secrecy Order covering patent application Serial
N.. 473,326, Uecomposition Catalyst, by James C. McCormick.
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122 psim. They were 6.50 and 4.58 in. in diameter, respectively. {(Nate: &0
and 80 psim correspond to an MR of HZOZ/Alumizinc-AJ of 0.5 while 61 and 122
psim correspond to an MR of 1.0.)

4] : The design of the axial catalyst packs and certain other
festures of the preburaer configuration were based on existing high-temperature
catalys: tachnology provided by the Food Machinery and Chemical Compary, the
supplier of electrclytic 982 HZOZ’ and the subscale catalyst evaluation conducted
during Phase I of the program (Ref. 1). From these two sources, such parameters
as catalyst depth, throughput, cacalyst pack compressicon, pressure drop, and the
number of active screens wars derived.

) . Soveral {wportant dec .. considerations were taken into
account based on the above cited experience. First, the introduction of the
1iquid peroxide inte the pack was found to be very important. Excessive volume
in the inlet manifold could lead to unstable behavior during the decomposition
raaction. On the other hand, sxcessive valocity ia the inlet manifold could
produce unequal distribution of peroxide flow into the pack. These undesirable
effects ware countsred in seversl ways. The kinetic effects of the peroxide
entering the mainfold st 21 {t/sec were eliminated through the use of baffle
plate located directly oppositce the inlet line (see Figure 11). Next, the
voluae in the manifcld wes contoured to maintain 7 to 10 ft/sec H202 velocity
across the inlet plats tu the catalyst pack and to minimize manifold voiume.
Finally, the inle: plate was drilled in a uniform pattern of holes to yield
about 25% open area and give equal distribution of liquid peroxide as it nassed
into the pack.

) The catalyst pack itself was composed of a compressed mass

of die-cut screens corresponding to the diameter required for low throughput

(40 pstin) and high throughput (80 psim). Details of the gscreen arrangement -~av

Page 17
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111, B, Technical Discugsion (cont.)

be found in Section 111,5,5. Tht z22tive scresns, 70-mesh silver and 20-mesh

Ageite, were placed in tha forwerd end of the pack to initliate the dacompositiom
reaction. These screens were altarnately intersparsed with lé-mesh inert
nickel-manganénc screens. It was possible to usa a fairly tight mesh size in

this part of the pack and thereby realize s rslatively high catalyst surfacs

area, bscause the peroxide was still in the liquid phass. The lower portion of

the pack was made up of l2-mesh nickel and lé-mesh nickel-manganese screens

vhich act as thearmsl catalyst to sustain the reaction. Tha anticipated pressure

drop was about 60 psi.

The scrsens wure compressad with a load to induce a

)
Experience (as nreviousaly notsd) indicated that pack

compaction of 4000 psi.
stability was dependent on the maintanance of this compression during operation.

Consequently, the length of the pack was messured vhile the pack was being
compresgsed in a precision hydraulic opsrated press. Whea the pack was fuserted
into the preburner housing, Type 347 stainless-setesl shims were used at the

forward end to maintain the depth corresponding to that neasured during the

compression operation. A soft aluminum spacer was also used at the forward end

to absorb possible thermal growth during fitving.

w) The active acreens were interspersed with nickel-manganese
screens to also prevent flow of the softer, active metals into each other during

compression and operation. This technique was successful in maintaining a high

catalytic surface aves.

Two anti-channel baffles were used to prevent chanreling

)
Split rings made of 347

~f the peroxide along the sidce of the catalyst pack.
CRCS, resembling piston rings, wevre inserted between the screens at strateyic

points in the pack prior to pack compression.
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Lly, 5, Technical Discussion (cont.)

) The catalyst depth war selectsd baved upon a corralation

Jlscussad im Section IT,B,S.

seicctod was propar,

v) The pack was supported by a drilled multiorifice exit plate
having an open arsa of 30% and a heavy "wagon-wvheel" suppsrt ntructure to resist

The test results indicace that the pack deprh

thermal and load stressca during preburner opecration. Spacers were includud in

tne design between the ''wagon-wheel” and tha exit plate to permit large changes

in catalyst pack depth.

d. Instvumentation Prouvisiomns

w Tha placemant of instrusentatiou is shown schemacicaily

in Figure 13. The przburner wae fully instrumanted to measvre tha followin:

functions during each tast.

1)

Iemperatyrs mgagurgpent-~sheathed chromal-alumcl TC's

at:

(a) Inlet manifold to cataiyst pack.

(b) At least fuur stations in pack to obtain a
temperature profile as a function of caltalyst
depth.

(¢) Pack outlet.

(d) At leant thrse locatrons ia chamber saction.

(e) Entry to nozsle,
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111, 3, Tectaical Diiscuesion (cont.) g
(8) »
¢ (2) Preasurs mesgurement-—Taber tranaducers at:
@
(a) Inlet ~ifold,
(%) Outley . pack,
{e; At . %% o locations in chambar, - »
! A fdy .. - te » .ile.
(¢ M -esle.
]
M BLG s . voketdns=-Photocon‘®) Medel 307, >
A wat oo AN feie ancy capacitance-typa trans-
l ducwa.
; (a) Inlec 'nntrald.
(b) Two locaticns in chamber. »
‘ ! {c) [Eatry to nossle. '
A1l instrumentation ports were loiated in ths upper
I portinne of the hardware to obtain self draining, and ptrevunt accusulstion or :
) ‘ trapping of perisxide. . > ®
2. Msshod of Iessina
l a. Preburner $tarct Transient and Operaticn Analysis »
] 1 /
w) . An analysis to evaluate the sterting raquirements snd
operation of tha preburner was conducted. This aaslysis took the following
I factors into coreiderstiun:
i
¢ |
9 .
(B)nb“ transducers, a product of Taber Inatrument Corporution, North Tonawanda,
- New York, 14120. _
(9)Photocon transducers, a product of Photocon Research Products,
Pasadena, Cclifarnia. »
(|
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[11, B, Technical Discussion (comt.)

(1) The servo-controlled intensifier system (Figure 14)

uses the discharge pressure as the control feedback sigral.

(2) The catalyst may fail to initiate decomposition of
the H,0, with the ptedetermined rising pressuze scheduls,

(3) Pulse starting of the catalyst would not be feasible,
bacause the high supply pressure would produce sxcessive flow during tha time
prior to initiation of decomposition of the K,0,.

) Start transient malfunction-shutdown criteria wers based
upon the '"no=ignition" factor. Because the feec system was on closed-loop
pressure control, the preburner was started at low pressure (abbut 300 psia)
and low flow rate (about 2 to 3 lbw/sec) by using a small valve and orifice
that bypassed the main thrust chamber valve. Tha chamber pressure which would
result from Hzoz decomposition was estimated, and & pressure switch was set
near this value to make contact within a specified time period eo that chamber
flooding could be prevented. Tha pressure switch then initiated a timer that
was progrnn‘d to allov tha catalyst to heat by decomposition aof the blaed uzoz.
Upon complation of the heating-up period, 2 to 3 sec im duration, the supplv
pressure to the preburnar wae increased linearly from 300 pai to about 43500
psia. Tha main thrust chawbar valve opensd limultaicouoiy. The pressurs rise
(also called staging and ramping alsawhere in this report) was timad for 1.0

to 1.5 sec.

) A sscond praossure switch preset at 3500 psia was included
in the system as an indicator that decomposition of the Hzo2 was sustained
throughout the presaure ramp. Fallurs of this pressure gwitch to actuate within
a specified time period sutomatically inltiated the shutdown sequance, Thuy,

a floodlng condition was avoided.
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(ii, 8, Technicgl Jiamcussion (cont.)

<) The requirements for obtaining intensifier flow conzrol
rather than pressure convrol were also evaluated., The snalysis indicated chat
an analcg simulation of tha intensifier system would ba nexded to evaluate the
vatlous mothods of gemerating t.aa flow feed-back signa)l to tha servo-valve
gystem which controls nitrogan flow on the gas aide of the differsntial piston.
(Sce nax: sectivn for & description >f the tert facility.) Costs wers sstimated
for completion of thiw analysis, for procursment of a modified conirel natwork,
and for chackout of the system. Cost analysis indicated this modification tc
be significantly beyond the scope of the program. It was also detarmined that
this type of control was not pecessary for the preburner testing since no throat
eroslon would be expected. Throat srosion estimates for the cecondary combustor
indicated that the throat dismeter would change insignificantly in the short-
duration tests planned. Thereforse, the wore sophtieticated flow control systen
did not sppear warrvanted. Teat expericnce confirmed this convlusively.

V) Preburner operation vas also examined for the flow
conditions nesded to increase staged~combugtion mixture ratio from 0.5 to 1.0,
These oxidizar flow rates were 22,0 and 31,7 lb/sec, respectively. The deaign,
as presented in Re‘. 1, vas based upon a nominal catalyst pack throughput
preburner. At a mixture ratio of 1.0, thase throughpute lncrease to 61 and

122 pesim, resprotively.

w) The poasibility of bypassing & =sortion of the Hzo2 around
the jack and thermally decomposing the paroxide in the hot-gas stream “:as also
considered. This concapt is entirely fessible and afforde a means of avolding
evcessivaly high catslyst bad throughputs. Diluent testing im the Phase !
subscale catalyst program (Ref. 1), in which it was attempted to attenuate gds
remperaturae by {njecting 98% HZOZ downstream of the catalyot pack, ehowed that
bypasged filows, as high as 30%, would thermally Jucotpose completely. A diluent
injector, previously designed for the preburner system, would be employed to
fndect the Fypansed peroxide, 4f it became necessary to resort to this method.

fUrter 1h wys not necessuTy.)
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111, B, Technical Discussion (coat.)

) Tha pressure schedule for ths preburner testing considered
a 4500-psia supply pressure to the nzoz manifold. Pack pressurs drop depending
on throughput aad pack length was expected to range frow 60 to 130 psi, giving
a preburner chamber prassurn of about 4400 psia. The destred preasurs downstresm

of the turbine simulator was sbout 3073 psia. A prsssure drop of approximatuly
1300 psi could be expected to occur across the turbine oimulater, and thersfore,
the "202 ranifold pressute vas set sccordingly. The sanifold pressure was
adjusted, based upon actuql pressure drop acroee the turbisme simulator, to

maintain the 3073-peia pressure level.
b. System Dynamice Analyais

w) "Chugging"”, or low-fraquency combustion isstability in
liquid rockst engines, is csused by the intersction of pressure and weight-flovw
os:illations ia the combustion process and sngine feed systum. This analysis
was conducted Lo investigate tha stability characterisiics of the praburner
coupled to the J-1 intensifier feed syscem and to identify potentisl problems
that would require system wodificetion. UFigure 14 is a echematic of the feed
systen, and Figuve 11 shows the preburner vith the back-pressurs nozgle attached.

v An snalytical modal of the pradurner system was developad
using snalog natworks to represent the feed system und catslyst components,
concept of hydrsulic impadance, which parsllels the concepty of electrical
transmission line theory, was used co define the fregquemcy reeponsa characterv-
lstice of the feed syetem and chamber elements. Flov or pressurs fluctuations

arc oither attenuated or amplified in the uystem according to the impedance
properties zs seen frow the decd>mposition sone.

The
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111, B, Technfcal Discussion (cont.)

w Thus, the impedancas that must be evaluated for the
siability analysis are (1) the upstream liquid feed system impadance, and (2)
the downstresm gas-side impedance. These 1npodinco. are composed of equivalent
inductances, capacitances, and resistancee, which are, in turn, functions of
the feed system geowetry and the fluid properties. The problem is thereby
1aduced to the analysis of a linesr electrical circuit coiresponding to the

preburner system.

) A conveuient method of studying the stabilicy of this
systam is the signal flow graph (Figure 15), which is a graphical repcesentation
of the set of Laplace=transforwm equations describing tha eircuit. The flow
graph is werely used as an aid in visualising tha cause-and-effect relationships
betwaeu pressure oscillations in the circuit under study.

w) A steady-state stability equacion is darived from the
graph by reducin_ the graph to a single gain from fnput to output. This
raduction of the flow graph is equivalent to solving the set of simultaneous
linear algebraic squations by successive gubstitution. The procedure for
graphical reduction is well documented im Raf. 4 and 3.

()] " A single gain term, which is the ratio of output to input,
1s obtained as a result of the reduction. A digital cowmpurer program 1s used

to evaluate this gain numerically as & functiun of frequency over the frequency
tange of interest. The gain thus evaluated is a meawure of the smplification

or attenuation of an oscillatory pressure originating in the decomposition zone,
transmicted through the upstream and downstream impedances, and then reflectad
back to the decompoeition zone.

) Not only must the magniiude of the gain be equal to or

preater than one, but the input and output must also be in-phase in order for

the gystem to sustain oscillations. The resultant open-loop trinsfer function
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117, B, Technical Discussion {(con:.)

was plotted on a gain~phaze diagram to display the results. For the signal flow
grashe used 1in this analysis, Nyquist's stability criterion states that a
closed-loop system is stable 1f tue opan~loop gain is lees than unity when the
open~loop phase is 0°. In coutrol wystem analysiy, stability is mormslly
ensured 1f tha open=)oop gain is 0.3 (-6 db) or less at ihe 0° phase angle, and
the open~loop phase lag 1s 30° or more vhen the gain is 0 db(IO).

w) The Tosuite of rha stability amalyeis are prasented
araphically in Figures 16 and 17. Two casss were considered at sn MR of 0.5 and
steady-etate oparation: (') without turbine simulator and (2) with turbine
sizulator. BRoth cases display gainephasae characteristics which indicate
stabtlity in sccordance with Myquist's stability criteria. Also, in both caees,
the gain steudily decresses vith increasing frequency dus to tha capacitance

of the chamber gasse. With the additional resistance of the turbine simulator
(case 2), the gains ave generally lower, 1udtcnt1nj a more atable system. TFrom
these reaults, it was concluded that the J=1 preburner system would ba stable
over the frequency range from 0 to 300 cps.

(17) In the signal-flow-graph method of rnalyeis, the charscteristic equation
is one uinus the open~loop tranifer function {s equal to sero, whereas in
the block diagram t/>s of analyeis, it 1is one pius the open-loop transfer
function 1s equal to zero.
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ITi, B, Technical Discussion (cont.)
3. Test _Facilities

) All Fhase Il test activities were conducted on Test Stand J-1.
lne test faclility consists of s test bed with thruat msasurement capasbility,

an intensifier aystem to deliver propellants té the hardware at the raquired
pressures and flow rates, a gaseous nitrogen cas~ade storage and transfer
system, and a control room in which is housed {nstrumentation, recording, and
monitoring aquipment. Test Stand J-~1 1is part of a lsrger tast complex devoted
to altitude tasting and the svaluation of exotic propellant syetems and

unique hardsare concepts. o

a. Test Stand J-1

v The test stand consists of a flexure-wounted horizontal
test bed 1ated at 20,000 1bf o. thrust. Thrust is measured with a dual-
bridge load cell. The error in thrust usasuresant is lees than 0.%% and
repeatsbility is 0.152 above 1C,000 1LZ of thrust.

w Propellants ara supplied to the hardwars mouttad on the
test bed &t pressures up to 35000 psig by two dusl-piscon presuure intensifiers
wnich have a daliwerable cepacity of 80 gal each. Ths intensifisrs have a

3 to 1 mechanical adventags; i.e., the gas-side piston has three times the
area of the propellant side piston. Therefore, for sxample, 1500-psig

gaseous nitrogen pressurization of the large pistom will develop 4500-psig
prcpellant pressure. Figure 18 shows uhe inctensifier ia partial cut way.
Figurcs 19 and 20 show the uxidizer intensifier imstallation. The fuel
iatensifier systam {s similar. '

(V) The oxidizer side of the syttcmlil Class 2 with respect

to 987 Hzo2 service frum the intensifi{er thraugh the ox{dixer thrust chamber
valve. Class 2 is an arbitrary classification applied to certain materials

Page 51

UNCLASSIFIED




UNCLASS:HIED

t 107 S~F, Phase IX

Tupor

JI3TJISUNUL JO Awawin) (e3Ied gl amElg

——YILINMOTS  ANFODV WSS

Y3HSNILING 1=

Page

UNCLASSIFiED




UNCLASSIFIED

zor Fnn

-Ox:id:

4,0 Titwnsicl

Flgie Y.

&



UNCLASSIFIED

E-0, Intensifier--Guseous Nitrogen End

Figure 20.

o@ e

@

@




b b

sy oa sl Ssull Sesd MM B Al wes G

o

“UNCLASSIFIED
Report 10785-F, Phase 11l
III, B, Technicsl Diacuseion (cont.)

of construction that are saticfactory for repeated short~time contact with 982
Hzoz (Ref. 6). The claasification of materials is based upon field results
and upon laboratory evaluation of materials exposed to high concentration
Hy0,. Typical nateriale vhich fulfill this classification gfter they have

been properly machined, and pgspivated include CRES 302, 316, 321,
347, Teflon, and Rulon-P. 11

) : Gaseous nitrogen is eupplied to the inteusifiere frowm
s 3500-psig, 103,000-scf cascade and storege system. Inlet pressures to the
intensifiers are controlled by servo-opevated flov control valves with a
closed=loop feedback system on pressure control. Each intensifier is fitted
with two flow control valves which are operated separately to obtain a wide
range of propellant pressure riss ratao, pressures, and flews.

b. Instrumentation

(u) The J-Zone cowplex hss an inutrumentation system
consisting of the following: :

(1) Strain gage-—~.e strain gage channels with s maxioum
error of 0.5X of tholunA|u;od value are available. The hi;h-pronodic trans-
ducers used on thic prosram wers of ths halanced-bridge strain-gsge type.

(2} Thermotouplee——48 channels, bssically designed to
handle chromsl-slumel, with a msximum error of 1I of the measured value,
operate through a tewperature~controlled 32°F reference bath.

(3) TPlow measurement~--Threa methods of flow measurement
vere used on this program:

(11) Rulon-P, a filled Teflon material, a product of Diwon Corporation,
Bristol, Rhode Island.
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110, B, Technical Discussion (cont.)

w) (a) Turbine=typa magnezic flowmeters were mounted
directly in both the fuel and oxidizer delivery lines. The primary purpose
of the flowmeters was to provide preliminary posttest date. The signals from
the flowmeters are conditioned with integrator units to convert from ac to

dc for digital tape and strip chart recording. The ec signal is recorded on
the oscillograph.

W (b) Linear potantiometers, with a maximum error

of 0.4% of the measured valum, are mounted on esch intengifier to measure
displacement of the piston. Messursment of an impressed dc veltage is siailar
to the methods used to meseure valve traces, and the voltage change as a
function of time is directly related to flow. Thie flov messurement method
was used as a secondary or back-up flov measursment system.

w) (c) - Capacitence=type probes with & limited 24-in.
travel were used as the prillrj flow mussurement system, and all performance
dsta contained in this veport, unless otherwise noted, are based on measure-
ments with these devices. These probes are accurate to within 0.42. Probes
are ac excited and are convarted to s dc output for digital recording.

W) (4) Time event measurement and control functions==The
timers are R/C type. Valve movement 'is determined through the use of rotary
or linear potentiometers wvhich have hsd a dc voltage impressed upon them.
Switch position changes are recorded throumh the switch contact.

v {5) High-frequancy weasurement and recording~~A
J2-channel Minneapolis~Honeywell Model 7800 recorder wvith a 0.4 to 20 ke
trequency response can be utilized with capacitance, strain gage and/or crystal

type sensing elements. For this program, water~cooled capacitance-type
trandduceryg were used.
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Report 10785-F, Phase II
I[X, B, Tachnical Discussion (comt.)

L) (8) Recording devices--The recordars are divided into
two basic groups, smalog snd digital. The analog recorders are strip chart
recorders, oscillographs, visusl gagss, and timo-event recorders. The digteal
dystem ls the analog-te~dfigital coavertar (ADC) and the digital taps recorder.
The ADC i{s the primary wmeans of recording bscause of the high degree of
precision (+0.1X one count) mnd dats reproduction capability by a computer..
The strip chart is¢ a low-respoase (1.0 cps) recorder used primarily for
viewing "kill" paramsters during test and to provide preliminary posttest

data. Tha oscillographs are used to record lov and medium frequancy paramsters
(2000 cps) and wonitor the occurrence of low~frequency instability. Visual
gages ave used for observation of test stana paramsters that do not have to

be recorded. Among the specific recording and monitoring devices used on this
Progran wvare: '

{s) Oscillograph—18 channel
(d) Oscillograph—36 channel
(c) Strip chart recorders--12
(d) Vieuval gagse=~12

(s) 72-channsl snalog to digital convarsion (ADC)
system ‘

(f) Tims interval counter, 10 channal (Berkelaey)
(8) 1TV closed circuit, 2 displays

th) Hot stylus recorder, 4 channel (Sandomm),
" setup of flow control end vclve position.

(V) (7) All instrumantacion {s calibrated befora and cftor
each :est by imposing a dc voltaga in step {ncremants owr the rangs of the
transducer.
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111, B, Technical Diecussion (cont.)

4. Prebyrner Test Description and Resylts

(v) Three 982 uzoz preburner tests were canducted with tha low-
throughput (6.50-in.=dia) catalyst pack, and twe ware made wvigh the highe
throughput (4.38-in.=dls) catalyst pack. Tha objective of these tcots was to
demonstrats satisfactory operation of the preburner st oxidiger throughpute
in sach pack corresponding to steged-cowbustion mixture ratios of 0.5 snd

1.0 for 982 u_,bz and Alumizine=43. The results of this serties of twsls ara
surearised in fabls II. Pigures 21 through 27 ghow the results graphically.

_ The location nf instrumentation {s showa in Pigure 13. The instrumuntation
designators correspond to thosa used in the legends of the graphic displays of
the preburner data. Pigurs 14 is & schsmatic of the propallant circuit. The
preburner, with leak-test plate -in place on the noszle exit as it wes installed
o0 lue tewt stand, 1s showm in Pigure 28.

) To eusure setisfactory start of the system prior to opaning
of the main thruet chumber valve, a Lypass valve was tnstalied to allov a
snrll amount of flow (2 to I ldm/snc) to enter thr trtalyst pack at a low
preset prassure (373 to 300 peis) of the intensifier. This low flow ratw
peraittod the iniciation of uzoz decomposition and the prehasting of the pick
to a tempersture betwsen 1600 and .1700°F prior to staging (or ramping) te full
flow and precsure conditions., Table III aummsrizes the bypsss vperation. On
the firet two tests, the bypess sequence wes controlled manually. Maiu flow
staging was manually fuitiated when a cemperature gags downctream of the
catalyst pack indicated 1900°F. 1In the final three tests, 7ha antire sequence
wap controlled sutomatically,

W) ©  The flov conditions and parsmeters for each test are summarcized
below, Th: c.valyst pack operation i~ discusaed in the following section.

Page 58

UNCLASSIFIED

@.



— e NS S OER ‘RS . Gnd M0 BB Ges  bev b .

CONRDENTIAL

Report 10785-F, Phaze II

5*%5 Lf%i 35;? 1 i
[} g 1! 55%%5
ﬂ“ !!i [“i‘siz i! ii%{;
Lu i¢ iii: ik :m it

t]é!ﬁ!&ﬁi!&‘ﬁi!&ﬁ!!

Jijsey s 351 492 BhE

E RN TR NSNS

2 T I T S

g .sii-:«-. 4@ e 404 A0 WYy

!., 4- 35 RS KERF 48 FYY

LR IR R Y
¥ 0

= SE Y| wifdawy 5oz o928 seg see
Q PR

3 5 E iese sos has qne gss

b e eer rerpar rey

5 .';‘:41:: ter 8rF RRES RPN

R Sildaai vEs BNE KR g
. 2

g a;’!:s::lwaannzna:“

5 CeldeEy e U ih EY d9g

;?{;f;lsa- Tea axE $a2 QAR

. S L 8T 30 LT

r| ALl oy W w i

: RS B L S I Y R T

REREITE SENCH S AOHI b D

B Rt S

Pryge 59
COMFIDENTIAL
® e 9 ®

¢

t careml; e flrst efer daglmatey of stonly Stese, tar evtumd ot ‘he mhd-pmben

2 yemiy AW, ot e LM amy We an- + aiamly SAets.

@Yot

art ity Commter -

e:e '@ W eagh oo WAl LMmale X §-
e IBt K4 € 4te At (N Garomgeitia  atphreleses .

Ts' e wmrima ars sevruget s &

L I
T N
R

N



CONFIDENTIAL
Report 1078Y-F, Phase II

() TO0-OWY-T0-2°T 3183l ‘T-Sd 191J9 20W: LIOJ13; JaWInqQarg iz By

..-||
_ e

| max dows 1)
T e il 00— 10-3° 1
! 104 W

Jom e low L §oen

! w P

[ 2
b

T
bl
R

Page 50

COMFIDENTIAL



CUNFIDENTIAL

Report 10785~f, Phase II

T — WY Y
A - tr F 'Y
L 3 .
—u s 3
b A wsr ¢ - —
IR L '
I 1 1
(1 4 " ’m- i L X o L3 *m- [ W
X H il .
474 =
.I\I\J‘.I\IQLF\
v . L i
— - R d
—
-18- -

—_ Llﬂ,‘ N
‘ — - I‘ -

s sm pee RED Gwm Sew Sup TRE SuR PR FO WS T

Page 61
CONFIDENTIAL




CONFIDENTIAL

Report 10735<F, Phase II

a P e P o -
I O3 oM pmg meg b=4 2 f_: Lo L5 L.3 Lol
(") 200-OVV-T0-2°T 3531 “T-Gd I93J® 20TMIOZIsg JaLINQRld (g SINFTZ
.b." > | § -
-1
M S
m [xd . _ .2
7
__
Al |
_ . ~\ _
b — —— ;w .J\Illl
/ _
r// o o e
A 1«// lﬂld
e / . : F U
[ ~_|} § [
. i S i _
m YLD B T
\ e |
WL e P . —_ . ..r..

" Page 62
CONFIDENTIAL




CONFIDENTIAL . ‘
Laport LU@By-F, Fhase [I T g
®
| I L » .
‘ | —_)"-"J | _E 'Hl . 7{ (\*)
| IHLL <58 Wi -~
| 1 Gt ggs 2
!.' __.B'— : o
’ | s ] y ¢
I; ;
\ o 5
' i \\ i 5§ ﬁ—d ;.: ] ¢
NN R £ LT &
i _ | _E=REER "
| ; p
i ! [ s ﬁ ° .
l ' :
i ) !
I + ¥ 5’ ® O
Nl k
4 o .
1‘*'—'—7 4
i - i
‘. v '
| L ﬁi T . .
VY SUURPUDN SR I SR PR DU SURO R, -
M | . (RN
i ¥ %P + i‘ S 'T .Jmi -
. I i SERERL
Y S SRS S U S | l
- : Paze 63

CONFIDENTIAL | ® o




CUNFIDENTIAL

I1

Phase

i\l‘.,";Ol'l. 19 {"'\‘\')'1“ ’

(") £00-VV-T0-2°T 1391~ -90UTKIOLId] JIUINGAL]

. . . - . . . . - . . . . .
| ————— e e e 'll_ r'. Tr——p te—g ——

—I" -

{ |mes frmm,

e — (Y X%
Py —

"€z aar¥yy

e g g

I HERTE

Page 6l

CONFIDENTIAL

el




ACATARI IR AR R NA Y Y

Ronnrt. 1O7HSeF. Phaca TT

Mls WD .

TECN

(n) 400-OVV-10-2°T 1S3]I--2oUBmIOjrad JIUWITQal]

‘oz 2anAtd

|
|

Lo~ o - g | oo - e e

* T p

“w-—,

Page 65

CONFIDENTIAL




CONFIDENTIAL

() S00-OVV-T0-2°T 1S3]--2IUPRICIIad Jauwngalg - Lz 3ard1d

r—— T |1||

]

“
b

Report lO?BS-F,VPhase 11

Page 606
CONFIDENTIAL

o




AATT - wy g
} - '
Wewisl b il

CONFIDENTIAL

Test Ltant J-t

€ . Puet soneer [nstallatiorn,

Fi-u:

(e

«@e

%



CORFIUENTIAL

‘aavxNunNITO SYH

00°0

2@® °
a a [ [ ) N [
r- ] - -~ - — —_ —— - — -
NOILISOdNO23IA %06 NVHL YI1VIVD STUNSSV STHI ISNVIIF GIALDITIS L.0091 +
o 2208 osLt LEY 862 L5°2
o]
_.m
R oL°¢ 0391 S8y 91°¢ 26°2
= 00°5 1651 °6¥ 1 e 4 08°¥
—
3, Lz 1 8891 {1 s2°7 00°3
aL’s €1 9LE L | 0o°¥
>as ‘9dejg O . o wtsd uuLEn—_ EYTS
uotjerjuy SuiSers 381y mot gy J,9091
wic: § aualy, e duaiay 2338 00g [(T127¢ 503 awaly,

{n) ROJIVYEJIC 5SVAXE AANTVA MAZIOIXO

rvw

I71 T8y

SO0

o0 +00

0017 t 04

£€6°0 <00

00°0 100
33 N
sy, 9L

uopen UL
| L

Fage b3
CONFIDENTIAL




rnanll “8 o [ ] [ _ ] [ ) Sy [ ] L ] L [ ___J — e

- &

AT AEATTI S
c.:;if“lf-dh.“-

Report 10785-F, Phase II

1ix, B.r Technical Discussion (cont.)
s. Test 1.2-03-AAC-001

©) The objectives of this test were to chack out the system
and to aparats the lowethroughput preburner at a nominal throughput of 40 peim,
corresponding to en l,ozluuautu-&: wixture ratio of 0.3. .e ooted in

Table II, a throughput of 48.3 to 45.7 paim was achieved. A lowver-than-
desired pressure drop (383 versus 1400 pei) through the turbine simulator
uémzo. for the iocreassd flow rate and for the higher sacondary chamber
pressure (’n)' Desired eacomdary chamber preseure for staged-coubugtion
operation is 3000 to 3100 peta. A pressure of 3801 to 3843 peia was obtained.
Otharwive, preburoer opsration wae satisfactory. A prevsure of 4400 psiz and
decomposition temperatures of 1771 to 1779°F were schieved over a steady-state
pariod of 3.26 sec (etesdy-stace oparation was defined as tiat period of time
over which the chamber pressure was in excess of 90X of full Pc).

(w Staging of preburaer supply preseure to the desired
operating pressure was initiated menually asfter sufficient temperature was
indicated. Ramp (etage) tima for this test wea 2.0 sec, and ramping vas
linear, as showm im Figurs 21. Preburner performsnce grior to raaping i{s
plotted in Figure 22,

w Figure 2% shows the upatress side of the turbive
simulator. The deroeit of silver on the surface {s & comwon occurrence vithk
packs contaising silver screems. Pigure 30 .3 an aft view of the interior of
the chamber juet dowratream of tihe catalyet pack. Note the silver opatteved
on the exit orifice plate. Also, obsarve the thermocouples that protrude
into the chamber tc mudsure the tespersture gradient of the gas.
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Report 10785-F, Phase 11
111, B, Technical Discussioa (coat.)
b.  Test 1.2-01-AAC-002

w The main objective ol the secend tsst was to demonstrate

- tha capability of the low-threughput preburner to operate at a throughput of

€l psim, correspomding to aa uzoz/uummds mixture ratio of 1.0. This
objectiva was mst. Test regults are showm in Table II and Figures 23 sad 24.

©) The preburner was sequenced {n tha same mamaer as in
Test 001. A new turzbine simulator, resised for the incressad flow rate, vas
used. A praczsure deap of 1617 to 1618 pei through the siwulacor was obtainad.
This produced s sacoudsry chamber pryseurs of 2908 to 2917 peia. Chamber
pressure dowmatresm of the catalyst pack remained at sbout 4335 peis, during
the 5.18 sec of stasdy-etate operation. The uaximum decomposition temparature
vas 1788°?,

) The slightly highar pressurs drop through the turbine
simulator also sccounts for the lowsr throughput obtained. Wowever, & through-
put of 39 paim (instesd of 61 peim) Le considarad sutficient for demounstrating
satisfactory preburnar oparstion at or wasr am oxidissr flow rats corresponding
to « aixture ratio of 1.0.

[-N) r“t 10 2‘01'“‘“3

) The ohjectivas of this test wevre to check out automatic
operation of the preburner firing ssquance and tc avsluate the of!nc':e of
locatiog the turbine simulector cluser to the catalyst puck. The test vas
conducted satisfactorily with the low-throughput park, at a throughput of about
59 psim.

(u) Completely autcmstic operation iacludes the low-pressure
and low-flow bypass of the main propellant valwe in the engine sequence. The
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III, B, Technical Discussion (cont.)

bypass flov wvas sequenced to continue for 2.5 sec after the thrust-chamber
pressure suitch closed at 240 psia. This time delay was selected on the basis
of results vbtained im Taests 001 and 00:, which showed that a pac“ tewperature
of at least 1500°F wes reached after this time interval. This temperature
ensures that llzoz decomposition exceading %0 has occurred, thus reducing che
posaidbility of flame-out during staging to full flow and pressurs,

W The turbine simulator was woved upetresm to & position
closer to tha unlyot pack (at the base of the catalystepack Irnulnc) bacause
of turbulence noted om Taste 001 and 002 jusc dowmatream of tha orifice plats.
This turbulance could cause unfavorable recirculstion patterns and poor

nivture racio distribution {n the secondary Injector during augcd-eodmn:ion
testing.

©) Dacoepesition tenperaturos of 1792 and 1798°F and chomber
pressures of 4434 to 4477 peis wers achiaved over a steady-state pariod of

5.11 sec. HNowever, secomdary chamber pressure (POPC-2, Pigure 23) incressed
from 2896 to 3001 peta over tha firet 2.3 eec of stesdy~stata operation

befora stabilising. Presaure drop across the orifice plate fsll correspondingly,
from 1581 to 1456 pel. Flow (WO~1, Pigury 25) also increased from 31.8 to

32.7 1bw/eec. As later demonstrated in Yest 003, described subsequently, this
bahavior was corrected by subjecting the turbine sisulstor to a lonior preheat
during the peroxide .ypsss cycle of the sequence. Apparently, dimensional
changes in the simulator orificss occurred during transient heating (which is

still present during a portion of the chember stesdy-state period) end caused
flow and preseure~drop variationa.

()] Following this test, the hardvare ves disagsesbled and
exsnined, The turbine simulstor and the catalyst afr orifice plate and {rs

rupport were plated with silver in & manner similar to that observed on

Page 7]
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111, B, Technical Discussion (comt.)

Tast J01. The inlet plate (Pigure 31) showed the eflects of allowing the pack

to cool down by natural convection. Haat soak-back occurred and producad
charactarisric disceloration of the plate, as showa. ({Altar the pack was
cooled to about 300°F, 10 gal of distilled vater was flushed through éhc
prebuimer to remove residual peroxide., The Teflon O-ring used Lo saal the
pack inlet plate to the housing was not found, and probsbly mslted &fcer the
‘first test. Abcence of tha ring appavently did not aftect the opsration of
the predbur.er on Tests 002 and 003. A posttest photogoaph of the catalyst
pack is shown fa Figure 32. Note the flow of silvar (light sreey) arouad
the periphery of the pack amnd in ths vicinity of the aati-channel baffles.
The pack alao bore evidence of soms oxidation, svidently caused by the water
purge and by condensation. (The pack diamster is 6.50 in.)

d. Test 1.2-01-AAC-004

(C) The principal ijcc:l.vo of this tast was-to demgnstrate
satisfactory oparation of the high~throughput catalyst pack at £0 psim. The
test vas satisfactury, with & steady-state pariod of 5.3 sec, a pressurs of
4400 psia, and pack decomposition temparacures of 1742 to 1732°F. Throughput
vas about 82 paim, which would resuit in a 98X uzoz/.uuutm-u aixture
ratio of 0.5 for an advanced sngina utilizing thase propallents.

() Pregsuve~drop variations through the turbine simulator
also occurred {n thia tast, but were not as pronounced as on the previous test
(see Figure 26, POCP-? and POPC-2).

{U) Ou this test, posttasl purge vith nitrogen gas (N,) vas

substituted for tle cooling down and distilled-water purge used on the previous

three tests. The Nz purge vas successful in eliminacing overhesting of the
pack.
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I1I, B, Technical Discussion (cont.)

e@¢ @

(C) Therwocouples wery lnceted {n the chamber about § tn.

@,

downstream of the turbine simulator (at depthe aqual to a quarter radius, a
helf radius, and a full radius inte tha chamber) iz tha sams radial plan
(TOPC-4, 5, and 6, Pigure 1)) to dutermine {{ any temperature gradient cccurs
across the chambsr. The temparatures at the half~sadius and full-radius -
thermocouples were essentially aqual throughout tha run. During diassemvly
of the hardwere after the tast, it vas fouad thet the qur:'ﬂ-udt\u thermo-
couple did not protrude futo the chambar, snd tharefore recordad only the
teuperature of the matal wall. »

) Sozs low-frequancy perturbations wetse encowntered during

this teat, as jadicatsd by the pressurs traces {in H.;uti 26. It wves deter-

mined that pack compression wvas oot mainiaired when the pack was installed into ®
the chambar becewsc of a wechining deficiesicy {n tha housing snd manifold.

Tha loes of pack compression was considarsd to be the probable cause of the

wild loaw=frequency porturbntlou'u abverred,

e.  Test i.2-01-AAC-005 * O

(C) Thir test wae parfcymed to demonotrate che peurformanca

of the high~throughput catalyst pack st a thtoughput of 122 psim, correaponding

to & 982 HZOZ/AZunulnMJ minture ratlo of 1.9, In addition, an attempt wus ®
nade to corvict the pressurs- drup variation in the turbine~simulacor orifire
plate by lengthening the durstion of tha bLypass flcw of uzoz from 2.5 to

7.5 sec after actuation of the low-pressure thrust-chamber pressurs switch.

As mentioned previously, this produced an essentially constant pressure drop

(1458 co 1473 pei) through the ovifice piats over tha entire steady-state ®
perioc. Tharefors, it ~sa be concluded that the turbine simulator requires
somevhers berwveen 2.5 to 7.5 sec of prohint to stabilize the orifice «ize '
and thercby ensure constant flow and presaure drop.
o
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111, B, Techanizal Diecussion (cent.)

(V) During the tast, tuo periods of low-frequency instability
(or chupging) were ancountered. The first of thewa cccurver during staging fo
operating preasurc (see Figure 27). The frevrusncy was 43 cps, with paak-to-peak
pressure fluctuations of 500 psi in the {nle: manifold to the catalyst pack as
wall as just Jownstroam of tla pack., The instability appearsd to have originated
in the catalyst pack, which displayed an inordinately high pressure drop
compared to previous teit results {seu Traces 2 and 4 in Figure 27). The
measured pressurs drop at. the start of steady-state operation was 350 pai and
this leveled vff to 300 pei approximately 2 sec latsr. At this point, a second
instability was iniciated and continued for the rvemsinder oi the tast it a
frequency of 100 ¢ps. This is discussed in Paragraph 5,c, below.

w) The high prassure drop through the catalyst pack was caused
by the inrtallatfon of a grester numbar of screens (which had been eadded to the
pack to improve activity), in combination with recompression of the total pack.
Since the final conﬁtts.ton vas greater then that of a pack with now screens
oanly, this inc.cased compression csused mors flow restriction. Pack wmodifica-
tions and composition are discussed in Paragraph 5,s, bslow.

©) A throughput of 108 psiam was attatned over a steady-itate
period of 5.41 sec. Because of thc high pressure drop through the catalyst pack,
chauber pressure was only 4145 to 4224 psia Aﬂd secondary pressure vas
correspondingly lower, 2681 to 2751 plii. The remaining plraﬁntorl are
summarized in Table I and Figure 27.

5. Isng Data Analyses
a. Catslyst Performance Results

) ' The firat three tests utilized the lov-thr_oughput catalyst
pack shown in Flgure 33. This pack was compacted at 4000 pai. The puck showed
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111, B, Technical Discussion (cont.)

some drop-off in {nitiation activity (Teble III) but apparently lost none of
its operating activity, as indicated by similar decowposition profiles across
the pack from tast toc test. It i{s possible that the drop=off in i{nitlation
activity may have been caused by the pressnce of residual purge water. (Tea
gallons of water were passed through the hardwvare after tecting to remove any
residual BIOZ') The vater also left a deposit of rust om the chamber vnl.l.
on portions of the pack, and on the inlet and outlet plates. PFigure 33 also
shows the temperature prafiles across tha pack for the three tests.

(U)' The pressure drop through the low-throughput pack was
very lov and remained aearly coustant during cperation. This probably was the
result of the pack's wmique design feature: all active screens, which are
relatively soft, were altermated with relatively hard nickel-mangansse ecruens.
This lamination sppsrently prevented sny cohssion (or flow) of the soft metal
at the high oparating temperatures, which would otherwise tend tc plug the
pack and rssult in increased pressure drop. Also, the absencs of any low-
fraquency oscillations on the sscond and third tests indicatas that pack
compaction and integrity were maincained.

() The high-throughput catslyst pack used for Test 004 was

con.utrucud s shown in Figure 34. It ehould be noted that nons of the more
sctive Ageite~215 acreens, which were used in the low-throughput catalyet pack,
were used in this pack. These screens were unavatlable vhen the test vas
prepared.

(V) Tha pack performad eatisfactorily with the low starting
flow, sand s remperature profile wvas established with the maximum at Thermo-
coupie 4. However, as flow and pressure were i(ncreased, temperature at -the
f{rst three thermocouple locations in the pack declined. This continued over

the balance of the steady-stets peviod, as shown in Figure J4. It was
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I1I, B, Technical Discussion (cont.)

be'ieved that had the aore activa Ageite-225 scresus been presant the changes
in temperature profile during the ateady~ctate pariod ni this tast could have
been avoided.

) Becavsa of the decomposition~temperature drop in tha
active portion of the pack (as opposed to the experience with tne low-
throughput pack), it wes decided to add five Ageite~223 scresne, which ware
reported by MMC to ba more active than Ageite=220. Two more Ageite-220
screens wers alsc added, bringing the totial sumbev of active screens to 4§
comwpared with 39 on Tost 004 (see Piguve 33).

W) The new screens together with the used pack were ve=
compressed. In addition, & bolt terque in excess of that uzed on previous
assesblies vas raquired to install the pack in the chamber.!?) Consequently,
the incressed bolt torque togethar with the precowpressed condition of the
pack caused axcessive pack compressicn and resulted in un {~~veqse in the packe
presaure drop; the maximum tempersture station shifted to Therwocouple 3.

b. Catalyst Performance Analysis

() Decowpousition of azoz in a catalyst pack i{s initiated
at the puck entrance and ¢grogressus to completion as a function of throughpuc,
pressure drop, static preesurs, and catelyst depth.

u) The location of complete decompositt 1 cun bs predicted
in terms o! ~atalyst levgth as showm in Rquation 1,

hy 4 P .
L - Ll(ﬁf)(él . ta 1

(12) Note: For Tast 004, the compression of the pack in the chamber was lens
than 3000 psi becsuss of an error in machining the seal-gland

surfacas.
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111, B, Technical Diacussion (comt.)

where L refers to tha distance from the pack entrsnce to tha location of

maxigua gas temperature, TP is the throughput in psim, P 19 the chimber pres-
sure in psia, and subscripte 1 and 2 refor to two diffevent oparating conditions.
Other tdctou. such as pack compression, cen modify the result of Equation 1,

as described below.

) ' It {s inreresting to compare the qbeerved increass in
L duriag the test euries, threugh the use of the relstionship (Zquation 1)
daveloped duriug Phase I of the program (Ref. 1). Complete decovposition
occurred batwasn 0.5 and 0.7 {n. (Pigure 33) ia Tests 001, 002, and 00)J.
Decomposition in Test 004 was complate betwees 1.0 and 1.2 in. (Figure 34),
and in Test 005, decomposition was cumplete batween 0.75 and 0.9 in. (Pigure 33).
The exact point of complete decomposition is not known. Therefure, because
Equation 1 is only an approximation, the location of the tharmocouple reading
maxinue temparature wus chowax as tie peint of cowplete decomposition for the
calculatiou. Using the data from Tests 002 and 004, the predicted L for
Test 004 {s calculated to be 1.24 in., vheve L is in good agreement vith that
found experimsntally. Hovever, the predictsd length for Test 005 war 3.8 gn.
and is in considersble error from that found Jxperimentally. The following
table gives the experimental data wmed in the calculacions:

(C) Test No. TP, peim PC’ ”1‘ ar ., ”1

cp L, in,
001 48.7 4426 b 1 0.7
002 58.9 4534 3 0.7
003 59.4 &hS4 17 0.7
004 82.1 4400 LY 1.2

00% 108.0 4209 298 0.9
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111, B, Technical Discussion (cont.)

) Two probable explsnationa for the discrepancy in

Test 005 can be found by again reviewing the results obtained in the subscale
catalyst program of Phasa I: (1) When the length of the subscale catalyst was
less or equal to 1.2 in., the pack-pressure drop was essantially constant
between 30 snd 70 psia; however, when ths catalyst vas loanger or squal to

1.5 fn., the pressurs drop was 2C0 to 300 psi. This indicates s discontinuity
in the ralationship between catalyst length and pressure drop, that is, a
catalyst pack can ba too loag. (2) Whan the subecala catalyst pack was ra-
compressed aftear use, ths "effective'" compaction of the screens wes such
grester than intended, because of the softaning of the screens with use. PFor
example, 3 3.1-in.-long pack decreased in length Uy 0.44 in. (14X) after one
firing and after recowpression to 4000 psi. Tha prussure dcop of the catalyst
increascd twofold in this case.

1)) The similacity betwssn Lhs subiacale tests and Test 004
1ies 1o the fact that additioual screens were add¢d in Tee: 003 to lengtnen

the pack and that ths used screens had basmn recowptwseed. Lisfore Test 005 the
scruens wvere compressed to sbout 4000 psi. However, the effective compaction
of the used screens, as indicated by subscale test results, vas such higher.

A definite discontinuity thersfore existad in the catalyst bed of Test 005,

The seven new catalyst screens upstream in the bed were at 4000-ps{ compaction,
whereas the remaining 39 scteens vers at a much higher effective compaction.
The resistance to flow of liquid and gas through the pack thus increased in the
initial portion of the catalyst, poesibly aiding in the chugging observed.

(u) : The high pressurs drop in Test 005 can, therafors, bs
explained by on« or both of the following factors: (1) excessive number of
catalyst screens, amd/or (2) high pack compression. The inconsistency {n the
length calcul.l_cionl is cthus explained as a result of aoxcessive changes in pack

geometry and does not raflect upon the validity of the equation,
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111, B, Technical Diacussion (cont.)
c¢. Preburner Test Coambustion Instability

U) An analysis wos conducted to investigate the cause of a
low-frequency instabiiity which occurred durirg Test 1.2-01-AAC-003. An
exarzination of the oscillograph records indicated that the instability was
coupled to cthe decomposition process snd tc the feed system. During scarting
at lo;p.flov and lov chamber pressure, the observed instability frequency was
45 to 55 cps. After the main thrust chem:e? valve was opened and a higher

steady-state chamber pressure was achieved, the frequescy increased to 100 cps.

The source of system excitation appeared to bz located in or near the catalyst
pack where both parameters POJ-PB snd POCP-7, located on the upstream and
downstream end of the pack, respectively, showed the highest amplitudes of
oscillation, Both POJ=-PB and POCP~7 were in-phsse snd led the other monitored
feed-system pressures (POPC-2, POPC-8, POPM-3, POTCV, and POT) during the
100-cps oscilletion. (See FPigure 13 for parameter locstions.)

()] To gain sows insight into the problem, a simplified
anslysis was performed assuming a low-frequency combustion stability model for
the preburner. As shown in Figure 36, ZL represents the distributed-parameter
fupedance properties of the chamber and nottle just downetresu of the catalyst
pack and Yo represents the distributed-paramster sdmittance pfopcrtlcn of the
feed-gyutem upstream of the catalyst pack. The unknown block in the loop ts
assumed to ba a catalyst-pack reaction gain and an associsted transport time.
The chamber impedance, ZL. and the fesd-pystem admittance, Yo. wvere then
evaluated at the observed instability frequency of 100 cps. The gatn and the
phase of the product ZLY0 ware then obtained. The additional open-loop gatn
and the phase lag nacesssary to make tha system unstable were assumed to be
provided by the catalyst-pack reacticn process, vhich {s assumed to have the
form chTls. In this case, K i# the gain, 5 is the LaPlacian variable, and

1 1s the trunsport-time delay required to yleld a particular phase lag at
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CATALYST CHAMBER
PACK IMPEDANCE

+ w w P

FEELDSYSTEM
ADMITTANCE

ASSUMED SYSTEM BLOCK DIAGRAM

-3
ZL = 3,32.10 7/93.3°

at 100 cpo
Y, °® 4.35/ -87.4°
PARAMETER _ LOCATION
PoT = 4790 pels TANK PRESSUREK -
POJPB = 4470 pela UPSTREAM OF CATALYST PACK
POCP? s 4230 psia DOWNSTREAM OF CATALYST PACK
POPC2 = 2760 pela DOWNSTREAM OF TURBINE ORIFICE
\;l,x. c 30 1b/sec
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IT1, B, Technical Discuseion (cont.)

100 cps. The product 2, Y, vas found to be (1/66.2) [3.9°, end thus the
necessary gain, K, is 66.2 at 100 cps. Becsuse the phase lag must be -180°,
the necsssary phass ghift {s -185.9". The transport-time delay, Ty
corresponding to ~185.9° at 100 cps, can be computad from the ratio of the
phase (in radians) to the obsarved frequency (in radians/second). This
results in a value for v, of S.15 x 1073 wec, which {s not unreasonable
since this corresponds roughly to the tize required for the uzoz to traverse
the catalyst pack at the obssrved sceady-state flow rats.

() From the preceding calciulations it is concluded that
preburnar chugging way be actributed to a mechsnism similar to that which
sustaine low-frequasncy {ustability in coaventional bipropsllant engiues.

The necessary amplification of pressure perturbations asy be a result of the
decomposition process, vheress the ::cnopdrt-clzs delay was probably caused

by phase-shifting. A brief literature ssarch dieclosed little sbout tha dynamic
behavior of decomposition in a catalytic pack. PFurther investigatiomns into
the dynamic response of catalytic resctions will therefore bs required before
the above concepts can be spplied in a stability analyeis. In general,

howevar, increasing the chamber volume or increseing the feed system precsure
drop would be helpful in reducing the probability of low-frequency instabilicy.
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SECTION IV

STAGED~COMBUSTION EVALUATION
A,  PROGRAM OBJZCTIVES AND APPROACH

w The principal objective of the staged-combustion portion of the
program was to demonstrats (at 20,000 1bf thrust) the feasibility of the

staged combustion of 98X Ilzt'.)2 and Alumizine-43 st & chamber pressure of

.3000 psi. Secondary objactives included evaluation of two injector concepts,

realization of at least 87X of theoretical specific impulse (this was a
program goal), the gathering of transient-haat-flux deta in critical coambus-
tion chamber srese, and comparison vf porformance at two characteristic
chamber lengthe, 40-in. L* and 70-in. L*. Late in the program, vhen it
bacame «vident that the scope of tes:ing could be enlarged, an additionsl
objective, the demonstrstion of the combustion of 90X Ilzo2 with Alumisine-43,
vas also undertaien,

V) " Uncooled hardware was designed and fabricated for the staged-
combustion evaluation becsuse only short-duration (1 to 2 sec) tests were
planned. This permitted the construction of rugged and dependable hardware.
Ablative materials wvere ugsed in ths chamber section, in the entry sectiom to
the throat, and in the exit cone. The solid snd segmented throat as wall as
the heat-flux transducer ringe were made from eilver-infiltrated tungetenm.

V) It wvas the 1n£cnt of ths program to evaluate propellant combustion
performance and heat-flux characteristice, not hardware or materials.
Therefore, materials selection wae limited to those materfals vhich had a
proven history of service in similar metal-bearing and high-pressura combus-

tion environments.
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iV, A, Program Objectives and Approach (cont.)

) However, when it became apparent, through theoretical invegtiga-
tion of the effect of mixture ratioc upon performance, that higher MR's might
cause excessive tungsten erosion, this phenomenon was thoroughly investigated.
The investigation showed that the thrust chamber could be operated safely up

to an MR » 1.0 without significant erosion of tungsten. The performance
investigation showed higher performance was favored by mixture retios in

excess of the theoretical optimum, 0.5. These two investigatiocns are discussed
in the following section.

w) Three injector configurations ware degigned, and two were
subsequently selected for fabrication and evaluation. . Each of the three
concepts employed widely diverse injection wodes that were evolved irom
previous metalized piopsllant and high-prqcodrl staged-combustion programs
conducted at Aeroict-ccnornl Corporation.

) Performanca data derived from the tests (digitised by an analog-to-
digital computer program, ADC) wmrs compared to theoreticsl perfornance values
(Is. c*, CF) by an Aarojet parformance comparator prcgram. These values were
then furcher analyzed by the interaction theory method to identify the
principal losses attributed to such parsmeters as frictionm, geometry, heat,
energy releage, mixture~ratioc distribution, kinetics, gas pasrticle flow, and

mass distribution,
(6) Temperature data derived from the heat-flux transducers were alaso

analyzed to identify the heat flux at critical locations in the chamber and

nozzle,
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IV, Staged-Combuation Evaluation (cont.)

B. TECHNICAL DISCUSSION
1.  Hapdwere (Secpndscy Copbustor)

(v) Tha eame philosophy of design as chat used for tha preburner
governed the design of the secondary combustor components. The sams seals,
bolte, bolt hole circles, etc., were used as such &8 possfible to maintain a
maxioum in flexibility and interchangeadility and 0 reduce the expense of
procurement and fabrication to s ainimuye. The Condseal joints used on the
preburner were not neceasary on the secondary combustor, eince the secondary
combustor operated at 3000 peis or less. O-ring joints were found to b:
satisfactory and resulted in a siguificant savings in sesl cost.

) ' Thw hardware designed and fabricated during this portion of
the program included injectors, eteel housings und ablative liners for the

chamber, throat entry sectiom and exit cone, tuagsten throats, and tungaten
hest -flux transducers.

) Thrust chsmber assembly devwign parametears are presented in
Table 1IV.

a, Injector Design

w) Three basic injector configurations were dasigned. Each
design was unique within itself and embodied design features that were evolved
from previcus stsged-combustion and Improved Titan technology (Ref. 7). Two
designs wete selected for evaluation during Phase II. The vane-type injector
was the primary selection and the tudular injector the sscondary salectium.

The multi-nozzle injector wes a backup deeign.
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TABLE IV

20,000-LBF STAGED-COMBUSTION ENGINE DESICN PARAMETERS

H202/A1m1:1n0-63

@ Parameter Symbol Unit Value
Thrust r 1b 20,000
Specific impulse : I, sac 302.8 l
Efficiency, specific impulse "L 3 9% '
Weight flow total A 1b/sec 66.05 E
Mixture ratio MR - 0.5
Total oxidizer flow ‘a'lo 1b/sec 22,02 F
Total fusl flow i'i‘ 1b/eec 44,03 :

. Secondary chamber prassure s peia 3000 .

Characteristic velocity c¥ ft/eec 3755 i
Efficiency, combustion "o 2 96 )
Efficiency, noztle "nos X 98 I
Pressure vates rc/r‘ - 63
Area ratio — —— 10 [
Area, throat A‘ ta.z J.9¢4

® Diameter, throat t)t in. 2.24 r
Thrust coefficient Cf — 1.69 .

1
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i, 8, Technical Discussion (cont.)

()] The injector housings were dasigned to permit the
insertion of any number of {njector configurations into the housing with a
minimum of modiiication. The fuel manifold was designed to be removsble to
permit irepection after firings and to allow removal of any residual Alunizine
depcaits. Details of this arraugemeant are shown iz Figure 37.

The injector fuel circults wsre hydrsulically calibrated
vith vatar to determine thair flow coefficients. The ralationship used was:

® Sp.C x aF , : (Eq 2)

vhere flow coefficient

B &

@ pressure drop, pe’

o
-]

(1
]

specific gravity
v o weight flow rate, lba/sec

The K, flov coefficient was then modified ™ wmul-.iplying by 0.9 to conferm to
results chat were statistically determinad for use with Alum zime during the
lmproved Titsn Program (Ref. 7). Thess results are presented in Figura 36.

(1) Tubular Injector

w The tuhular i{njector consisted of 44 constant-
diameter tubss through which Alumizine wes axially introduced into the

combustion chsmber. EZach Lube entered the chasber perpendicularly to the
chamber axis and then tumed 90° %o form the desired axial pattern. The

injector ic shown {n Figure 39.

(V) ’ Fuel velocity through each tube was 60 ft/sec; this
increascd to. 125 ft/scc at the injector faca by using predrilled oriftce
plugs inserted in the tube ends. The total press'.ce drop was gbout 400 psi;

thius the tnjector was adequately deccupled froam the fuel faed system.
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Report 10785-F, Phase 11
IV, B, Techuical Discussion (coat.)

(L) The fuel tubee were supported and attached co the
outer structure to minimize thermal stresees during firing. These supports
algo protected the tubas from direct oxidizer impingement and resulting

heating. As shown in Figure 39, the fuel tubes and their support structure

of fered lovw blockage to gaseous oxidiser flow. The flow aros was 58.6% of the

total available area.

(u Nixture~ratio distribution acrose tha face of this
injector was designed to be uniform st «a oxidiser-to~fuel weight low ratio
of 0.5.

(2) Multi-Nosszle Injector

) The second injector design, & sulti-noszle coacept,
is shown in Figure 40. Tha basic philosophy, vhich iafluenced the selettion
of this concept, wes to provida a high-welocity low-pressure-drop oxidiser
circuit to obtain decoupling of tie secomdary comdbwutor from the preburner.
The face includes & convergeat eutranca secticn und a divergent e¢xit sectiom.
The gas valecity {n:resees from 47 to 760 fr/eec threugh the throat of the ges
injection nozzles. Pressura recovery was anticipated to be 97X at fnjection
because of favorable encvy end exit conditicns.

() The fuel eide is decoupled by the pressura drop
acrows the injector orifices. At the decign fuel flow rate of 44 lb/sec, this
pressure drop was calculated to be 400 pei. The fuel manifold velocity vas
estimated at 60 ft/sec. The fuel 1s manifolded by cross-drilling frow the
periphery. The fual 1s injected in showerhead fashion through tubes extending
(1,25 in, frow the trailing edgs of the gas noszgles. PFour tubes are located
around each oxidizer-injection noxsle.
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v, 3, Techanical Discussion {cont.)

(V). The cross section may appear to be quite complex
for design and msnufacturing. iiowever, fabrication mnay essily be accomplished
by conical milling of the noszles. The overlap of adjucant cuts forms the
configuration. Tha sfructure should oot presant any Chermal-shock or thermsl-
cxpansion problems because of ity geometric shaps. Also, the structuras is
cooled by the fuel flow.

(3) Vane~Type Iunjector

4] A vane-cype injectar eimilar to that tected in
another staged-combustion program was designed. Thio injector deoign wra the
privary configuration for Phase~1Il staged-combustion testing. The iajector,
shown in Figures 41 and 42, consistad of 316 cantilevered venes with 11 emsll
Alunizine-4]) tfajection tubes located on the trailiang edge. of esch vnno.' This
gave & total of 196 Alumizine njecticm tubes. Tha vanes wete siged and
spaced carefully tc ohtain an open ares of I3 to 40X through which the
oxidizer flowe. The 2ctual calculated cpen arna obtained vas a nowminal 36.5%.
Oxidizer veloeity through this ares at 1750°F and 3000 peia was celculated to
be about 157 Jt/ vec.

v ' The mixture retio across the fuce of the injector,
as originally dssigned, was constant. This vas scconpiished Dy firet dividing
the area across the _ajection plane ir%o ten equal coucentric arsse. These
arvas were fu-thev divided geomotricailly inte subareas. Fuel was distributed
by orienting fuel tubass to the centeur of sach geomatric subarea. The tubes
were, in turn, sized according co the percent of area at sach vespactive
location and bent vhere necessary to resch the goometric ceuter.

() The vanes were produced froam castings wade of
Ivie 367 atainlaes steel.
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Report 10785~F, Phase II
IV, B, Technical Discussion {comt.)

m During hydreulic calibration of this injector,

it was discovered that the fuel cf{rcuit had an excessively high pressure
drop. The high L/D of the tubas had resulted in prassure drop that had not
been considered during design. The pressure drop at the design flow race of
‘“,lbm/‘.c' corresponding to a mixtura racio of 0.5, would have been 956 psi.
(13) thout half che
tubing length was removed by eleccrical clacharge milling (Eloxing). This
reduced the anticipated pressure drop for tho sbove stated flow conditions to
735 psi, not as low as wes dasirad, but acceptable. Thearwochemical calcula-

To lower the pressurs drop to a more accaptable valus

tions and perfornance saslysis conducted indicsted the desirability of
operating at s mixcure retio of 0.7 which would bring the pressure drvp down
further to 561 psi. This modi{f{ed injector could thus be used with system
pressurs limitations and the available operating pressure.

w) The patterr vas compromised by the reductioa (n tube
length as showm in Pigure 43, Thlintorn. it vas decided to use this injactor
only in the {njuctor concept screeming teats and initiate redesign to reslisze
better distribution at a reducad prassurs drop on later tasts. Therefore,

tvo modified designs were developed, subssquently called Mod II sad Mod III

to dlfforonttc:o'th..o injsctors from the original tnjector, Mod I. The three
designe are compared in Table V.

()] : The Mod II injactor used surplus drilled vanes
from the fabrication of tha Mod I injector. The size of the innarmost seven
tubes was incressad. This reduced pressure drop ut a mixture ratioc of 0.5 to
417 pst. However, mixture-ratio distribution {n such a Mod II injector
suffared accordingly.

(13) Note: On the fusl side, the maxiaum possible system fesd presaure 1s
3600 psi because of tubing pressure capacity limftat{ons.
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TABLE V

COMPARISON OF VANE-TYPE INJECTOR DESIGNS (u)

Injectog
Mod~-1 Mod-I1 Mnd-I11

Number of tubes per vana F] 9 1 2 7 2 9

Outer diameter, in. 0.049 0,063 0,049 0,063 0.072 0.038 0.072

Wall thickness, in. 0,008 0.010 0.008 0,010 0.009 0.009 0,009
Distance from centerline of
vane core to end of tubes, in, 1.20 0.90 0,90
Injesction angle, degrees k] 43 45
Area of tubas, tn.? 0.592 0.792 0.808
4P at MR of 0.5, pet 738 417 : 400
AP at MR of 1.00, psi 232 187 184
Injection velocity, ft/eec 123 9.8 92.0
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1V, B, Technical Dlgcugslon (cont.)

(L) The Mod ITI {njector was designed tu produce an
even mixture-ratin distribution across the face and a reduction in pressure
drop. Tha vane drill patturn was changad o permit tubes of larger diameter
across the entire trailing edge of the vanes. The prossure drop through this
model was 400 psi at a mixture rati{o of 0.5. The injection angle was
incressed to 43° to shorzen the tubas (which incrsases rigidity) and to reduce
the L/D affect on pressure drop while keaping injection velocity reasonably
high. '

b.. Secondary Combustion Chs sbar and Nossle

) Since the firing duretion was short (2 to 3 sec), an
uncooled approach was taken to tha dasign of the secondary combustion chamber

" and nozzles. The assembly consisted of a series of thres cylindrical steel

vessels, stressad to at least a safety factor of 3:1. The vessals vere lined
with ccupression-molded silica-reinforced phenolic in the chawbsr and throat
entry section, silver-infiltreted tungsten im the throat, «na iflica phenolic
sgain {n the exit cone (Figure 37).

V) The 15° lLalf-angle exit cone provided a maxiwum area
ratio of 10:1. Analysis indicated that for this propellant combination, an
area ratio in excess of 8:1 would produce good data.

() Two chamber sises, 7C ‘nd 40 in. L*, were designed.

The 70 L? chamber vas the bageline s.ze for this program and was selected on
the basis of tasr results {rom ICP, m?c. and tha Improved Titan programs
conducted at Aerojet-General. Ilamproved Titar results ot the 13,000-1bf-thrust
level shoved high-performance at an L* of about 100 in., demonstrating that

no more L* than 100 {n. {e requiread with Nzoblklu-lztn.-63. Corvrelation of
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1V, B, Technical Discussion (cont,)

these and other Hi’~~c resulcs indicateu that the L* vequired for efficient
gas-liquid combustion was at least 30I less ihan that requived for liquid~
liquid combustian. Thersfore, since the combustion mechenism is approximately
the sane for Hzoz/Almiztno as for Nzo‘/:uuuuu. a baseline L* of 70 in.

was selected. The purpose of desi-ning and fabricating the &0 L* chamhars

wats to determine the effact of L* veriativa upon parformence.

(V) A portion of the chaibers end throats were aleo equippad
viih heat-=flux transducess (Figare 44). Ths sizs of these rings wasn determined
from heat-flux measpurement raquiremsnts, end the thicknesc of the ablative-
chamber wall was correspoadingly adjv-ted. All of the ringa were fabricated
from silver-infiltrated tungoten. The locatior of each riry is shown in

Figure 45. '

49)) A sscondary~combustor heat-flux~trvemsducer ¢ .udv vas
conducted to otiu the riags and tv sstimate the temperature profiles that
would be expected. These rings, which have & “I" cross section (Figure 44,,
have chromel~alumal thermocouples installed at preci.e depths from the inner
surface exposed to the combustion gas. The resultent temperature/time curves
are used to determina the boundary-lesyer transient and steady-state hast-flux
rate from the gas to the walls.

)] In the heat-cransfer anaiyeis, the temperatures predicted
for the heat-transfer ringe were cslculated aswuming a twvo-dimeneional model

of constant thermoph:ynicel properties. The method of calculation was oased
upon a finfite differcnce mathod darived from tne baei~ G. Dusinbarre
transient-conduction schems. Thie method i{s in computer progras form and {s
relorred to as Aurojst's Therwal Auslyxer Frogram (No. 278) . Boundary
cunditions at the exposed hot-gas surface were predicted from the Dittus-

Boelter correlation. Propellant combustion efficiencies cf B0 and 95%,
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IV, B, Technical Discussion (cont.)

demonstrating gas temparatures of 4633 and 35588°F, respectively, wers

G

considerved in the snalysis. Rasults ol this snalyeis are shown graphically
in Figures 46 and 47. Thage curves show typical expected tempersture rise
rates for two locations in the combustion chsmber. ®

L) Ablative-uaterial selecticn was bisad upun past
experience with thess materials in htgh-pruwu' and Alzo:,-burir.c combustion
environmants and upon recommendations by kaowledjyeable vendors and Aerojet
material epecialists. A building biock apprusch to the issertion of the
ablative liners iato the chambers was taken, as shuwa ia Pigure 45, Bonding
and sealing wae accéomplished with m-so.‘“’ & room temperature curing
silicone rubber. The materisle used included the follosing:

(1) "“Astroquaris” (J. P. Stevems Co., Mew York, N. Y.,
impregnated with SC-1008 phenolic (Monsanto Chemical Co., $£. Louis, Mo.)

(2) MX-2600, a phenolic-impregnated high aili:a fabdrir
(Fiberite Ceip., Winona, Minnesota)

"{3) MX0-83, a phenolic-isprognated silica-rayon fabric
(Fiberite Corp., Wirons, Minnesota)

(4) WBC-223G, silica phencliv high-scrength char
(Western sacking Corp., Culver City, Calif.) -

(l+) RTV-b0, 4 product of the Ceneral-Eleictrir Co., Waterford, New York
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Report 10785-F, Phase IX
IV, B, Technical Discuseion (cont.)
¢. Instrumentatioa
(1) Instability Monitoring

) The Photocon Model 307 water-cooled transducer
was used to monitor the possible occurrence of high-frequency instebility.
The preburner (Pigure 48) was instrumented vith treasducers at tha following
stations: (1) Ilzo2 inlet manifold POJPR(PN); (2) forwerd ead of aixing
chasber POPC1(PN}; (3) aft end of miximg chamber POPCI(PN). A cransducer
wae aloo installed at the injector feuel imlet PRISC(PN). Mo attempt vae made
ta ioestall high-froquency tranaducers i the cowmbustiom chamber, becsuss such
inetallations through ablative materisle have proved to be ussatisfactory.
The trensducer installed {n the oxtd‘ser manifold (POPCY(PN)) would be
indicative of chamber conditioms.

(2) Temperatura Ne..suremaat

w) Provisions were sade to contipue the mesasuresent
of tempevature at strategic pointe im the preburner (Figure 48).

(3) Pressure Messurememt

) Preasures were measured on the face of tha {njector
at two locaticms, inlet manifold to the imjector, and on cach heat-flux
transducer. Tabar transducsre weve used.
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Report 10785~-F, Pnase II

IV, B, Technical Discussion (cont.)

2. Method < f Teetipg

a. Start Tvsnslent and Thrust-Chambar Operation Analysmis

U)] : A transient snd steady-atate analysie for the staged-
combustion engine was conducted to determine the moat favorable engine
operating sequance. The selacted sequance consisted of five events, each of
which had to be satlsfactorily completed befors proceeding to the next.

(u) The anslyeis revaaled that, during staging to operating
pregsurs, t'e thrusi-chamber valves could not be relied upon to control flow
becsuse of their poor resistancs versus opeaing chavacteristics. It wee shown
that staging (or ramping) should etart before opening the main thrust-chasber
valves snd that the valves should be opened ae quickly as possible. Iu this
way, by simultansously estaging and quickly opening tle thrust-chamber valves,
chambar-prossurs oscillations and mixture-ratio euxcursions during the stert
transient could be avoided.

(1) TIanitisciom

()] During this event, the main oxidiser thrust~chamber
valve was bypassed at about 3 ldm/uec and at an oxidister wanifold pregsure of
900 psia. This condition vas similar to that used during tha last three pre-
burner teste. A thrust-chamber pressure switch, set st ibout 240 peia, was
used to esnse peroxide decompoeition and initiats the next eveat.
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Report 1U735-F, Fhase 1II
IV, B, Technical Discuseion (comt.)
(2) Pack Praheat and Injector Cooling

) This svent was time . for a duvation of 2.5 sec to

allow the pack to praheat to greatar than 1600°F. The timing was experimentally
determined duvring tha preburner evalustion and provided assurance that the H202
decompasition was near completion. As wes aleo found during preburuer testing,

temperature conditioning of the turbine simulator was required to sndsure a
constant pressure drop during stesdy-etats operation.

(I_J) In addition, water was passed through the secondary
injector at 2 to 4 lbm/sec and at 200 psigto keep the vanss cool and prevent
ingrees of decomposed peronide into the fuel circuit during ths preheat svent.
Failure of the cooclant water valve to opsa would in{tiate shutdown. The valve
wes closed at the end of this event.

(3) Staging

(V) The completion of the prehaut event initiated
opening of tha thrust-chasbar fuel valve and the etart of staging. The
oxidizer valve opsaing was delayed 50 to 73 millisac to compensats for the
difference in valv- ! .racteristice. The fuel flov was controlled by a.
Jm-bury(ls) hull valve while the oxidiser eide had used Q‘ﬂ Annin(u) globe
valva. The oxidizer bypess valva was cloesd by & position ewitch on the main
thrust -chasber oxidizer valve.

(15) Manufactured by the Ja-ilbury Corp., Worcestar, Mass.
(16) Munufactured by the Aanin Co., Montebello, Calif.
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IV, B, Technical Discussion (cont.)

(U} The ntlginﬁ rate, psi/sec, was controlled or both
intensifiers to maintain a mixture retio of 0.4 to 0.9 during ptag!ng.

Staging occurred over a 1.5-sec pariod. The oxidizer pressure was ramped from
& preset value of 900 tn 5000 psig at che intensiffer outlet. .The fuel
preasure vas rampad from a value of 850 to 3500 paig. '

(&) Steady State

(V)] The steady-etate event was initiated during staging
by a thrunt—chnnbot pro--uti switch set at about 2300 pesia. Steady-state
pressura vas 3000 psis, and the duration was eet for about 1.2 to 1.4 sac.
Failura of the thrust-chamber pressure evitch to cosplete the malfunction
detection circuit uithta a presat time initiated the shutdown saquence.

(5) Shutdown

(v) The valves wate sequenced EO‘CIOIC in such a manner
as to obtain a fusl lag of 50 to 7% millisec and thus adinimiza flow of oxidizer
ovar the hot tungaten surfaces. Initially, nitrogen at 1000 paig was pasced
through the secondary injector to purge residusl Alumizine-é3. Uater was later
used as the injector purge. The chamber downstream of the catalyst pack was
also purged with nic}ogon to prevent residual oxidizer from entering the
secondary combustor and to prevent s backflow of combustion gas and water from
the secondary combustion to tha primary chamber awd catalyst.

b. Mixture-Ratic Analysis
) An analycia was conductwd to svaluate the delivered

periormrace of 98X H,OzlAlumtuino-bJ as & function of mixture ratio. Results
of this analysls (conducted at the 100,000-1bf-thrust level), presented in

Page 116

UNCLASSIFIED



[ ="

omtf okt ey Gt bemg wun) Gy @ud Gus)

Mesmy A lRIFIrR
Weorwbhilwwil i o

Report 10785-F, Phace II
iV, B, Technical Diacuseion (cont,)

Figure 49, indicate that even though maximum theoretical specific impulse occurs
at a mixture tatioc near 0.5, the astimated losses caused the desired operating
point to move toward highar nizture ratfios. A aixture ratio epproaching 1.0.
appears to be the desirad oparating point to deliver maximum specific impulse
for a cooled engina. (A lower mixture ratio vould ba acceptable for an
uncooled engine.) Therefore, tha tast plan was designed to svaluate and
compare perforaance of 70-in. L* chambers with 40-in. L* chambers over a

range of mixture ratiow.

(1)) Ao avaluation of the effect changes in mixture ratio
wvould have wpon flov dynamics of the system revealad that both the oxidizer
and fusl circuit could handle the corresponding reductiom in fuel flow and
increase in oxidizer flow which would result from an increass in MR from 0.5
to 1.0,

¢, Effect of Therwal Gradient and Oxidizer Upon
Tungsten Components

Q) Recsuse one of the major consticuents {a the corbustion
chasbar, both for hest-flux transducers and throat sections, vas silver-
infiltrated tungstem, an ml)'uu vas performed to consider the effects of the
thermal gradient and oxidiser-rich gases upon tungsten cosponants.

(V) A tharmochemical analyeiv wes conductsd to dafine the
heat load imparted to thesa components during the atart trunsient; {.e., to
sxamine the heating characteristics and species of the gas as the engine starts
with an oxidizer lead, passas through & stoichiometric mixture ratio, ard
steadias at the opsrating point. Gas molscular constitusnts, recovery
temperatute, and heat-transfar coafficients vere examined as a function of

mixture ratio.
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Report 10785-¢, Prose 11

.V, B, Technical Discuassion (cont.)

) This analyeis indicated that the gaa temperature at
stolchiometric mixture ratio ie about 200°F higher than st the operating point

of 0.5. Howeve,, the thermochemical analysis shows a raduction in heat-tranefer

coefficient of tha gas at the higher mixture ratio. It appaarr, therefore,
that during tha start transient the hest load increases as a function of
decreased mixtura ratio, and that the peak hssting condition is achieved at a
mixture ratio of 0.5.

1)) The literature was revieved to evaluate the oxidation
rate of the tungetea ir the secendary chamber, and two excellent correlations
wexe found. The correlatiocn by Ong and Fassell (Ref. 8), for tempersturas
betwsen 1300 and 2400°F and pressures between 0.02 snd 306 psla, resulted in
the following expression for the tt(rclqtou vate of tungstemn, %E-(U):

1 1o-S290/T Bo,t?

B - s0sx10fxa0 (ca/kr) (tq 3)
vhere

T -« °K

Po, « partisl pressucre of oxygen in atmowphare
()] An extrapolation of this relatinnship, showa in Figure SO,

gives a vegreusion rate of 1.6 x 10‘5 in./sec for the primary chamber exhaust

conditions.

P = 4009 psia
T - 1756°F

' sz » 1300 pain
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Report 10785-F, Phage LI
v, B, Technical liiscuseion {(cont.)

) The tungsten in the sacondary chamber will, there¢fore,
not be affacted by a long start transiant. The mechaniswm of tungsten
oxidation iln this temperature regima involves the rapid vaporizatiom of
tungsten oxide (HU,). An increase in pressure will tend to inhidbit the
vaporisation of the oxide and thus reduce the amount of oxidation; the rate
equation dome not reflect this effect.

w) Tha wechaniea for oxidation vader the secondary chasmber
conditions differs significantly from that just described. As the temperature
is incruased, the fres enmargy of formation of the oxide bacomes wore positive
until a’ tempsrature ie reached at which tungsten oxidation is negligible. A
correlation by Perkins, Price, and Crooks (Ref 9) rasulted in the following
expregsion:

0.84 o -24,500/RT

R, = 20xPo (gw/cm-uin) (Eq 4)

)
vhere
« gas congtant 1,987
T « °
) The steady-state regression rate, i'. calculated fronm

this equation for thc 20,000-1bf combuetion throat, gives 7.6 x 10-5 in./sec

ac T = 5000°F, F = 3000 psia, and Po, 8.7 awia (MR = 1.0 for H,0,/A1-43).

This regreesion rate {s completely eatisfactory for oporstion of the 20,000-1bf-
thrust engine. However, it ie a pessimistic esvimate becausa regression rate

at high tewsperatuves should dectease rather than increasse vwith temperatures,

as shown by the equatinn that represents the rate at temperatures near 3600°F.

w) ) Pradictions based on the above cited Ong-Faswell aquation

and the empirical regression rate data compiled from Minuteman and Polaris
solid-rockec firings correlatad well,
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iV, B, Technical Di:cussfon (cont.)
(0 Chemical-compoosition calcylations also wera made to
establish tha threshold for srosion of tungstem versus 982 HzozlAlunillne-AJ
mixture ratio., Standard equilibrium thermodynemics procadures wers used for
tne system 982 nzoz/umun--u/w (tungatan) at propallant mixturs ratios
from 0.5 to 1.2. The dats are summarized in Figure 51 at a temparaturs of

6000°F. Note that the amount of oxidized tungsten is negligible bealow a

mixture ratio of 0.65, and that the oxidatioa incresases rapidly asbove a
oixture ratic of 1.0.

w . . Tha variation of the oxidation process with rempara-
ture i{s 1llustrated in Figure S2. It can be seen that less tungstsn trioxide
(HOJ) is formad as the temperaturs is reduced. Tha amount of tungstic acid
(szo‘.)‘ howsver, doss not decrease rapidly until temperaturss balow 5000°F
are resched. Nots that if the tungsten well temperstura i¢ reduced to about
4500°F, ss would be the case vith a regeneratively coolaed chasber, the

operating mixture ratic can be increased slightly without incressing the
amount of oxidatioen.

w) On the basis of the matertfal Illllyllll. Lungaten appears
to be a satisfactory chamber msteriasl for use with 982 nzoz/nmun--a:. The
analysis, howaver, (ndicates that the regression rate may be axcessive above
a mixture ratio of 1.0 and at shutdown if thers {s a long oxidizer-rich

. talloff,

4. Treatment of Test Data

v Sevaral tynes of data wers obtained from each staged-
combustion test. These included:
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Report 10785~F, Phase I1I
1V, B, Technical Discussion (cont.)

(1) Slow-spesd strip-charts which permitted a pre-
liminary posttest eveluation of thrust, flow, pressures, and performance.

(2) Oecillogrephe which allowed examinatica and evalua-
tion of such test parameters as valve phasing, low-frequency pressure perturba-
tions; and pressure, flow snd thrust transients. Thess data were usad mainiy
in the qualicative sense. '

. (3) Migh-frequancy tapa recording-=~to mounitor ths
poseible occurrenne of high-frequency pressure pearturbations. Oscillograph-
type recovds vere produced from the mignetic tape for avalustiom.

(4) Anslog-to~digital conversiom sy itea (ADC). This
system provided digital data, wvhich becems the main sourcs of derived
quantitstive data and plote. It was also wed in conjunction with a computer
program to calculste parformsuce parsmsters. Tha resainder of this discus~
siou concerns iteelf maialy with the trestmsnt of the ADC data.

w . Iaitially, a plot of pertinen. teat parsasters was
prepared o uake tha salection af the time pariod owar which data would be
evaluaced. The teet parmmters considerad were oxidiser end fusl falet
asnifold pressures (POJ-PB snd PRJ-SC), catalvet pack tempsvature (TOCr-2),
decomposed u.zo: tesgersture (TOPC~5), thruat (¥), oxidizer and fusl flow

‘rates (WO and WF), valve phasing (LOTCY and LFTCV) anJ chasber pressure

(PCSC-1). Selection waa mads on the bdasis of conatency of these parassters
during the period of nominal cparating conditions (sprroximately 3000-paia
chamber prussura and 20,000-1bf thruet). Thie is coantrary to the pariod of
tine uaually dafined as steady siste (tims pariod greater than 90X of
chamber pressure) which vas used primarily as an indicacor of test duration
and not for dsta analysis. Selection of the steady-state period by the
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1V, B, Technical Discussion (cont.)

method outlined was intended to ruls out such phenomsna as stand ringing (which
glves large swings in thrust) and flow and pressure fluctuations durirg

transienis. Typical steady-stsate pariods selected by this method rangad froa
0.4 to 1.0 sec (n durstion.

v The dsta for the salected time pariods were then
averaged and used for calculation of both sea level and vacuum performance
parameters. Vacuum parformance paramstera were wad in the performance inter-
action evaluation discusesd in Section IV,B,4. Tha use of vacuua parformsnce
paramaters effectively rules out variations in chasbar pressure for ths range

of pressuras obtained (2630 to 3030 psia) and allows & reslistic comparison
of the data from test to test.

w; Charecteristic sxhaust velocity was calculated from the
following relationship:

ch - -:S:".‘L (&g 3)
Ve
vhere ’c = Planum total pressure, psia 2
At = Instantanecus throat ares, in.
R, = Accelaraticn of gravity = 32,174 ﬂ:/uc:2
Hr = Total weight flov, lba/sac

The instantanecus throat area was determined by essuming that asny change in
throst area that occurs during the firing s linear over the tims period

corresponding to greater than 90X of chambar pressurs. The pretest area

corrasponds to the start 90X chamber prassurs and the posttest area corvesponds

to the shutdown 90X chamber pressure. The planum total pressure was obtained

by uveraging the two i{njector face static pressures recorded during the tast.
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IV, B, Technlcal Discusafon (cont.)

Weight flow rates were computed from booster (intenaifisr) travel measured

by a cupacitance probe, or sacondsrily (if the cspacitance probe melfunctioned),

by a linear potentiomster.

(w Vacuum spacific ispulse was calculated as follows:

P+P A
I.v.—+‘ : (‘q 6)
%1

vhere:

Thrust, lbt

Atmospheric pressurs, psia
» Exit area, tn.z

T Total weight flow, ldw/sec

e J
.’. -
]

.
L}

(v Thruat msasuremsnts wevre corrected to imelude & thrust
cell correction biass datermined during calidration. Tha exit area vas cal-

culated in the same manner & that used for ths throat ares ror the c*
calculation.

(u) These values were then cowpared to theoretical vaiues
corrasponding to the sexe chember prassure, MR, and exit area ratio by the
performance ccmparator program. Coefficient of thruet, Cf. was also calculated,
but has basn accorded less significance in this report.

e¢. Secondary Injector Cleaning
w) Alunisine exposed to air will decompose and leave a
residual solld waterial which can block small tubes and passagevays and even

coat line and mani{fold surfaces. It was necessary to remove the injector
aftevr esch firing to sliminate the residual Alumizine. Past experience had
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1V, B, Techrical Discuseion (comt,)

shown that postfire nitrogen and water purges, while helpful, were not totally
effectiva. Consequently, the imjector was rewoved after sach firing and
trmeraed in a ot 5% sodium hydroxide bath for & minimum of & hr. Following
this .mmersion, it vas placed ia 20% nitric acid for 30 mia. This procedure
provad effe~t!ve in removing decomposed Alumizine from the injectors through-
out the progras; drilling ves required to remove decomposed Alumizine (not
dissolved by the caustic and'nexd) from soms of the small tubes.
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IV, B, Technical Discusaion (cont.)

3. Scaged-Conbuntion Teet Descripkion and Reaulte

)] Fourteen tests ware conducted during the staged-combustion
evaluation program. 1In general, the objectives of thess tests were to evaluate
two sacondary injector configuratic s and select the better of the two for
subsequent testing; to detersiune transient heat flux at strategic 1out_ion. io
the chamberj to compare the performance of 98% nzozlumuuma at charac-
teristic chamber lengths (L%'s) of 40 end 70 in. (baseline) over a range of
mixture ratios; and to determime the performance of 90% Hzozluud'f.no-bJ.

(C) All of the objectives of tha test program were satiefactorily
attained in three series of tests. Iun the firet series of four tests
(1.2-02-AAC-001 through 004) two injector configurations werc evelusted. As a
Teault of this series, the 396 tube=vane type secondsry injector wvas selscted

to parform the subsequent two serice of evaluations. Thie injector dewonstrated
greater than 89X of theorstical specific iwpules on its fivet two firings (ses
Table VI), thus exceeding easily ths progras goal of 87% of theorstical L,

The tubular injector, cousisting of 44 axially directed tubea (a much coarser
injection syetem), nv‘.only 84.3% of theoretical I..

(V) The test program vas temporarily discontinued at this point
because of major damago sustainad by the oxidizer {ntensifier und foed systam
due to a test stand aalfunction. The affected components ware regtored to a
Class 2 condition (ses Saction III,B,3), and the test program was resumed.

©) - During tha second serias of seven tests, 1.2-03-AAC-001
through ~007, the performance comparison and heat-flux determination were
satisfactorily completed. Two of these tests did not produce useful data
because of walfunctions. Rasults are presented in Table VI.! The test results
confirmed the theoretical snalysis wiiich predicted that highar parformance was
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JV, B, Technical Discussion (cout,)

favorad by higher mixcura ratf{oe. Figure 353 shows the dolivered spacif.ic
impulsé at sea level for the base’ine 70.in. L* chamber and vane lnjector
plotted against mixture ratio. Area ratio wae constant at 10/1. For compari-
son purposes, the thacreticel specific impulse againet mixture ratio ts shuwn
an Figure 34, Az 0.5 MR, sbout 91X I is realized and incresses to sbout %31
I. at 0.8 MR. Thease plote show the need to optimize ths oparating point for

an angine using this propellant combination. The relationship of L* to parfor-
mance is discussed under Sectiom IV,B,4, Ferformmnce Analysis. The heat-flux
data obteined during this test series are discussed in detail in Section 1IV,D,5.

{C) The third series of three tests, 1.2-03~AAC~008 through -010,
deaons trated the 901 H,0./Alumizine-43 staged-combustion cycls. Two of thase
tests produced usetul deta (see Table VI). The performmica levels, in tarms
of the percentage of theoretical spacific impulse, were lower than those
achisved with 98X nzozlumum-u. largely because & modified Mod II vane
injector and A modified tubular injeactor were used to perform the testa. The
modification to the vane injector {s axplained in detail below in the discussion
c¢ Tast 1.2+03-AAC-008, Howaver, the tubular {njector, modified by incorpo-
rating thres to four weld beads in each tube outlst to increase Alumigine~4ld
Cispewwion, e.g., surface sxposure, produced & radical increase of 8% in
performarice ovar the original varsion evaluated on Test 1l.2-02-AAC-004. This
1s extremsly valusble data in that it ehows the significance of fuel surface
expusure area. The injector preseure drop was aleo increasad resulting in a
higher injuction velocity; hawvever, past staged-combustion expserierice has indi-
cated that {njeccion welocity per se has little or no effect on performance,

()] Figure 55 ahows the tlow scherati{c for the aystem. Tha staged~
combustion TCA {s shown in Figure 37, and the location and identification of

instrumentatio» paramiters are shown {n Figure 48, The tects are summarized
in the following paragraphs:
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IV, B, Technical Discussion (cont.)
a, Test 1,2-02-AAC-001

w) The ohjectives of this test, conductad with water flowing
through the fuel circuit instead of Alumisine-4d3, vers to check oucr preburner
operation and the etaged-comhustion firing and shutdown sequences. The flow
sequence usad is described in Section 1V,3,2. The vater exhswted to amdbient
pressure through orifices sized to reproducs the pressure echedule in the
injector of the sacoudary chambar. S8econdary chamber hardware was not used in
this simulation test, Oxidizer and fusl sequencing was eatisfactory (Figure 56).
Preburner catalyst performance is summarisged in Table VI and in Figure $7.

()] The catalyst parformad sstisfactorily in this test ae
well as {n subscequent tests. The cstalyst pack had bean repacked by using
eight Ageite~223 screwens from the original low-throughput pack, New silver
screens and ten new Ageite-~220 scresens were incorporated, as shown schematically

"in rigure 57,

b, Test 1.2-02-AAC~002

(§1)] The objectives of thie tust wars to svaluats the first
of two injector concepts and to determine staged-combustion performance at a
chambar pressure of 2800 psia and & wixture ratio of 0.7 with s chamler L* of
70 in. This '-utun ratio was chosen because (1) the performsnce analysls lLiad
indicatod that at least this mixture rutio is required to ensure ignition of
t. alumioum 1f the hydrasine (nzu‘) is assumed to burn with the peroxide and
the resulting flame temperature exceeds the melting point of aluminum oxide
(“'203)' and (2) the oxidation of ths tungeton in the silver-infiltrated-
tungsten throat insert would be ainimal at a mixture retio below 0.7.
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Test, Series 1.2-02-AAC (n)
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IV, B, Techaicsl Diccuseion (cont.)

vy The chasber pressure was lowarsed from 3000 (nowminal) to
2300 psia because of: (1) an ewxcessively high pressure drop for design flow
rates in the Mod I vane-type secondary injector, and (2) s fecility limitation
(maximum oparating pressure of the fuel systew, 3500 peia). UWhen the high
pressure drop was discovered during hydraulic calibration, the length of the
tubes on the injector face was reduced from 1.0 to 0,63 in, through Elorxirg
(electrical=-discharge milling)., Mgure 43 shows & view of the modified injector
face. The two larger tubes .n'puuun taps. Theoratically, shortening of

the tubes degrades the flow=distrilution patceru. Howvever, with 396 tubes,

this degradation was woc considerad to ba apprecisbls.

(R1)) The stert-transicnt aequance was wodified to include a
water purge to keap tha injector vanes cool during preburner starting operaticn.
Aather then use au injector fueal=fill event (through bypsss of the main fuel
valve), water flow of 4.2 lb/eec was initiated vhea the preburner raached

240 psia end was discontinued at the initiation of staging to full I:lzo2 and
Alumizine=43 floy ratea. Tha event vas incovporated into the sequence to pre-
vent any pouib'h failure of the injector vanes dus to autodecompoeition of
Alumizine in contact with a hot surtsca and, also, tu prevent decomposed Hzoz
from flouing back into r.!‘u fual injector,

146} ' i The TCA instailation on the teast stand s shown in
Figure 38, Ddote thermocouple connectors protrucing from chamber.

w The chasber heat-flux tremsducer did not raspond during
tasting bacause the theisocouples ware inadvertently sheared during aasembly
of ablative cownorents into the chasber.
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IV, 3, Techniczal Discussion (cont.)

) The test was satisfactory. A specific-impulse efficiency
of 89,37 at sea level was achiaved at a mixture ratio of 0.65 and at & chamber
pressure of 2750 psia (Table VI) thus axceading the program goal of A7Z, The
injector face wves undamaged and the tungsten throat showed no erosion. Steady-
state duration was 1.57 sec (at greater than 90X Pc).'

v The fuel flowmster resdiugs were erratic (Figure 59),

but fuel capacitance-probe msasuremsats wvere stsady. The catalyst pack heated

up slowly and required about 9 sec for a significsant tesperaturs rise (Figure 60).
During this test and during the praceding chackout test, the readings on the
first theTmocoupis in the catalyst pack weve nppnchlbly lowver thaan those
recorded during tasts with the original low-throughput pack in the preburner

test sezies (Pigure 57).

m Aftar testing, the fusl injector vas purgad wicth 1500-peig
nitrogen and deionised water. Pour of the 31¥6 tubes required drilling to

remvve residual decompousd Alumizira, It should ba noted that the fual manifold
has been designed to facilitate removal of residual Alumizine; howaver, the

bent tubes in the vaned injector eve difficult to clean. The purge systea vas
not successful 1o removing all the vesidual Alumisine afrer shutdown,

(0 Upon dissseembly it was noted ‘that the chamber wes coated
with Alumisine (Figure 61), indicating that the desired shutdown sequence had
been achieved; 1.sa., the oxidizer and the fual valve had closed simultaneocusly.
Ablation of the chamber phanolic caused the chanber hesat-flux transducer to
protrude about 1/16 in. into the chamber. In addition, erosion just aft of the
tungaten throat wvas also notad, as expected. This eroceion vas very similar to
that observed on Polaris and Minutemsn noczzles.
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Report 10785-F, Phase II
IV, B, Technical Discuzeion (cont.)

1)) The performance celculations, eummarized in Tabla VI,

are based upon oxidizer flow rate (wessured with a 2=in. turbine-type flowmeter),
fuel flow rate (osaruved by a capacitsnce probe), and thrust (measursd with a
calibrated load ceil). '

c. Teat 1.2-02-AAC-003

)y The principal test objsctives of thie test were to varify
the performance achisved ca the firet test and to dgtcmm the effect of
nixture=ratio change on epecific iwpulse efficiency. The test setup remcined
unchanged excapt that the targst Mi vas increased to 0.8. The hardvara vas
identical to that used for Test J00Z.

() The test vas satisfactory and proceeded as programed.
Spacific~-impulse sfficiency improved slightly to 89.9X, which conff{rwmed that
an efficiency exceading 87.0% may be obtained reproducibly with this tujector
concapt, Mixture vatio was 0.75 amd chamber pressure vu' 2635 peia, both some-
what lower than doeired becauss of the high pressure drop across the turbine
simulstor (2031 pei).

(U) As showa ‘n Pigure @2. the Alumirine-43 flowwater again
bshaved erratically, but flow msseurements by monitoring Jdisplacement of the
intensifisr piston wers steady. All other traces wera ewcoth, indicating stable
and evan combustica.

V) A poetfire inspection of the hardwere indicated that
eight injector tubes had been dasmaged; threa tudbes were eplit and five were
burned back to the vmme. Nesidual, decomposed Alumizine~4) from ths wanifold
apparently plugged the tubos on startup and thus slloved stegnation and subse-
quent autodecomposition of the hydrazina. All tubes wers frss of obitructions
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IV, B, Technical Discusaion (cont.)

prior to firing. Pigure A3 shows the postfiru conditiom of the injector face
and the damage tc the tubes as oluerved after tha two tests.

(v) The erceion of ablative components is diagramsatically
shown in Pigure 64, This arcuion is typical of that which occ.rred on later
tests. Appreciable evcsion occurred in quarti~reinforced phenolic convergent
chamber section. The forwvaru stainless-stesl retai.er ring for the eilver-
infiltrated~-tungsten throat was axposed by the loss of sblative material and
had melted and burned in placca. The burnet sad xelted steel csusad erosion
of the forward sectiom of ths throat.

dc Teat 1 . 2'02’%”‘

4] The usin objective of tlils test was to evaluste the
second injactor concep:, 1.e., the d-tubs injector. This injeccor, with i«s
tubsa directed axially in chowerhead fashion, {s repruseatstive of tethncicgy
developed during the Titan ITA program. lHowever, fual distributica is some-
vhat more coarse than with the final injector concapt adoptrad on thar program
(Ref. 7).

() The ablative liner in the secondary chasber (L% = 70 in,),

the tungsten throat, snd the exi:t cone vere replancd, and the chamber wos
instrussnted with & hest-Clux transducer at the lucatiom xhowm in Figures 37
and 43, The turbioe simulator was replaced with one having a lower pressurs
drop to reducs the required supply pressure from the intensifiar. (On the
previous test, the outlet pressurs of the intwngifier was at its wmaxisum and
wtill tihe desirad fluow of llzt)2 was not obtained.) The catalyst pack and the
preburner remained the same 81 iu previous teste.
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Figure 64. Postfire Contour after Tests 1.2-02-AAC-002 and -003
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TV, B, Technical Discussion (cont.)

(n The fual and oxidizer flow settings for the teat were for
o mixture ratio of 0.7 and a chambér pressure of 2800 paia. The test maquence
and the timer ssttings wvere the sams as far Tests 002 and 003.

w . The test was characterised by low performance and rough
combustion (pressure oscillations). These oscillations are discuseed in

Section IV,B,n.

©) A specific~{wpulse afficiency of 84.3% st sea level vas

achieved at a mixture retio of 0.60 and a chamber pressure of 2793 peia. This .

I. efficiency {s less than the program goal of 87X and less than that uchieved
vith the vane-typs injector. Tho vaned injector was therefors chosen as the
configuration for the remsining tests. Figureo 65 end 66 summarise the
pressures, flows, sad teaperaturas obtained. :

(¢1)) Exhsust particles were collected on thia test with the
device shown in Pigure 67. The device vas placed 130 feet downstream in the
exhe. st plume. A shutter (not shown) opened the inlet of the device during
the steady-state period and blocked it during thae rcnntndir.of the firing
sequence. This ensured thet the particles collected ware representative of
particles produced during nominael opervating comditions. The device vas
developed on the Investigation of Haterogenseaus Propallsnt Two-Phese Flow
Criteris Program (Raf. 10) recently completed at Asrojet-Ganersl Corp. The
significance of particle size and distribution is discuseed in Bection IV,B,é.

()] The injector was undamaged (Figure 68), but the tungsten
throat and the ablative chswber material showed comsidersble grooving.

Figure 69 shows the grooving sustesinad by the throet. This fact tends to
verify the theoretical dependency of tungsten upon a homogeneous gas, since
pour propallant distribution snd mixing cucurred and corresponded to the low
specific {mpulse afficiency.
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Report 10785-F, Phase II
IV, B, Technical Discussion (cout.)

49 It vill be noted on Figure 68 that one side of the
injector wvas more heavily ceatod vith residual Alumizine than the other. The
heavisr coating was locsated ou the tubes that wars oppesite the fual inlet.
The presence of the coating confirms that the shutdowm soquence was fuel-rich.
Purging with lz ves vesponsible for the nozeymmstric coating.

e, Test 1.2+03-AAC~-001

141)] The objectives of this test were (1) to determine
performenca {im carms of specific iwpulse efficiency) at 70 L* wich the
improved Mod III vane~type injector design (see hardvare section) at 0.7 MR
and (2) to determine hest flux iw the cowbustion chesber, throat satry section,
and throat. The 0.7 afxture ratio was chosen as a startiag point because it
vas representative of preavious operation with the Mod I imjector and would
serve as a comparison betwesm Mod IIT and Mod I injector performence.

41)) The .eugine sequetice vas assentially the same as that:
euployed during the previcus teat seriss. Watar vas passsd through the fuel
injactor during the 2.3-sec catalyst pack heaating period ss & cooleat and
purge. This flow vas discoutinuved during etaging to the full operating
preseura., The catalyet heating period wvas controlled by a timer initiated by
8 pressure switch set to snergise at 270 psia during the llzo2 start sequence.
The H,0, preheat flow rate vas about 3.0 lbm/sec. Steady-state duration (time

272
at Pc greater than 90X of desired) wes established at 1.2 sec.

) Tha catalyat pack was wisiler to che pack employed on
the pre'ious tast series axcept that five silver screuma interleaved with tive
nickel-uangansse screens were added to the front end of tha pack to increase
activicy., This wodification resulted from discussions with Mr. McCoramick of
FMC in which he indicated that their test results showed better pack atarting

Page 155

CONFIDENTIAL

(This page 1s Unclassifried)

fed 4

o@e @

@



ﬂnf\hv-f 1ﬂ7ﬂ'3-" Phnea TY

i\, 8, technicai Discussion /{cont.)

characteristics with the higher silver loadiug. Ten nickel-manganese screens
were removed from the downgtream end of the pack to compensate for the sldi-

tions to the front end. Pack dimensions and co-pronidn \ur.c {dentical.

w ) Only thres of four heat-flux transducers vere instrumented
because of a limitation in the numbsr of chromsl-slumel instrimeatation channels
available in the test (utlii:y. Duplicate positions om each tranaducar (four
pairs) were wired in parallal to obtain sn average transient tempevsture profile
far the corresponding depths.

(v) The thrust chawber is thowm installed on the stand in
Figure 70, Note the thermocouples emanating from heat-flux transducars.

(C) ' The test vas satisfactory. A specific impulse efficiency
of 91.3% at sea level was achieved at & mixture ratio of 0.67 and a chawber
pressure of 3061 psia (Table VI). This represents an increase of 1.5 to 2.0%
in perforwmance over that previously achieved with the Mod I injector. Steady-
state duntipu vas 1.32 sec at greater than 90% Pc. Performsnce parameters

are plotted in Figure 71, _

) The injector face wvas damsged in the center and on the
outer periphery. An examination of the recorde revealed that the fuel valve .
closing was delayad significantly beyond the time originally planned as indi~ -
cated by the lig im LFTCV ve LOTCV in Pigura 71. This caused a heavy surge of
fuel through thas chamber after the oxidiger valve 'had closed, The high~speaed
motion nicturas of the test showsd several pronounced pulsas of flame from the
chamber corresponding to the tims period. It is probable that this uncontrolled
buining was responsible for the damage to the injeéctor. The vanas were sub~
sequently removed from the injector, and the injector was converted to Mod II
because of the immediate availability of Mod II-type vanes.
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(v Low={requency oecillations at 70 cps occurred in the
preburmer. In addition, tha tewperature profile through the catalyst pack
showed the high=st temperature occurring Jdeap in the pack st the No, 4 thermo-~
couple position (TOCP=4 in Figura 72). Temperature at the No. 2 (TOCP-2) and
3 (TOCP-3) positions dropped during staging te full flow. Upon dissssesbly,
it was discovered that the pack had baen inverted during installation. The
turbine siwulator plats and prebuinar chamber wers heavily coated wich silver.
It was concluded that the impropsr installation of the pack was responsihle
for the low-frequancy oscillativns. Fortunately, the oscillations wexe not
reflacted in the staged-combustion operstion. The silver-bearing portion of
the pack required subsequent replacement.

4)] The throat diamster did not change, but three fine-line
longitudinel cracks were observed (see Figurs 73). Cracking of tungsten
throats is csused by recrystallizatfor during cool-duwm end is normsal based
upon pravious Polarts and Minutewen aexperisuce. Heavy dapoaits of Alumizine
weres found throughout the chamber, as shown in Figure 74, and sows modexate
grooving of tha ablative material occurred. The axit cowe was very swmooth.
Tha chasber, throat, and exit cone were cunsidered to be refiradble.

(u) All heat-flux transducer thermocouples, except one on
the transducor located in the combustion chamber, functicned during the test.
Thess data are prasented and discussed in Section IV, B,S..

£, Test 1.2-03-AAC-002

(i) The objective of this test was to detsrmine the perfor~
rance of the $8% Hzoz/uuntntno-ﬂ system at 40-in. L*, No heat-fiux trans-
ducers were included on this test, A s2lid silver~infiltrated tungsten throat,
with ablative chauter, entry section end exit cone was used., Tha injector
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Neport 10785~-F, Phase II
IV, B, Technical Discussion (comt.)

used was the Mod III vane~type {njector (SN 002). All other operating conditions
were identical to Teet 001, The catalyst pack from the initial test series wvas
used in the preburner. The TCA is shown imstalled on the test stand (n

Figure 75.

) The sequance was sltered to improve the valve phasing.
The amount of fusl valve lesd during the start tramaient and fual valve lag
during the shutdown were shortessd. The fuel valwe opening aad cloeing times
mnmoiunudinuuuqtmtdmthllur.loffulﬂwthum
characteristically occurred cn start tramsisats is previcus tests. In
particular, ses Trace 9 in Fi ive 71 ou previous test.

{C) The test wes satisfactory. A specific impulse sfficiency
of 93.12 at aea level vas obtained st & mixture ratio of 0.72 snd a chamber
preasure of 3053 psis (Table VI). Performsnce paramsters are plotted iu

Figure 76.

(n The injector face received only minor tube damage and
did not require extensive repair (Pigure 77), However, becauss of delay in
caustic clssuning the injector after the test, the Alumizine-4é3 residual
material decomposed and pluu.d tha tubes. The tubes wers drilled to remcve
the hardened tesaidus.

(u; Similar to Teet ~001, the throat dimemsions did not

change. Seversl hairlime cracke appeared in the throst as in Test -001l. The
chamber ablative inuert wes moderstely grooved. Alumicine deposits were con-
siderably reduced compared with theee resulting from Test -001, which indicated
tiat the alterad sequance was beneficial,
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IV, B, Technical Discussion {comt.)

) , The praburner was slow ia starting snd dropped in pack
texperature duriang steady state. This catalyst pack had been storsd for i0
months and prcbably required rejuvenation. It contained three silver screens
as opposed to aight screens in the pack used oa Teat -001. PFigure 78 prasents
cataiyu pack psrformanca. |

(n Some low-frequsacy oscillations in the range of 800 to
1000 ‘cpe at amplitudes of less thau 3% of steady stats also occurred in the
praburner ou this test. Thess ocscilistions were rendom in nature, and an
instability enslyeis did not indicate the existenca of an organised low.
frequency instability.

g Test 1,2-03-~AAC~-003

) : The objectives of this test were (1) to determine
performsnce at high MR with the 70 L*®* configuration to further define the
performance/MR wap, snd (2} to obtais Crassient heat-flux data. The chamber,
tlmlut. and exit cone had previously been fired on Test 1.2-03=AAC=001. The
injector used vas the Mod Il vane injector, SN 001. The pretest sestup
appaared cimilar to that shown in Pigure 70.

) The use of this injector on this test influenced tha
choice of the mixture ratiu. The injector had besn flow tested with nknr.
anu ths data revealed that the injector had a highar pressure drop than the
Mod TII injector. Thavafors, a low MR was selected for this test condition.
Also, it should bs notsd that the injector was opeiated with oaly 26 of the .
36 center tubes. The other tem had been removad and sssled, because they had
becoms filled with brase material during the furnace brusing cycle.
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Report 10785-F, Phase II
iv, B, Technical Discussion (cont.)

v The catalyst pack, usad on Test 1,2-03~AAC~001, was
rebuilt, and the silver acreens ware replaced with one 6,30+in.-dia silver
screen and seven 4.58-in.-dia ailvar screens. (Additional 6.50-in.-dia eilver
screaens vere not available.) The latter screens vers sized for use in the
high=throughput pack; howsver, they were ussble in this pack by placing thea
in the pack in a clover-lesf pattern. All of tha silver screems wera inter-
lsaved vith 12-mesh nickal-asngansse scxeens.

4)) Adjustmencs to further reduce fuel valve opsning lead
and fual valve closing lag on .uicup and shutdowa, respectively, were again
wade in the engine saquemce. The planned fusl valve lesed on stactup for this
test vas 30 uuu_.c compared to 100 millisec oan the previocus teet. Changes
vare desirable in this sequence to raduce the surge of fual flow during staging.
The fuel valva lag on shutdowa vas reduced from 200 willisec experienced om the
previous test to 100 millisec om this tesst-—again, for the sams raasons as
mintionad on Test 1.2=03~AAC~002. The thruat chasber pressure swvitch setting,
wvhich starte the stesdy-stata timer, was increased from 2270 to 2300 to obtain
a loager steady-state pariod. This had the net effect of incressing the
steady-state period by about 200 milliisec. In edditiom, the fuel injector
water-coolant purge flow vas incrsased from sbout 1.25 lbw/sec to 4.2 1bve/sec
during start snd vas substituted for the 1300-peig nitrogem purge of the
injector during shutdown. This was dona to cool ths injactor vanes and tubes
more effectively.

(C) The test was satisfactory. A ypecific impulse aefficiancy
of 92.7% at sas lavel was obdtained st & mixtura ratio of 0.8) and a chawver

pressure of 3007 psis. Performence paramsters are shown in Pigurs 79.

(v) Exanination of oscillograph and high-frequemcy tape
recorde revealed that all pressures were smooth and stable with uo evidence
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iV, B, Technical Discussion (comt.)

of oscillatory behavior. This 1is s{gnificant becauee it shows that high.
performance may be achieved with this propallaat aeystes under extremsly stable
steady-gtate conditions.

v The injactor received ainor sroeion oa its pariphery at
a location between 6 and 9 o'clock (with respect to the hendling lug at’

12 o'clock). 8se Mgure 80. Pour small peripheral tubes adjacent to the
wall, three couter tubes, snd three tubes in various other locations wera
eroded. These wers subsequently iatent.onally sealed. The remaining tubes
vare found to be gensrally free of residus. Thus, the water purge on shutdown
was found to be beneficial and was used for the temaluing cests.

(W) The ablative liner in the chamber {in addition to sblative
lose of material was also grooved over the firet 4=1/2 im. just below the
injector. The heat-flux transducer in the combustion chaubar was uxposed from
1/8 to 3/16 in. because of the loss of phemolic adjsceat to it. Some greeving
of tha throst also occurred is the cracked areas which were cbosrved after the
first firing (sea Yigure 81)., The exit cone srsded to & depth of 1/8 to 1/4 in.
just downstresm of the throst. This behavior is typical of what has also beean
obesrved in solid wotor firings.

(v The catalyet pack gtarted about ona sec after initiatica
of start and functioned smoothly throughout the teet. A ssxdimum steady-state
temperatura of 1805°F wvas recorded by the TOCP-2 thersoocouple posifiom.

Figure 82 shows the tesmpersture profilee.

W) The four tesmperature profiles recovded ia the throat
hest~flux transducer sppeared to be valid snd ave presented below, Oaly two
apparently vulid.umrltur. profiles wera obtained in the oozxle entry and
nozzle exit transducers, rer>ectively.
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1V, B, Technical Discussion (cbat.)
h. Tests 1.2-03-AAC-004 snd -00%5

(0 The objective of these tests was to determine purformance
at or near 0.5 MR with the 40-{in., L? chamber. The chamber, entry section,
throat, exit cone, and injector ware the same hardware as that used on Test
1.2-03-AAC-002. During repair of the injector three tubes wers intenticnally
ssaled, because drills were broken off in them during a drilling oparation to
resove rasidual, decoaposed Alumisine. Howaver, {t 1s felt this would not

significant]) ; affect performance. The test eetup was similar to that shown in

Figure 75,

) Test 1.2-03-AAC-004 was terminsted during the start _
transient by a malfunction detaction circuit. The fusl valve failed to open
beyond 20X. The sequence requires that a valve -'vltch on the fuel valve uske
contact bafore a valve switch on the main oxidizer valw. (Note: Prior to
this test, during tha ocequence check, ths fuel valve was inadwertently opened
with Alumizins-4] present undsr pressure just q)ltﬂ‘ of tha valve.
Alumizine-43 passed into the injector and the injector had to be removed and
cleaned.) '

w) The malfunctioning fuel valve vas replaced, ind Test
1.2-03~AAC~005 conducted. No changes {n sequence were made.

()} Injector operation on this teet was unsatisfactory and
produced questionable performsacs data. Tha two vanes at a location of

6 o'clock clogged vith residual, decomposed Alumizine smd oroded during

the firing. The clogging caused a noneysmacrical distridution of the

flama front and resulted in erosioa of several adjacent vanes, as well. The
unbalance in the oxidizer flow had resultad in a significant wixture ratio
distribution loss. For this injector design, under normsl {njector operation,
this loss is considered negligible.
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() The performance data wara, however, analyzad by the
performance interaction technique and are discussed in a succesding section.

Test parameters ave shown in Figure 83 and Teble VI.

()] ' There are two possible ceuses for this occurrerca.
Either nr both of tha causes could have been responsible for plugging of the
vanes, and subsequently, the burnout. They were:

an

() (1) A leak was found {n the fual select valve, a
2-in. ball valve about 2 feet upsctream of the fuel valva; this was evidenced
by a thick (1/8 in.) coating of decomposed Alumizine tﬁlt was found on the
inner surface of the line betwaen the two valves., It im considered that the
select valve bagan leaking prior to Test 1.2-03-AAC-003. A systom hydraulic
analysis vas made and tended to verify this hypothesis. It wvas found on Test
1.2-03~-AAC-003 that pressure drop in the fual system bstween the intensifier
outlet und the fuel manifold increased slightly, from that observed in
Test 002, This indicated that decomposel Alumizine had reduced the line araa.
During the srart transient, chips of dried Alumizine could have been carried

.into the injector and caused the blocking of the two vaneg. Note: The line
between the two valves (s noraally purged with nitrogen during prefire check

of fuel valve sequencing.

¢1)] (2) Alumtizine could have santarsd the injector wmenifold
during the partial opening of the fual valve during Test 1.2-03-AAC-004 and
flowed to the bottom of the manifold (6 o'clock). There it may have remainud
and dried through evaporation of the hydragine component while preparations
were heing made to conduct Test 1.2-03-AAC-005. This test was ccunducted about
4 hr atter Test 1.2-03-AAC-004.

(17) The purpose of the fuel select valve is to keep the line from the
intens{fier to the valve filled with Alumizine, thus minimizing cleaning
between tests and permitting prefire saquencinyg of the fuel valve.

Page 176

UNCLASSIFIED

— -

ey

-

« o—a



" CONFIDENTIAL

Report 10785-F, Phase II

(n) S00-I¥V-£0-2°1 153L ‘PvUwaIoliag WeItAS UCTISNQEOD-pIBEIS  ‘€Q MNIT4

|
d T
N
\
|

" * ewvp wewm R Gy BB P PR AW Yme -

FPage 177

CONFIDENTIAL



CONFIDENTIAL

Report 10785-<F, Phase II
IV, B, Technical Discuseion (cont.)

v The cstalyst pack functioned satisfactorily on both
tests. Catalyst pack psrformance for Test 1.2-03-AAC-003 is shown in
Figure B84, '

(V) Tha injector vas removed, and all the vanes wers replaced.
1.  Tasts 1.2-03-AAC-006 and -007

4)] The objective of thase tustes was to determine rarformance
of 98% ﬂznz/umauo-u at or neer a 0.5 MR with & chamber charactvristic
length (L*) of 70 in. The chamber, entry section, throat, and exit cone had
not beea previously tusted. The throat assembly was instrumented with thres
heat-flux transducers. These data were supplemesutary %o those collected during
Tests 1.2-03-AAC-00) and =C03. Thase data would be used to calculate heat flux
i1f the dats from those tests were found to be inadequate.

w A tes (rebuilt) Mod II1 injector vas used for the tests.

(v) ' Tha sequonces were the same 24 thoss usei for Test
1.2-03-AAC-005. The test setup was similar to that showmn in Figure 70.

1) Tegt 1.2~D3~AAC-006 was diecontinued after sbout 20 sac
of H,0, bleed (preheat) when tLhe sugine failed to stags to operatiug flows and
pressure. A postfire inepection indicated that the thrust chamber pressure
switch, which initiates the ~atalyet preheat timer, had not actusted. The test
vecords indicated that the switch was set to actuate st & pressure above that

achieved during the preheat flow coudition.

() The thrust chasber pron-.ur_c swicch was resst, and Test
1.2-03+AAC-007 was then coenducted. Thiy test was satisfactory, and s epecific
impulse efficieacy 2f 91.1% was obtained at & 0.49 MR and a chamber pressure of
7977 psia, Performanc: ‘acta are plotted on Figure 85.
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IV, B, Technieal Discussion (conc,)

) gxhaust particles wera collected on this test with rhe
same device used on Test 1.2-02-AAC-004., Analysis of thase particles is
veported in Section IV,B,4.

v A postfire inspection ol the hardware indicated that the
cuter periphery of the injector was erocded over about 602 of 1ite circunference
and 14 of the outer tubes at tha wall wvera burned. Saveral other tubes on the
main faca of tha injactor were damaged. Some plugging was also evident, It
was determined that 16 of the 36 vanas would have to be replaced to rastore the
injector to rafirable condition.

4)) The ablative liner material on the chasber, exit cone,
and throat entry section wers in excellent condition, similar to Figures 7}
and 74, The throat retained {ts originel dimensions, but sgaia showed some
hairline cracks. Such cracks have been observed after eaach test with a new
throat. In general, the sblative and tungsten hardware was in excelleant com-
dition after the firet exposure to the combustion environmant,

) Again, as in the previous valid tests, all oscillograph
pressure traces wvere amooth and stable, and no abnormal oscillatory behavior

~was evident.

w The catalyst pack started quickly and functioned smoothly
througnost the test. A peak steady-state temperaturs of 1812°F was achieved

at the No. 3} thermncouple position. Tha pack parameters are shown in

Figure 86,

(u) - Three valid temperature profiles were obtained on each of
t he heat-flux transducers. These data wers held tor possible calculation of

heat {lux. The temperature profiles are shown in Figures 87, 88 and 69,
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Secort 10735-7, PRase o
i, 4, Technlcal Discisston (cont.)
5. Test 1,2-03-AAC-008

(v) The objective of this teet was to determine the perfor-
mance of 90% HZO2 with Alumizine=43 at Q mixture ratio of about 0.5, The
chamber (40 L%), entry cone, throat, and exit cone ware nevw., The Ilnjector used
was the modified Mod II vaned injector previously used on Test 1.2-03-AAC-003.
Twenty of the 16 small zenter tubes and 7 of the other injector face tubes had
been plugged. It vas realized that these modifications might reduce perfor=-
mance; however, this injector was the ouly vaned unit remsining for test, No
heat=flux transducers were instrumented; and the engine vequence was the same
as that used [or Test 007. The catalyst pack was the same as that used during

all tests since Test 1.2-03~AAC-003.

(C) The test was satisfactory, and a spacific timpulsa sffi-
ciency of 88.8% at an MR of 0.53 aand chambar pressure of 1,068 psia wae

achieved., The relatively low I. efficiancy, compared to results with 9§le202.

was probably = result of unbalanced MR distribution across the injector face.
caused by the elimination of soms of the injector tubes. Performance parametcrs

are gshoun in Figure 90,

()] The injector eroded on the periphery at a location of
9 o'clock (with respect to the handling lug). The injector was immersed in hot
cavstic immrdiately following the test, and the procedure cleaned virtually all
the tubes. Only two tubes vaquircd drilling to remove dacomposed Alumizine.
Several erodea tubes were 1ntnnttonnll§ cealed prior to Test 1,2-03«AAC-~009.

(V) Minor erosion of the throat occurred, on thiy tegt, as a
result of unequal MR Jistribution and oxidizer-rich zones occurring across the
face of the injector. However, it was difficult to measure the extent of

throat etosion, since there was a heavy deposit of A120j and residual Alumizine
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v, B, Tecunical Discussion (cont.)

on the throat after the test. All the ablative components were in good

condicion,

1)) All pressure traces were smooth and there was no evidence
of unstable behuvior. The catalyst pack started easily (Figure .1) with the
lower concentration pevoxide. The aaximum decomposition temperature in the

pack was 1450°F.
k. Test 1.2-03-AAC-09

(V) This test had tha objective of dotoruining'pcrfcrunnce
of 90% Hzo2 with Aluaizine=43 at or near an MR of 0.7,  The hardvare used on
this test was the same as that used on Tast 1,2-03-AAC-008.

(V) The test wvas terminated during the-start cransient by a
rnalfunction detection circuit. Thua, no stesdy-state datas we.e obtained. A
thrust chamher pragshra avitch preset to initiate the stesdy-state period at
about 2600 psia hamber pressure falled to actuate within the prescribed time
limitation of 1.4 sec after staging began. In all other respects, the test

appeared to proceed as programed.

v) The injector eroded more sxtunsively on the periphery,
and tubes and vanea wete badly plugged. l.pdntcd exposure to the hot caustic
soluticn was unsuccessful in cleaning the injector. Major repair would have

been required to permit retesting of (kis injector.
1. Test 1,2-03-AAC-010

) This test had the same objectives as the pravious tesc,

i,e., pertormance or 90 H202/Alumlzinu-43 at about 0.7 MR. The 70 L* chamhor
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1V, B, Technical Yiscuasion (cont.)

and the tungsten throat remaining from Test 1.2-01-AAC-007 were used. The
injector was a modification of the tubular injector (44 tubes) which had been
used on Test 1.2-02-AAC-004. Thrae to four weld beads had been added to the
outlet of each tube to obtain grsater Alumizinae-43 surface exposure and dis-
persion as it is Injected into the chamber,

49} The thrust chasber pressure switch wvas reset to s lower
actuation pressurs of 2,330 psia to ensurs initiation of the steady-state
pariod (reset to a value of 1.4 sac).

() The test was satiofuctory &nd a specific impulse effi-
clency of 90.0% was schieved at MR of 0.76 and a chambar pressure of 2,737 peia.
The chamber pr.n-uri was somivhat lower (Figurs 92) on this test because the
tressure drops across the fual injector and the turbine simulator were higher
than anticipated.

) A postfire inspection of the hardware indicated that the
injector was in perfect condition (Figure 93). Howsver, the throat was severaly
eroded in a wanner eimilar to that experienced during the first teset of the
injector. It should be noted, though, that parformance of this injector
increased dramatically from 84.3% cn Teat 1.2-02-AAC-004 to 90.0% on this test
oimply by increasing Alumizina dispersion. The thruat demage further substanti-
ates the need for fine injection and the elimination of streaks o operate with

tungsaten,
V) The catalyst pack started swoothly and functioned

perfectly, and produced a maximuim decomposition temperature of 1485°F. The
pas tempersture downstream of the pack was 14313°F (Figure 94),
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1V, B, Technical Discussion (cont.)

['% Performange Analviis

;. Ceneral

) Tho pcrtohn.nco technique used for this program was

the [ﬁtnractton Theory method as describad i{n Appendix II. In order to apply
the Intetaction Theory, the ses-leval test data wers corrected to vacuum
conditions and magnitudes of individual psrformance losses wvere established.
Separation of the total sngine pacvformance losses into individual lossas allows
the sources of performance degradation to be isolated and mtniitled. A more
accurate extrapolation of the sea~level ctust data to altitude conditions or

to another thrust level can be achiaved by using the intersction theory.

) Two bastic configurations of secondary injectors were
tested. The J6-vane injector consisted of 396 fuel injection tubes which were
designed to uniformly disperse the fuel across the injector face for maximum
performance. Thres fusl injection tube modi{fications of the vane injector
concept ware tasted with their major differences as described {n Section [V¥,0,l.
Two variations of the &4-r->> {njector assembly were also tested. The

original design consisteu of & tubular orifices; wvherveas, the modified

{njector orffices included a pattern of weld beads to {mprove atomization
charactertstics. Ths injectors ware tested with chambers having characteristic
chamber lengths (L*) of 40 and 70 in. with 5:1 coutraction ratio and 10:l

nozzle exit area ratio.
b. Ovorall Engine Performance Efficiency

(<) The summarized test performance data are tabulated {n
Table VIL. Engine efflciency fs plotted versus mixture ratic {n Figure 95.

P toeats were conducted Juring this program over a mivture ratfo range of
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IV, B, Techrnical Discussion (cont.)

from 0.49 to 0.83. Eight tests were conducted with 98% llzo2 and the last two
tests were with 90% Hzoz. No discemible differeance in angine efficiency could

be noted wich the change in “202 consentrations.

(c) Nina of the ten tests excesded the 87X minimum progran
patforaance gosl. It was determinad that enargy release ls%s vas the major
performance loss of the Advanced Propallant Staged-Combustion System and that
the loss could be influsnced by injector dasign and to a lesser extent by L*.
Only the overall results will be presentad in this section with further dis~
cussion of individual losses to be followaed in Sectiom &4,c, balow. )

) . Initially, two 70 L" tests were conducted with the Mod i
vane injector. An angine efficiency performance of 89.7 of theoretical was
obtained and exceeded the winimum program performance requiremant. However,
the Mod I ‘Injector had been modified to reduce its pressure drop at the
axpensa of its poteantial perfnrumsncae. Chenges vere made to the Mod II and

Mod III configurations to obtain morc unifora fusl discribution and the engine
performance afficlency improved to approximataly 91.72 of cheorstical. Three
additional tests of the Mod II and IlI injectors wers conducted with the 40-in.
L* chamber. Two tests indicated approx{ istely 2.52 dacrsase in efficiency.
However, one test indicated a 93.2% efficiency (1.51 increase) vhich was the
highest indicated efficiency achieved in gll the nnpd—codmﬂm tasts. This
high parformance was unexpacted with the reducad L* (40 {a.), and the test
data were -ub.ljcctod to an extensive analysis. No errors could be found. It
is felt, therefore, that the data point is correct, and the high pesformance
can be attributed to the increased mixture ratio and the improved fusl
distribution.

(C) ‘ Only one of the ren valid tests did not achiuve the 872
minimun parformance goal. This tast was conducted with the original 44-tube

injector. Because cf the coarse fuel injection distribution, the fue:
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1V, 8, Teehnical Discussion {cont.)

atemization and dispersion were not ae fine as that achieved by the 396-tube
vane injector and only 83.9% of theorstical specific impulse was obtained. To
improve the atomization charactaristics of the tubular injector, the fuel
{njection tips were modified by s pattarn of wald beads and 90.2% engine
cfficiency was obtained with the modified 46;tubo injactor. The {njector was
vperated with 90% H202 and Alupizine; howsver, tha performance efficiencies of
the 90% H202 and 98X l-lzo2 are cooperdble.

c. Detail Performance Loes Analysis

) Not all of the tem pooaiblo‘pnrfornnncc lceses conaldered
by the Interaction Theory method of enalysis were significant enough to warrant
consideration {n the 982 H202/A1unixino-63 system. The magnitude of the nozzle
heat loss was esticated to be only about 0.1X or less of vacuum specific impulse
and was thernfors neglected. XKinetic losses were also negligible at the high
chamber pressurss and moderats exit-area ratios considared for the advanced
propellant s&atcu. Hllp-diltrtbutiou affects were likavise neglected because
mass distribution at the face of the secondary injector was assentially uniform.
Thus, only nozzle-friction and nozzle-geomstry losses; chamber heat and friction

losses; and energy-release, mixture-ratio-distridbution, and gas-particle

performance losses were considered potentially significant for this analysi:
and a discussion of the resulting datail analysis follows.

(1) Nozzle Priction Loss

(v Notzle friction loss vas calculataed by using Aerojet-
General's Computing Services Division Program P-133, which {3 based upon the
extended Frankl-Vo{shel expression for average skin friction. Nozzle friction
loss is primarily determined by nozzle length. Friction loss for the smooth-

walled nozzle of the Advanced Propellant Staged-Combustion engine with an

page 198

CONFIGENTIAL

bk ewg pueqg ow Juel bued Pui Ound pod ad el Gl bew) b




bam o s

[ o ) Koot

P Ml

—— ey ey

segus L dw o=, Phase ol
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cxft-area ratic of 10:1 gnd an ex{t half-angle of 15 deg.ees was found to be
less than 12 of theoretical vacuum specific {mpulse. A slight rougheriing of
the nozzle surlfzce, caused by minor ablation of the nozzle wal! during testiny,
was not congid:red significant enough to require corraction for rough wall
nozzle friction loss.

(2) Nozzle Geowstry Loss

)] The notzls geomatxy loes was calculated on Asrojet-
General's Computer Program 10036 to be sbout 1.7X of the sum of delivered
spacific {wmpulse and noszle geaometry loss.

1 « 1,72 |1 + 1
N.G. ('nm. 'N.c.)

(3) Chamber Heat and Friction Lloss

w The effect of chamber boundary layer (heuat and
friction) logses on the performsnce of a large rocket engine is fnsignificant
because the chumber surface aras per unit of propellant flow rate is low:
therafore, these losses are usually cowbinad with the energy trelease losa.
Hovover.-in smaller rocket engines theee losses becoms signiticant; if summed
with the energy relesse loss and then scaled to the losses of a large angina,
the error in thi; extrapolation may becows quitu large, predicting higher-chan-
actual performance lossas for larger engines, sad conversely, lower-than~actual
losues for smaller engines. Since the Advanced Propsllant Staged-Combustion

engine i{s of intermediate size (20,000 lbf thrust) these losses wera identif{ed
separately.

) : The heat transfer to tha atlative chamber liner was
found tc be minor due to the low thermal conductivity of the ablative material.
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IV, B, Technical Discussion (cont.)

However, the heat transfar to the silver-infiltrated-tungsten throat insert
vas significant. The mean bulk temperaturs within the thermal boundary layer
. was cilculated to be reduced by about 1% hicause of chamber heat loss. The
effect of this heat loss upon engine performence was to decresasa overall
sperific {mpulee by about 0.5 wec. Of this performmace loss, about 752
occurred upstream of the throat end the remainder (an {nteraction loss)
occurred within the 60::1. expansion cone. Viscous effects in the chamber
resulted in a drag of sbout 39 lbf, corresponding to a performance loss of
about 0.5 sec with the 70-in. L* chember.

) The msthods used to calculate chember hest and
friction losses are prasented i{n Appendixes II and III, respectively.

(4) Mixture-Ratio Distribution Losse

U) The thaoretical specific {mpulse of Hzozlumtuno-n
decresases almosc linearly with increasing mixture ratio over the range of from
0.5 to 1.0. Therefors, for small perturbations in locsal mixcure ratio the
decreased theoretical performance {in a stresm tube with a htghcr-thnn;nomSnal
mixture ratio {s almost exactly offset Ly the incvease in theoretical
performance in an adjacent stream tube with a lower-than-nominal mixture

ratio, Thus the performance loss attributed to mixture-ratio distribution

wags zero for all tects listed in Tsble VII with the exception of

Test 1.2-03-AAC-00S. On thia test, two adjacent vanes of the )6 available

vanaes were¢ completely plugged and restricted to fusl flow prior to testing.

A pure oxidizcr sector resulted with the remainder of the injector face being
fuel rich. The resultant maldietribution in local mixture racie was responsible
for the 2.6~sec perfcrmance loss noted. Omnly with such grosi deviations are
mixcure-ratio distribution losses possible with Hzozlklumizine~43. Several
tests were cotiducted with the vene injector in which several fuel i{njection

tubus al the lajector axis were removed and sealed without additional loss.
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1V, B, Technical Discussion (cont.)
(5) Gas~Turticle Two-Phase Flow Losses

() Particle samples were collected {n the exhaust plume
and anulyzad for both the vane and tubular injectors. Oaly particles having
diameters of 0.1 micron (u) and larger ware considared. The cumulative sample

wethht {s plotted versus particle diameter in PFigure 96 for hoth injectors.
The following statistical sverages were computed «ith the two samples:

Injector ~ 29¢-Tybe Vane 44 _Tubylar
Number of Particles Counted 972 : 1551

Test No. 1.2-03~AAC~007 1.2~02~AAC~004
Mass Med{an Diameter, micyrons 1.83 2.59

Mass Mean Diemstar, microns 1.21 ‘ 1.33

Number Mean Diameter, microns 0.93 0.74

L: vas noted that the )196-tubs vane injector ylalded a finer particle size and
a more uniform Aistribution vith fewer small and fewer large particles. This
was attributed to the finer and more uniform secondary Alunizine injcction
distribution.

C) It waa shown that rcprciontatlv. gas~-particln
performance losses can be calculated by using the measursd mass median particle
diameter instead of the actusl particle-sige distribution., Figure 97 shows
the effect of particle diamster upon two-phese flow lossas for the mixture-
ratio range of 0.% to 1.0. The pev-formance loss incresses utth_tncrenslng
narticle Jiaueter because of the greater thermsl and velocity lags for laryer
particles. The loss slso increases with decremelng nmixture ratio because of
{increasing mass fraction of particles at the lower mixture ratio. The two-
phase flow loss¢s presented in Table VII are based upon the measured 1.83.
mass medlan particle diameter for the vane injector and 2.56u dlamecer for the
e tuvulur injector. The resultant two-phase flow losses ranged between 1.25

ty 2.3, of theoretical specific impulse.
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LV, B, Technical Discussfon (cont.)
(6) Energy Ralesase Loss

ON The patrformance degradation sttributed te energy
release loss was the single most significant portorlnnéc loss of the Advanced
Propellant Staged-Combustion System. There are two pogsibls sources for
enargy release loss in the HzozlAluliztno-AJ propellant system. The first
loss 19 caused by reduced availability of aluminum, which occurs when the
temperature of the combustion flame is too low to malt the aluminum-oxide
coating on the sluminum fusl particle. The other souvce of loss 1s attributed
to vaporization and resction rate limications in attaining complete combustion

and energy release efficiancy.
(a) Rsduced Aluminum Availability

v _Tha energy releass loss attriduted to reduced
combustion enthalpy of unreacted aluminum way occur sither because of insuffi-
clent chemical reaction time or because of reduced sluminum availability. If
the loss occurs because of fnsufficiant chamical reaction time, en incresse in
tesidence tims (increased L*) will sventually aliminate this loss and will be
discussed _ln the following section.  Howaver, if the loss occurs because of
reduced aluminum availability, f.e., the aluminum contained {n the Alurizine-4)
is not heated sufficiently to combust, a performance lous as great as 10% can
occur ¢ven with sn tnfinitely long chamber. It has bean found that the com-
bust{on of aluminum is influenced by the eelting of a protercive oxide coating.
The melting point of aluminum oxide is 4172°R (JANAF data), which is approxi-
mately the observed ignition temperature of aluminum. Thus, {f the temparature
of the "202’"2“4 reaction is 1ot above 4200°R, {t {s quite possidle that the
dluminum will net ignite. The theoretical combustion flame temperatures for
both the qulezH“ and HZOZ/Al-él reuctions are shown {n Figure 98 as a function

of the metalized propellunt mixture ratlo from 0.5 to 1.0. Pretast analvsls
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indfcuted that at the lower end of mixture ratios, the H202/N2HA flane
tumperdture (which neglects heat loss tc the alumlaum) was marginal for assurance
ot AIZO3 melting based on the NZ“‘ ccmbugtion theory. However, analyeis of the
test data indicated that no perceptible {ancrease in performwance loss could be

" attributed to reduced aluminum ¢vsilability down as low as O.6§7 mixture ratio.
Therefore, it must be concluded that even with marginal HZOZ/NZH6 flane tempara-
tures, local igniticn of the aluminum occurs end provides sufficisnt heat to
permit complete aluminum availability. However, it is also realized that some
lower mixture=tatio liait must exist where the sluminum will no longer becoms
available for combustion.

(b) Vaporization and Reaction Rata Limited
Energy Release Loss

()] Propallant vaporication rates have been cal-
culated asnalytically for conventional propallant systems on the baeis of injec-
tor design parameters wvhich influence atomization, frowm propellant transport
propatrties which determine propellant volatility snd from chamber design
criteria wvhich determine propellant residence time within the chamber. The
energy release efficiency of such engines can often be predicted from vaporiza-
tion criteria within an sccuracy of + 1X. The oxidissr (uzoz) for the Advar.ed
Propellant Staged-Combustion System is decomposed {n the primary combust- . ard
therefore {ts resultant energy release ioss in the sscondary combustor dus io
unvaporized oxidiszer 1s nil. On the other hand, the transport proparties
(surface tension, viscosity, and heat of vaporizaction) of Alumizine are not
known with sufficient accuracy nor are the charactevistice of ncn-Newstontan
propellant atomisation adequately known to permit caelculation of Alumizine
atomization and vaporization rates. Therefore, the unvrgy release effictency
of the Advanced Propellant Staged-Combustion Engine canuot bs analytically
calculated and was determined as the difference betwaan the c*zoretical and
vrperimentally measured specific impulse less all other ~al:;ulable performance

lusses,
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v, B, Technical Discussion (cont.)

(L . The energy releass loss determined by difference
in thls manner (s listed {n Table VII and plotted versus mixture ratio In

Figure 99. Althougr{ the precise magnitude of the vaporisation rates cannct be
analyticaily calculated, the vaporizsation modal can, nevertheless, be used to

uxplain the observed experimsncal rrends of engine efficiency as patamsters
are varied.

€ o Por exanple, the snergy release efficiency
(ERE) cen be defined by:

Y ERE = [(mxtd. Vap.) x Ho + (% Fual Vap.) x "I] x I".w

[(100: X W) + (100% x wf)] x 1, o

Wheze: O/F =» Engine Mixture Ratio, wolwf

: AF a S3 oxid: Vap.)
And: .-/.7 Effective Vapor{zed Mixture Ratfo, (X Feal Vap) * O/F

However, because the Hzl)2 {s completaly vaporized vithiu the primary combustor
the energy releass loss can be attributed solely to the unvaporized fuel. The
enargy releass efficiencies for various engine mixture ratios are shown as a
function uf fuel vaporized in Pigure 100. The resultant fuel vaporization
rates vhich were infarred from the measured energy release losses wers then
plotted versus mixture racio in Figure 10l, The only significant influances
observed to sffect fusl vaporizstion rates wers injactor design (which

influances atomization) and chamber length (which determines propallant stay
time).

«©) The original (Mod 1) 296-tube secondary I(rjector
consisted of asbout l-in.-long tubes which were bent to achieve a uniform tuel

Jistribution betwuen the vanes as weil as downstream of each vane.
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However, bacauss of an axcessive hydraulic pressure drop through the secondary
injector vanes and tubes, the {njection tubes had to be raduced {n length to
0.65 ta. to attain the required fusl flow rate with the available systam
pressure drop. However, vhen tha tubes wers shortened, the bent portions of
the tubss ware cut off; this produced a configuration resemdling that of a
showerhead, with fusl cﬁnccntru:ton directly downstream of esch vens and
oxldizer coacentration betwsen sach vana and at the injector axis. Thuu, the
nonuniform i{njection distribution of oxidizer and fusl resulted in a fusl
vaporization rate of 90.2 + 0.2% and & corrwsponding 6.13X energy releass loss
for the 70-is, L* chamber. To decresss the snergy release loss, tha fuel
injection tubes of the Mod II and Mod IIl variations of tha 396é-tuba fanjecto.
were replaced by tubes of larger diamater. The larger tubes reduced injector
pressura drop permitting longer tubes which could then be bent to retain the
uni form fual distribution. Purthermore, the larger tubes reduced the fuel
injection valocity and thus tha fuel residance time within the chasber vas
facressed. The above modification increased fusl vaporisation rate by
approximately 3X, which improves the emergy release ¢fficiency 2X.

C) When the Mod II and Mod III {njectors wers
tested with the 40-in. L* chamber instead of the 70-.in. L* chamber, two tests
indicated a 2.5% decrease (n energy ralease efficiency in jgreemant vith the
greater loss which would be predicted by the propellant vaporization model {f
atomization is sssumed constent. However, Teet Number 1.2-03-AAC-002 with

the Mod III i{njector also at 40-in. L* indicated spproximataly 1.5% performance
improvement which, if real, is contrary to vhat would logically be expected.

It {s possible that thare are factors other than those cons{dered in the
vaporization model that {nflusnce this performanca.

(L) In addition to the effect of chamber length
(cr L*) upon energy release loss, the vaporization model also predicts that

contraction ratio has an affect. For exsmple, the Advanced Propellant
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Iv, B, Technical Discussion (cont.)

Staged~Combustion chamber hat a S:1 contraction vatio. If chamber characteristic
length were maintained conatant and the contraction ratio were reducad to
approximately 2.0, the vaporization wodel would predict approximately 1.62
increase in snergy release afficiency for the same (njector atomization
characteristics. This performance improvemsnt is predicted bacsusc as con-
traction ratio decreasea, combustion gas velocities at every comparable point
within the chamber will be higher and wniform, thus resulting in increased

heat transfer and mass transfer (vsporization) rates for the propellant within

a given axial chamber length. However, other considerations besides performance
may determine ulectio:ln of deslgn contraction ratio. Yor example, contraction
ratios of four to five are normal for a high<pressure combustion chamber because

of other considerations, such as injector geometry, pressure drop, and
packaging.

- {C) Overall engine efficiency fur the original 44~
tube secondary fnjector on Tast 1.2-002-AAC-004 was 83.9%. This low engine
eflf{ciency resulted from 11,1 energy releass loss and 83X fuel vaporization
rate. The high energy release loss (in & 70-in. L* chamber) was due fo the
poor atomization characteristics of tha reduced numbar of {njection elements.
However, by modifying the elemsnt tips with weld beads the atomization
characteristics vere substantislly improved. The modiffcation resulted in

noncircular orifice exits, which improved stomization by the following mech-
aniems:

(1) Decreased orifice aroa which increased
[njection weloci{ty. (This assumes that the performance gain through increased
atomization outweighs the loss resulting from reduced stay time.)

2) (ncreased dispersion through nonuniform
exit velociey profile across orifice.
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IV, B, Technical Discussion (cont.)

(1) Increasod effective orifice surface area

per unit flow area.

B8y thus improving the stomisation efficiency, 90.2% engine efficiency was
obtained with the modified 44 tubular injector. It should be noted that the
latter test was conducted with 90% nzoz instead of 982 azoz; hovaver, the per-
formance improvement cammot ba attributed to the Hzo2 concentration because thers
was no perceptible change in efficiency batwesn Tests 1.2-03-AAC-005 and -008,
vhiich vere basically similar except for “202 concentration. Fuythcrnorc. the
H,0, is decomposed in the primary comsbustor and cannot influsnce enargy releass

272
efficiency.

(v : d. Experimental Observations

Thare vers three tests conducted with 40-in. L% combustinn
chambevs tha* produced data. Two of these tests were made using 98X uzoz while
one was conducted with 90% nzoz. Tvo tasts produced performance below that anti-
cipated for the mixture-ratio condition, while one test produced cthe highest

.performance achieved in the program.

V) ' The sblative liners used in the high-performance 40-in.L*
test and a corresponding 70-{n, L% test were compared in an attempt to deter-
minas the distance from the injactor face at vhich complete combustion occurved.
It .was evident that the meximum material loss was at a station approrximately

4 in. from the injector feve for both L*'s, The chamber wall was smooth from
this station to thn_thront. thus indicating that the cosbustion gas was homoge-
neous. It is hypothesized from the ablation experienced and high performance
that the 40-in., L* chamber had sufficient volume to permit complete combustion
when tested with a high quality injector. The low performence tests with the
L0-in, L* ‘hamhers, however, indicated uneymmetrical ablation ard erosion of the
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lincrs down to and through the throat. This pattern seems fo correlate to the
measuved low performarice and may have been caused by injacior deficiency. Om
one of these tests, two vanes ware sevarely damaged, and on, the other, the
najority of che injector face tubes in the center weare not used.

(V) From thase ctservatious, it is concluded that 40=in. L*
i3 sufficient chamber volume to obtain high combustion performance if s high
quality injector is used.

. Correlation with Other Metallizod Systems

w The combustion of heterogeneous and metal bearing fuals
differs from that of "nest" propellants, and significant differences have been
noted between the predicted and actusl performance. A compariason wvas made
betveen the Jata obtaiued in the program and combustion data of ather metallized
fuels. The performance of the 20K lb{f thrust chamber vas predictad by correlat-
ing test datas from & number of wetallized propsllanta. The correlation param-
eter was the equivalence ratio (ratio of the stoichiometric mixture ratio to

the mixture ratio under consideration). This paramater allows the comparison

of all propellent combinations in relation to the oxidizer balance. For
éxnmple: (1) an cquxv.hnc‘c ratio (ER) of 1.0 refers to cowplete oxidation of
all available fuel (Hz*tlzu. Al*Al203. etc) assuming no dissociation of the
produccs; (2) an ER greater than 1.0 {ndicates a fual-rich combustion; and

{3) an ER less than 1.0 indicates an exceas of oxidizer in the combustion

products.

(L) A correlation of the combustion efficiency of several

represcentative metallizad propellant combinations (98% Hzozluum'zim-zo. N,0,/

2

Alumizine~4] emulsion, and air/propylpentaborane) with ER is shown in Figure 102,

it caun be seen that high combustion «fficiencies are attained in a slightly
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fuel~rich condltion, coiresponding to an ER of from 1.0 to 2.0. Combustion

cificiency beginas to declinc at an ER greater than 2.0,

() The band shown {n Fi{gure 102 cepresents tha estimate of
ccmbustion efficiency for 1he 9RAX HzozlAlumizine-bJ propailant combination,

The band was drawn abovc the majority of experimeatal data at the highor ER's
hecause combustion efficiency is strongly dependent upon “njector configuration
and L*, and therefori. might be raimed by applying unique design techniques.

) The specific impulse efficiency of the uncoolad thrust
chamber was eatimated by lﬁcorporcting empirical, two-phase flov losses into
the combustion efficiency correlation, The result of the correlation, showmn
in Figure 103 as the cross~hatched band, can thus be represented byt

Mg * (combustion) x n(two-phase flow).

Measured performance data for Nzoélhlumizino-bl (gel and emulsion) are plotcad
for comparisun in Figure 103, lLowering of the band (dashed line band) by 2% to
account for noszle geometry losses provides an excellent agreement with the
majority of the experimental data, Note thatr the -p;vlflc impulse efficiency
shows a gradual rise as tho mixturs ratio approaches stoichiomctr{c (FR from
3.3 to 1.1). This rise corresponds to the rise in combustion efficiency shown
in Figure 102 and might indicate a higher delivcered specific lwpulse at higher
than theoretically optimum mixture ratios for 9A% H202/A!umizlne engines.

v ’ To examine the possibility that tha un-ooled thrust cham-
ber might deliver higher nerformance at a higher mixture ratio than the theo-
retical optimum, a plot of normalized specific impulse was made. The specific

Iimpulse ofticlency of Figure 10) was multiplied by the ratio

theoretical Iq ® mixture ratio
theotetlical [, 0T 0.5 = 331.2 sec
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IV, B, Technical Discussion (cont.)
to obtain the normalized efficiency shown by the crosa-hatched band {n Figura
104. The benefit of corrslating the spscific impulse efficiency in the nor-
malized form is that the maximum in the curve represents the aaximum deli{vered

specific {mpulse.

W The putlonnec dats obtained in tho present progran are
also shown in Figure 104. Nots the axcellent representation of the data {f the

cross-hatched bond 1s lowered by 2% to account for mozzle geometry losses. Also.

note that there appears to be no dlifference within experimental accuracy in per-
formance betwean the 40-in.L* and 70-.{a.L* chambers.

w) The concluaion to be reached from both the analytical and
experimental studies i¢ that the delivered t. ie precticaliy constant from a
mixture ratic from 0.5 to 1.0 (wi.h tha possibility of being highast around
MR=1.0 and not at the theoretically highest MR=0.3). This unique charscteristic
provides wide flexibility in engine design and aleo permits varfations in mix-
ture ratio (becsuss of propsllanc loading, propellant density varfation) without
@ resultart change in engine performance.

f. Lxtrapolated Performance of 100,000 1hf Thrust Engine

n Bassd upon the demonstrated performance of the 20K

(20,C00 1bf thrust) Advanced Propellant Staged-Combustionm Engine, the perforusnce
was extrapolated for a 100K (100,000 1bf thrust) altitude sngins. By separately
calculating tha individual performance losses and by using the Interaction

Theory model, to extrapolate to altitude conditions, performance can be extrap-
olated to any other thrust level within +IX accuracy. The study has shown that
the 100K uncooled engine can achiave 93.8 to 95.2% of theorettcal vacuum specific

impulse.
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() The sesumed engine operating conditions are as follows:

Propellants - 982 nzozlu-u
Chasber Pressure - 3000 peia
" Mixture Rstio 0.6 through 1.0
Thruet 100,000 1bf (100%)
Nogsle Exit Ares Raetio 23:1
Chaaber Length 16 in. (cowparable to 20K,

710-in. L*, test)
Purthermore, scaling the 3I96-fusl-tubs injector st 20K would indicate s minisum
of 2000 equivalent fuel injection tubes are nesded om the 100K injector to
obtain comparable ensrgy relesse efficiency. A decreased chasber contraction
ratio between 2 and ) msy further improve Alumizine combustion characteristics.

()] A ewplainad for the 10K engine, the ncsile hest loss,
kinetic loes, and performance loss due to mase dietribution effects were again
neglected for the 100K engine amalyeis. The remaining applicsble parforwmance
losses are summarised in Table VIII at engine mixture ratios of 0.6, 0.8, and
1.0.

(C) A noztle contour having an exit area ratic (A./At) of
23:1 vas designed using Computer Program Job 447 for the 100K engine applica-~
tion, Norzle friction lowe for this design wae evalusted using Aerojet Comput-
ing Program 48099. Noszle pesrformance losess due to frictionsl and geomstry
affects amounted to approximately 1.3 and 0.1X, respectively, as shown ir

Table VIII,

(<) Chambey friction and heat loss wers svalusted by the
rethody described in Appendixes IIf and IV for both ablative #nd regeneratively
raaled combustion chambers., Because of the luw ratio of chamber surface area

wor unlt welght flow rate of high-thrust engines, chamber performance loasos

-
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TABLE VLI ®
]
PREDICTED 100K ENGINE PERFORMANCE
ADVANCED PROPELLAMT STAGED COMBUSTION PROGRAM (U) @
. Pc. peia 35000 3000 3000
. x m 0.‘0 o.“ lnoo .
. ¥, of 100x 100K 100k
’ A./A‘ 23 . 23 23
Chamber lamgth, imn. 16 16 16
l Tov' chaat "¢ 330.7 348.6 346.4 .
_t.x.. chamber frictiom + heat 0.3 (0.2) . 0.3 (0.2) 0.3 (0.2)
loes, sec .
' A1, WD, ssc 0 ) 0
AI.. oozzle friction, eec 4.6 4.6 4,6
’ AI.. wossle geomstry, sec . 0.4 0.3 0.3 .
AI.. 2 phaso, esec 1.9(s) 1.7(e) 1.6(a)
l o1, mL, sec 14.4(0) 11.900) 9.9(b)
I“. pred., sec _ i 329.1 329.8 329.7
l zt.'. vac - 93,04 .61 95.18
Z ERL o 4.1 3.4 2.88 @ ]
‘ I Fuel vaporisation 93.7 9.2 9.7
' l ( ) Rsgewsratively cooled chamber loss. e
(a) Aseumei 2-microm particle eise.
l (b) Deterwined from extrapolated 20X engime dats.
[ .
@
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. B, Technical Discussion (cont.)

1o the 10CK engine will be small. Chamber friction loss was calculatad to be
0,2 sec of vacuum specific {mpulse for both ablative and regenerativaly cooled
chambers and heat loss was found to be 0.1 sec for the ablative chamber only.
o performance loes occurs with the regeneratively cooled chamber bacause the
heat from the combustion gasas is only transferrsd to the regenerative coolant
resulting in a higher propallant injection tewperaturs, and thus no decroase
results in owerall chamber anthalpy from the engine systea. Combined chamber
friction and heat losses result {n less than 0.1X performance loes.

(C) Two-phase flow (gas-particle) performance losses will be
smaller for the proposed 100K engine having a 23:1 exit area ratio noszle than
for the previously tested 10:1 area ratioc 20K HZOZ/Alualslno engine. 1This
occurs because. the two-phasa flow lose is slmost at a maximum near the nozale
throat and decrussss with increasing sxit avea ratio as shown in Figure 105.
Effects of mixture retiv and particle sise on the two-phase flow parforwance
loss 1s shown {n FPigure 106. Performance loss, due to the particles, increases
for larger particle sizes because of the greater heat retention(thermal lag)
and drag(velocity lag) effects., Two-phase flow loes also increased with decreas-
ing mixture racio because of the higher mass fraction of particle flow rate.
The losses were calculated from Asrojat Computing Services Divisiom Program
48067. At the 20K engiue thrust level, analysis of the particle samples {ndie
cated & 2.59-micron (u) mass median parcticle diametar for the 4é~tube {njector
and a 1.83u dismeter for the 196-tube {njector. This indicates amaller par-
ticles are produced with a finer fusl injection distribution. A survey of the
turrent literature aiso suggests that slightly larger particles have been
observed for either increased engina thrust or larger throat diameters. Since
~o quantitatfve conclusions could be derived from the literatura; a 2u mass
particle diameter was assumad for this prediction. The performance loss due to
aswumed particle size {s approximately 0.5X but may ultimately prove to be

.ot b oas omuch as 1X.
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Report 10785-F, Phase 11
IV, B, Technical Discussion (cont.)
) It has been assumad that the secondary fuel injector for

3 100K 1bf engine would be designed to provide a uniform fuel injection distri-
vutior across the injactor face. This precaution would eliminate performance

‘losses due to mixture ratio distridution effects.

()] The energy releass loss is the greatest potential per-
foraance lovs of the 100K Advanced Propellant Staged-Combuetion Engine. It 1s
assuned that the 100K injector will be designed to emulate the snergy release
sfficiency of the Mod II and Mod IIl 3%é-tube injector. It will be necescary
to provide an injection technique equivalent to 2000 fyel injection tubes to

achieve this performance. This energy releass loes has been derived from
Figures 99 and 100.
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Report 10785-F, Phase 11
TV, B, Technical Discusaion (comt.)
5. Heat-Flu
a. Introduction

(u) Thermochemical calculstions have indicated that the heat
capacity‘of 98% Hzozlu\-iunc combustion system is significant. Little or no
data exist for this propellant combination for which a reasonable heat-transier
coefficient can be derived. It was the intent of this program to obtain haat-
flux data in the combustion chamber and throat of the 2C,000~1bf-thrust 3000-
pai combustion chambar. .

(V) Heat~flux transducers were designed and fabriceted from
silver-infiltrated tungsten rings in which thermocouples had been buried to
measure the material temperature at various distances from the gas-side (inside
diameter) surface of tho transducer. The design of these transducers can ba
saen In Figure &4, and & detailed discussion of their design cen be found in
Saction IV,B,1.

w) Temparature histories were obteined from these trans-
ducers during four staged—combustion tests, and th. data were correlated with
existing thermal models for determinstion of the heat-transfer coefficient.
The location of the tharmocouples for the two different heat-flux transducers
can ba sesn in Tables IX and X. The tramsducers were installed in the combus-
tion chasber and throat as can be seen in Figures 44 and 48. Combustion
chamber heat-flux data were obtained in Tests 1.2-02-AAC-004 and 1.2-03-AAC-
001, 003, and 007. The data obtained in.Test 004 were previously analysed by
a techuigue which attempted tc match ths esutire operation of thae combustion
chamber, 1.e., start, steady state, and shutdown. It became apparent that the
variations existing in mixture ratic, pressure, and cnmbustion efficiency dur-
inv the start trenslent made computer eimulation 6! this transient vecy dif-
ficult. Also, Test 004 resulted in vary low performance éfficiency. because

oi pross fuel injection, as previously discussed,
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Report 1U/d82-t, Phase II

TABLE IX

POSITION OF THERMOCOUPLE TIPS POR HEAT FLUX TRANSDUCERS

TESTS 1.2-03-AAC-001, 003, AND 007

Area Thermocoupls ~ Depth From

Stagfon Ratio Idencification Surfase, in,
Throat 1.0 $ 0.101

3 0.251

2 0.501

1 0.751
Chamber 3.0 4 0.092

k] 0.242

2 0.492

1 0.742

TABLE X

POSITION OF THERMOCOUPLE TIPS POR HEAT FLUX TRANSDUCER (CHAMBER)

TEST 1.2-02~AAC-004

Avres Thermocouple

Station Ratio : Idantification

Chenber 5.0 _ WSCC)
© TWSCC3A

TWSCCL

VSCC2

TWSCCA
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Depth from
Surface, in.

0.086

0.21¢0
0.219
0.468
0.763
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Ranner TNTRELP  Phaes TT
-y o, Tecunical Discussion (cont.)

(L) The data obtained during Tes:s 00l and 002 shoved excel-
lent correlation, and both tests achieved high combustion efffctlency. Data
from Test 007 have been included im the report but vere not subjacted to
further analysis, since the data from Tests 001 and 003 were considared to be
characteristic of the propellant systes.

L) Table XI sh*wa the observed and calculated parameters
representative of the steady-stata condiitions that existed during Tests 001
and 003. These patsmaters included combustion chamber pressure, nxidirer and
fuel flow rates, mnd temperature of che oxidizer stream. Only the steady-
state portion of the thrust chamber operetion vae usad to correlata the cest
data.

) The therwodyasaic properties of silvev-infiltrated tung-
sten ara shown in Figure 107 and wers used as the basis for determining the
heat input corresponding to the temperature history obtained during the :escs.
The temperature histories obtained during all tests are shown in Figures 103,
109, 110, 111, aud il2.

b. Method of Anslysis and Assumptions

((*)] In the thermal analysis, particular emphasis was placed
upon ccrrelating the data obtained at the chambaer and throat sections of Tasts
1,2-03-AAC-00L aad 003, since this data was representative of the system. The
temperulure transianty of the threa opsrative thermocouples (taken at the
throat section) of Tests 001 and 003 are plotted together in Pigura 113,

Since the f.ring ecquences of the two tests were idantical, the reepective
test temperature tcansients can be plotted together, by o&justlng the time to
Ufre Switch 2 (FS-2) so that both tests start their steady-state rise together.

e trannient tempereture data, as indicated by the thermocounles, are in

cellent agreement for the cwo tests. In wddition, the teaperature results
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Keport 10765-~F, Phase Li

TALEXL

ENGINE OPERATION PARAMETERS

Combustion tampersturs, °R
Molecular waight, 1b/mole
Prandtl oumber

Viscosity, 1lb/ft/sec
Spacific heat, BEU/1b-°F
Chamber pressurs, peis
Oxidiger flow rate, 1b/aec
Fuel flov rata, 1b/sec
Mixture ratio,

(STEADY-STATE VALUES) (V)

TEST 1,2-G3=AAC
o

6000 5900

11.7 1M

0.4 0.41

5.8 x 107 6.1 x 107
0.84 0.77%

3000 3000

29 - 30.5

a1 37.3

0.7 0.82
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Raport 10785-F, Phase I1
IV, B, Technical Discussion (cont.)

from Test 007 (Pigure 112) ars ip fair agreemant with 001 and 003. Therefore,
the analysis applying to Tasta 001 and 003 would apply to Teet 007.

) During correlation of the data from the above tests, tc
becawe dpparsat that considerable tailoring of tha theorstical conditions for
the start and shutdown transients would be necessary in order to match the
axpsrimental results. The corxelation of theoretical conditions to actual
conditions conducted during the start and shutdowa period for Test 1.1-02-AAC-
004 was insdequate and nuvt sufficiently sccurate to deteraine the heat-transfer
coefficient, Thersfora, the analysis for Teate 001 and 003 was based on the
uubli&-nut of stesdy-state heat-transfer coefficieuts and fluxes and did

not cousider the start and shutdown portions of the dats.

(5] ' The experimsntal rssults of Toste 1.2-03-AAC~001 and 003
vere quite reproducible (throat sectiou; ses Figure 113), The data from

Test 001 were analysed for the throat and chambar ssctiom during the time
period corrvesponding to the stesady-ctata porticn of tha test run, The tech-
aique employed was to accept the temperature distribution that existed within
the *herwocouple ring st the start of the stasdy-state portion of the firing.
Heat-transfer calculstions were theu made using various hest-transfer coef-
ficients, and calculated actual combustion temperatures in an sffort to match
the trnt;uunt portion of the tempereture curves corresponding to the steady-
state tias period.

w Temperaturs profiles were predicted within the thermo-
couple ring by using existimg computer programs wvhich are 'haud on & finite-
difference solution of the heat-concuction equation, The varfation of thermal
conductivity <nd heat capacity with tesperature vio included in the analysis,
Heat of tusion of the silver cowponant in the thermocouple ring was also
assumed to {nflusnce the tcmperatury gradient; however, the effect of vapori-

Sition of wilver way neglected, The validity of the latter assumption iy
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iv, B, Technical Discussion (cont.)

ijustified since the ring surface temperature is well below the saturation

tcmperature of silver at the operating pressure for the entire firing duratiom.

) Figures 114 and 115 {ndicate tha degree of correlation
cbtained over :h.l steady-gtate portion of the test ruas for the chamber and
throat sectiuns, respactively. For example, stesdy-state conditions for
Test 1.2-03-AAC-001 commence at a time of about 8.) sac. The theoratical
flaze temperature during stable operation wes calculated to be sbout 6000°R.

¢4)) The steady-state gas tcamperature and heat-transfer-
coefficisnt predictions are dased on the mixtura ratio, total flow rate, and
trasosport propecrtive as shown in Tabla XI. The tramsport propertiss of the
chanber gasea are based on the Euken correction sethod as predicted by the
Asrojat 2070 Computer Program. These valuss ware then used to determina the
heat-transrar coefficlients bascd upon the Colburn relationship!

v.. 0.8 1/3
o
u.

" e Q giil “0.0 "113 .
where:
= diameter of chambar bore, ft
= heat-transfar cosfficient at chamber wsll, Btu/hr-ft
k = thermsl conductivity of gas, Btu/hr-ft-°F
Pr = Prandtl number of gas
Re = Reynolds number
v, © wass flow rate of propellant, lb/eec

2_.,.

u = viscesity of chamber, gas, lb/fc-gec
Jie gav temperature was evaluated at a peccentage of the thsoretical value,

conslstent with the ~% etficiency obtained in the tests during steady-state

ceratlun,
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Renort 107A%=® Phare 17
IV, 3, Technical Diecussion {(cont.)
¢. Interpretation of Resulta

) In the early portions of thig program, results from the
first test, 12.-02-AAC-004, indicated & pour correlation between experimental
and analytical heat-transfer coefficients. From this work, it was later
deterained that there was lack of eufficient data (e.g., flov characteristics)
to correlate the start and shutdown transients to & weaningful Leat-tranzfer
coefficient. In addition to the method of correlatiom, tha low performance
and off-dusign operatioa of the thrust chamber during the test firing con-
tributed to the poor corralatios obtained. Therefora, the presant anal eie-
placeas major smphaeis on obtaining only the stesdy-atate hest-transfer coef-
ficient and does e0 by fguoring tha start and shutdown tranvients. The heat-
transfer coefficlent existing during stesdy state is the moet meaoingful, from
the standpoint of future thrue: chasbar design.

) The expsrimental tharmocouple data for the steady-state
porticus of the tests (1.2-03-AAC-001 and 00)) are showm iam Figures 114 and
113, Superiuposed om their vespective graphs ars the values of calculated
thermocouple temperature which were deisrainad by making conduction-progran
computer ruas using various values of tharmal resistance at the gas-wall
interface and selecting t.he rua vhose cslculated therwocouple temperaturu best
aatched the messured thermocouple temparaturs. The thetmal resistance at the
wall, Rw - l.lhob.A (w'!nrc A is the heat-tranafer atsa), determines the heat-
tyan-[or coetficient, hob'. which wae assumed to be of the Colburn form excep:
that a "prefix" coefficient is applied eo ahown dalow

e (i/a) L'-o-gm Re?8 173
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Report 10785-F. Phass V7

«., i, Technical Discussion {cont.)

where:
a =« the prefix coefficient
D = diameter of the gas port, ft
h . heat-transfer coefficient at chamber wall, Btu/hr = ttz-'r
k = thermal conductivity of gas, Beu/hr-fe-*F
Pr = Prandt]l nusber of gas
Re = Reynoids number
w The value of & reflects the deviation from the theoreti-

cal Colburn result. The calculatioms indicate that the sxperimental heat-

transfer coefficlents were about the same as the analytically determined
values,

) ) For this analycie, it was assumad that the data vere
free of any apomalies. In reality, there were various effects which could

have influenced ths resultr. These were: (1) poor thermoccuple respouse (ai

some test locativas) because of fabrication of instruventation; (2) A.lzo3
deposits ~n the transducer ring surface; (3) snd varisble boundary effects
existing during ¢tha aseumed steady-atate piztod becauss of ablation of the
silice phanolic liner that composed the chamber. These effects should de
analyzed in depth to find their separate influences upon the data; hovever,
such a detailed analyeis is beyond the scope of the program.

(u) The staady-state correlacions clow some deviation For

the innermost buried thermocouples. This is prabably dur to side conduction
effects, since the analysis performed was one-dfaensfonsl in nature and,
therefore, did not consider the heat input or rujection to surrounding
matcrial. At the throat section it is quite likaly that hest was transferred
to the adjacent silver~infiltrated-tungsten throar {inse¢rc, since the {nner

thermocouples indicate a lower temperature experimentally rthan was estimated

“ s anilytical calculation,
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Iv, B, Techanlcal Discussion (cont.)

(<) The heat-trunsfer characteristics for the Hzo.,/
Alunizine propellant combinacion zan be summarized concisely in tsbular form
as .
T., °R h_, Btu/in 2gei-tr

Section R’ o * :
Cheabar 5540 3.9 x 1072

(theorsticel

cosbuwstion

teuperaturs)
Throat 5440 1.9 £ 1072

(theorstical

recovary

temperature)

From the abcve asta (8), 12 {8 clear that the Coldburn e~uation predicts

% of Colburnm,
-

3]

100

1.18

reasonably well the chamber end throat heat-transfer couffictlents for the
H,0,/Alumizine-4] system. For consarvacive preliminary designs utilizing
these propevllants, use of the Colburm equatiin es explaived in this mmport
is recommended for ths thrust chgaber heat-tranefer evaluation and oising of
all regenerstive, transpiracion, end/or uncooled chembers.

60

)

Test [ats Anslysis

8. Cowbustiom Stability Analysis--Test 1.2-02-AAC-004

Oscillations of 800 and 2400 cps occurred on Test

1.2=02=AAC=004 betwesen ”l + 6.98 and nx + 71.40 sec, doth in the primary

chamber and in the fusl feed aystcem.
oxidizer mentfold but were insignificant.

Oecillations also occurred in the
Dyring this Cime pericd, the TCA

was in its start transient, with pressuree in the eecondary chamber ranging

from 50 to 702 of steady-state chasber pressurss. The oscillations dewloped'

Page 243

CONFIDENTIAL



[ Y

QoanAavres ln'79<.._0‘ !\Q.-Tar. !T

, -~y 1tcanical Oiscussion (cont.)

and subsided very gradually, with no evidence of a pop or detonation to

.nitiate or propagate them. The oscillations in the fuel manifold had a pre-
dominant frequency of 800 cps at a pesk-to-peak pressure of 110 psi, whereas

the two transducers on the preburner indicated pressure oscillations of

2400~cps, with some 800-cpe oscillations at amplitudes of 125 pei (peak-to-peak).

) Test =004 differed from the firet two staged-combustion
tests as follows:

(1) The fuel injector pressurs drop was reduced 50X by
substituting the tubular injector for the vans~type injector;

(2) Thrust per elument of the tubular injector vas
increased tan-fold;

(3) Oscillations were present on Test -004, but did
not occur on previous teets;

(4) Pressure drop through the turbine eimulator waw
reduced significantly (Table VI).

(V) Estimation of longitudinal acoustic modes for the com-
bination of the two chambers (preburnar and oocondnry'conbuucar) indicated the
existence of such modes at oscillations of about 800 and 2400 cps. These

modes are difficult to calculate because of the complex interaction between

the resonance phenomans ir the preburner and secondary chsmber. The long feed
lince to the TCA warw« capable of resonance at a large number of frequencies 1n
these two rangad. Slace increasing pressure drop in such 4 system can Jdamp
Gec{llations, the lowering of the pressure drop both through the turbine simu-
lutor and the fuel injector {as in Test -004) tended to {ncrease the probability
v - illatiens (Ref. 11},
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Report 10785-F, Phase II
IV, 3, Technical Discussion (cont,)

() The freguency at which tha tubular injsctor would be
expected to reinforce acoustic oscillations wee astimated by using empirical
correlations compiled by Aerojet-General. These correlations show the sensi-
tive time lag, t, as a function of chamber pressure and injector orifice
diameter. The resonant frequency is relatad to t by

- L
.f 2¢

Thie frequency, which 1s a fumction of wéan pressute and of the diameter of the
injector elemsuts, vas sstinated to be 2500 cpe at the pressure at vhich the
oscillations occurred {n Test -004. This explains the occurrence of the 2400-
cpe oscillations. As the chamber pressure continued to riee, the resonant
frequency during the combustion process also increassed until coupling with the
chanber vesonance was no longer poseidle. Therefore, the oscillations demped
out, The 800-cpe ocscillations way liave been ceused by & feed-gystem wmode
coupled vith a chamber mode, since they preceded the 2400-cps oscillations and
existed during preburner operation oaly.

) Oscillations in the feed system can ba redu:ed or elimi-
nated, vithout increasing pressure drop, by installing a side~branch resonator
one-quarter vave length upstream of the {njector (Ref. 12). However, such «
rvesonstor would be effactive only in its design frequency range. Other weans
of controlling the occurrence of oecillations are through the vertation in
pressure drop and in chamber dimensions. However, more analytical work would
have been required to successfully predict the effect of design changss on
system stability,

) Since the pressure drop in the vene~type injec*nr was

lowered in the Mod IIl injector design, this injector wes also examined to
determine {f combustion instability would occur. The stability estimates were
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. 3, Technical Discussion (cont.) : .

*r:ed upon a more recent cotrrelation similar to that given by Reardon (Ref, 12).
't was assumed that the injection elements with a diameter of 0.054 in. would

dominate since they carried about 90X of the flow. The following results were

G

cttained:

Chamber Preggure ngn eguency, cps
50X of steadv state 3700

75X of steady atate 4200

100X of steady atate 4600 _ .

It was concluded that in the pressure range considered, resonant interaction
with rhe 2400-cps longitudinal moda would not occur and that interaction with
the Sbob-cpo first tangential wmodo of the seccndary chamber was not probable.
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Report 10785-F, Phase 11

SECTION V
CONCLUSIONS

(V) The analytical ani exparimental programs conducted under this contract
have resulted in the developuent of a technology bace from which an advanced |
rocket engine system using H,0, and Alumigine, or other hetsrogenscus fuels,
couid be daveloped. The comclusions dravn from theee studies ave categorized
according to the major tasks in the conmtract.

A.  TRAMSIENT COOLING ANALYSIS

) 1. A tegeners:ively cooled thrust chamber asseudly for an engine
using l'lzo and Alumixine can be safely started, shut Jown, and reatarted with
proper control of pupoll.nt phasing in ths coolmt Jackat and turdine.

) 2. This thermel barrier coatings couwpossd of mixtures of metals
snd oxides and having low thermal comductivity show eignificant advantages
over thick tungsten coatings for coolant tubes, because the hoar .soak back
frow the thin coating e lu'. proocounced .

w) 3. The start and shutdows transients of a cooled llzoz/u\-uino
engine sust be onidizer rich to satisfy transient coolimg requirements.

B. PREBURNER

) 1. A 98X Hzoz- preburner can be operated satisfactorily with
throughputa up to 110 psim and pressurce in emcess of 4500 psi. Significant

_reduction in catalyst length i poseible through the oparatton of the catalyst

puck &C Mgh pressure.
) 2. The exparimental catalyst, Jeveloped by .ha FMC Corporation

und the Age Catalyet Company, has both the activity and the high-temperature

ren{stance required for decomposition of high-concentration H0;.

Fage Zﬁi
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V', B, Preburner (cont.)

(v) 3. The decomposition temperature of %) and 98X H,0, is enly
slightly affected by pressure.

¢V} 4. Pure silver may ba used as am active cetalyst for 981 H,0,
provided it is included only in the entrance portion of the catalyst pack
vhere decomposition is initiated and pack temparature {s low.

(u) 3. The unique pack ceastruction, in which nickel-manganese
screens are interspersed between ths active catalyst screens, pravents the
pack from losiag its precompaction. '

() 6. The catalyst developed for use with 90: 820, is also satis-
factory for the decomposition of 90% u,oz.

C. STAGKD COMBUSTION

(u) 1. High specific impulse afficiency can be obtained with staged
combustion of Hy02 and Alumizine.

w 2. High performance with etaged combustion using H,0, and
Alumizine {s obtained through the maximum dilpu"ltol of Alumisine into the
gaseous oxidizer stremm.

(v) 3. Tungsten resists srosion satisfactorily whem exposed to the
products of combustion of H20, and Alumicine at mixture ratios up to 1.0.
Thernfore, tungsten is applicabls to an advanced uzozluunuua combustion
chagber pravided that a high performance, nonstresking injector is usad.

U) 4, _ High-pressure ataged combustion of ll202 and Alumizine has no
inherent combustion {nstability.
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Vv, C, Staged Combustion {comt.)

v) 5. The staged-combustion cyclo {s applicable for use with this
propellant combination.

w) 6. A performance level in excess of 93X of tisoretical I, for
a 100,000-1bf-thrust engine is predictad on the basis of the performance
obtainsd in ths 20,000-1bf-thrust tests.

) 7. Tha combustica efficiemcy of 5,0, and Alumisine 1is independent
of the 020, concuntratioa over the concentratiom range from 90 to 98X.
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SECTION VI

RECOMMENDATIONS

w This section contains recommendations for further study that would be
required to obtaia the technolegy for & high-pressure staged-combustion H,0,/
Alunizine engine (or an engine bhased upon a related hetarogenoous propellant
system). This discussion has beea orun'ud sccording te areas of techamology.

A.  PERFORMANCE

) 1. The effects of mixture ratio, studied on & limited basis in
this comtract, should be further eveluated to optimize the operating mixture
ratio ant obtain the maximum delivered 1, for s cendidats vockat engine
systes,

w 2. The effect of chamge in charscteristic leagth (L*) bas been
investigated in this cintrect. The iavestigotioa of the effect of Lt on per-
formance shouid be extemded te investigate L*'g less than 40,

) 3. An objectivs of this contract wa+ to deteruine the feasibility
of high-pressure staged com‘ustien of N02/Alumisine=~43. This propellant cow-
bination should slse be comsidored for low-pressurs (pressura-fed) aystems.
éonuqmtly. an evaluation of tho effect of combustion chamber pressure on
parformance is recommemded.

) 4. Past analytical studies hove indicated that the aluminunm
loading ia hydrazine should be optimined for & particulsr engine syetem. (cm-
bustion expsriments should be cead:il.d v daterkins the o & aluminum load-
{ng for an 2!202 and Alumizine systea to obtain the maximum deliveve: T, wich
the maximum propellaat density. :
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VI, Recommendations (cont.)

B. COOLING

v . 1. The major objective of this program, in the area of cooling,
vas to investigata the vegenerative cnoling charactaristics of 982 uzoz. '
These studies indicated that a high-prassure regeneratively cooled TCA will
require s 4500°F thermal bdarrier. To further evaluate this cooling technique,
thermal barriers capabie of operating ac 43500°F gheuld be developed, -

(v) Other cooling techniques sve promising and feasible but
ruquire further investigation., Traaspirativa cooling wicth liquid uzoz ad
decomposed uzoz should be investigated.

()] 2.  The most nesr-tera application of this propellant cosbination
to a rocket engina system would be through the use of an uncooled (heat sink)
type combustion chamber. This type chamber would utilise tungaten and silver~
infiltrated tungaten as the flams berrier. Long-duration testing of & tungsten-
lined heac-sink typs combustion chamber should be conducted to dmtutp the
feasibility of this approach.

v 3. A high-pressura staged-combustion uzoz/uunmo engine has
available large quantities of high-pressure gas. Comsequently, the film
cooling charactaristics of high-pressuré, decomposed nzoz should be investigated.

Q) 4, The cooling charactaristics of uzoz vith rolling contact besr-
ings shuuld be investigated, because an engine system using this propellant
combinction, or Ilzc2 in combination with another fusl, would use the H,0, as &
bearing coolseat.
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Vi, 8, Cooling (cont.)

v $. The most near<term application of this propallant combination

. should ccasider the use of 90X Izo2 instead of 982 uzoz. eince tha decomposi-

tion tempsrature 1is less than 1400°F; curreat turbine and catalyst tachnology
is directly spplicable, The lower H,0, coacantratica, howaver, reduces the
specific tmpulse by appronimstely 1Z. Therefore, higher parformance can Le
achievad with 98% !202 as the oxidizar. Tha decomposition temperature of 98%
H,0, is approximately 1800°r, which will therefore require the use of high-
tewmperature or <0oled turbime blada technclogy. Turbine cooling techniques
and oxidizer-resistant high~temparature matariale should be inveetigated.

C.  CATALYST

)] 1. The decowmposition of 90 mad 282 IIZCD2 at high pressure has been
accomplished with an sdvamced catalyst ssterisl. This new catalyst matarial
has a high mslting temperature aad good activity. Howewer, indications are
that the activity of the catalyst wes reduced as & functiom of exposure to the
"202‘ Further investigstion of thiy alloy and coatings for the alloy matarial
is requived to ensure long duration and restart capability for llzo2 nONVP Ko~
pellant gas gsnerat.rs.

49 2. The cacalyst pack comstruction, although unique, was based un
the design requivemants for ssall wmonopropallent reaction motors. A high-
pressure uzozluuuuu staged-combustion engine would vequire s uwnique cate
lyst housing volums. Consequeatly, further investigation of catalyst con-
struction, in parcticular the radial flov catalyst packs, is required.
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Vi, Recemmendatfona (cont.)

D. DESIGN

U9)] Spacial deaign techniquas are required for the Alunlzine components
in an advanced rockst engine eyitss. Any heterogeneous fual has the potential
of deteriorating in an open system after use and thus producing a solid
residual material which must be considered in the system dasign. Du'un tech-
niquas should be developed for the injectors and controls of a rocket engine
system using heterogensous propellants. Design of comvonents having the capa~
bility of reuss without disassembly for cleaning should be investigated.

B,  MISSIONS AND APPLICATIONS

) This propsllant combination should be investigated for its appli-
cation to advanced booster engine systems, uppar stage, and in-spece propul-
sion. Specifications should bea developed for these applications that would be
used as & basis for tha design of systema and components for sny futurs candi-
date rocket engine. '
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Report 10785~F, Phase II, Appendix I
A. ENGINE FLOW MODEL

The objective of this portion of the snelysis wz2s to devalop an
analytical model of & prototypa engilne capable of predicting fuel and oxidizer
flow rates during a variety of possible shutdown transients.

To keep this model as simple as possible, a number of simplifying
assumptions vere made. Thase assumptionae and their justification are:

(1) Puap cavitation is neglected and inducer-pump performance is
included in the mainepump pottotﬁuce. Cavitation 1s seldom & problem on shut-
downs becauss of decressing speeds and flow rates. Similarly, inducer perfor-
mance on shutdowm, starting from a steady-state operating point, should follow
the main pumps closely.

(2) Fluid inertias are naglected. This is justified bacause the
main error introduced will ba in pressures upstream of the valves. The affect
on flow rates for reasonsbls line lenogths will be pmall.

(3) Primary combustor gas properties are assumed to be constant.
This i3 justified by the nature of the decomposition prucess in the catalys:
bed. Although temperature will vary with cooliag-jackat axit temperature, this
effect was neglected bacause one of the objectives of the thermal analysis is
to keep the exit tesperature nesrly constant.

(4) Propellant fluid densities are assumed to be coustant with
time throughout the system. The justification for this assumption is the same
as above,

With these assumptions, it is poassible to reprasent engine perfor-
mance by only threa differential equations in three urknowns: Ppc’ primary
combugtor pressure; P“. Meondnry'conbustor pressure; and N, turbopump speced.
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Additional auxiliary equations, required to relste these three paramaters, are
listed below in thedr vsual form; for computer solution thers will ba a furthar »
combination of terms. The control parameters are C  and Ch. oxidizer- and @
fucl-valve resistance, respactivaly, which are input as functions of time.
1. Qxidigexr Line and Dunp e
A
Po ° Ppc + Eor +* cw(r. o (Line) r
]
- ®
' w w2 i
2 - X
Pp = Pog t PN E°"1 + cm,2 (°o") + c”a (%“)] (Pump) :
These equations will be combined to give a quadiatic and W . b ®
Valve resistances are to be input as functions of time. It is rcasomable to {
assume that sdmittance (1/vC) veries linearly with time, thus: .
Cory |
Cov (t) = 7 Tavl «tc< Tov2 . » ®
K Tov2 - Tovl {
{e) = t <t L
: 0 t- e N? tvl tv2 ®
( Tev2 - Ttvl "~ '
Subgcripts: v
S = Steady-state ,
1 = Closing starts . ®
2 » Closing ends
®
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2. Eyel Lige and Pump
.2
Pey ® ,nc + E:n, + ch(tﬂ -p-:- (Lina)

3'

' 2 - w w, 1 .
0 ® Peg* o8 |1 * Copa (355) + Copy (;5;) (Pusp)

Thess equations vill be wsabined to give a quadratic in Wee

It is sseumed that the recio of the individual pressure drope

to the total (!’c - P“) temaings comstant. Two prescure tatiss are required

(p

gy £OF computing turbine waight flow, sad Py, for cosputisg turbine work) .

A reaction turbine is assumed,

1 Py < Cpee

L€ Py 2 Cppe

*_ - &I @ -2 '
4 . - - - ' imw 1)2
u 'pe c’ﬂ ’pc ’lc ' ‘

Tuibias Redchs FAgy

- Test for choked flow:

Py v Gae Mg = Gy
(Use values from Ssction I'A.J)

. 0, n,
¥r " Cre Epc = Cn ('pc - ’tcﬂ Py 1-%n _
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bine [

Isantropic Spouting Velocity:
]
R AV

2

Turbine Efficisacy:

'w s e ()’

Turbine Torque:

= '] W
- 2 -
Yo o°N coﬂ + co?S(BfQ + coM(oohDj
2 = ; W\ W\ 2
kg o o [Copy + cm(ofxa * °06<39

dscondery Cocbustor

MR e Hp/Wg

2
ch - 'cll + c.z () + coJ (m° + C“ l’u:
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Flow at Nozzle Throac:

;

10. Consinuiiy Bauatien fox Ssqendaxy CQEbuator

c dar__
i 38 Tls -
2 d¢ “ "t + "f "uc

(c®)

' B. ENGINE FLOW COMPUTER PROGRAM
An implicit numerical method uning backward tims qithrucu has
been programed to solve the sbove engine system model. Tha inhuresut atsbility

4 features of an implicit wethod, coupled with the relatively small inertial

affects of ths present system, allow the use of lsrge time rieps. This
advantags is gained at the cost of solving the system differenca squations
sisultansously at each time step. Howavar, a relastivaely sim;le iterative pro-~
cedure has been develcpad for this solution, and it appears tc have good con-
vergence charscteristics. ’

-al [ [ ] [ L | [ __ | ame [ ____] [ el Mibnaed —

- el

Page 260

- UNCLASSIFIED

e @&

®



[

NI Anpiriea
Vilbniivend ol

Toett B3UE5-n, thaee 1L, Appenuix 1

The primary or ouler iterations adjust the primary and necondary
combustor 2ressurea aimultanecusly; an inner iteration loop datermines the
fuel flow wf for each outer iteration. Thersfors, the itaration equations
given below for tima t are writtan in terms of assumed pressures X and x.,

calculated pressures Yp and Y.. an assumed fusl flow rate xf. and a calculated

fuel flow rate Y£.~

1. Isazatien Proceduxs and Equasions

With assumed primary and sacondary conbuotor'prnalurcl. the
prassure ratios 'l.t are known and the turbine veight flow H.r aay be calculated
from Section A,4. The oxidizer flow rate is then determined from

. SBLox -
wo HT + it (xp rpc)
in which ?;c.il the known primary pressurs at the previous time step, i.e.,

at time t - 4t. In the inner iterations for Hf, the assumed flow xf is used

to evaluate the secondary combustor mixture ratio MR and thus c*; the calcu~
lated fuel flov is then given by

EA X ¢
& - - []
. s g ¢ CHE 1)

Y
T (c™)® at

4

in which P;c is the secondary pressure at time t « 4t.

After the inner it.rnﬁion converges to U‘. the turbine speed
N is detsrmined from the turbine force balance; the latter yields the following
quadratic in N: '
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©g Cops * Pg Cppyd X2 + (Cppq Wy + Cppg Wy + ":,"rs")“

c
I"""‘n"‘u vy ¥y m"' "f?'"cz’ =0

in vhich N' {s the turbing spaed at tims ¢t - At, Each outer or pressure
iteration is completed by obtaining calculated pressures from the lins and
pump pquations in Sections A,l aad A,2. Thus,

'p ° 'u* oou“z*cou

v 2
- I
+ c“(:)] 5

= (Cor = Cor3

g
|

2
Pog + 0gCppy ¥+ Copy W,

c

. w
tp3 * Cey(t)] 5‘:’

(cn -

2. Inaer ISexaticoa

Newton's mathod is used to modify x! in the isnar iterations;

thus, for the (m + 1)t iteratiom

(o
]
lad

(o]

.

[ ]
[
al o
i o<

with

2
ay WX CoWe 2C . W
—i- -
T [c.) _.?_ (x, rﬂ _:32_14._!.15.1.

(c®)™ At ¢ ":
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Lodbrud=v, Uause 11, appendix 1
These iterations are started using the fuel flow "g from ths pravious outer

Lteration, or froam the previous time step in the first outar iteration, and
arce terminated based on the convergence criterion

A twu-dimensional versioa of Newton's method is used tn

nodify the ausumed pressures in the outar iteratioss. Thus, for the (m + i)st

izeration

+
th"'l * xPo‘ AP

xu.-tl ° xo.n + Al

with Ap and A. from the simultaneous solution of

Y +axi.§")-rl' LI AR
X "Y - . pr - A'*

e Pl ax.
+ 48X, X Y (X X +48K) -Y
AU AL i...) U[c LN
8,0 5,0 P X
P ]
in which YP - Yp (Xp.., X...)

Yo ® Yl (xp.l' xl.l)
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@
i The perturbstion increments pr and éx. are salected as @
! ®
q 6xp " YP-- B xP-l &)
, Xy = Yew ™ %,
\ |
! ®
i with the restriction that
v
: |
'; ' R N L
| ] alex, | <A x
i - (] - 8,0
|! [ ] [ . '
+ l Thess iterxativas are atarted using the pressures from the previous time step,
: {.0., xp - PI'” and x. - !‘;‘. and are teruinated based ow the simultaneous
l convergance critaria
®
) Y =X
' ' l 3 |5-'
! P P
" l T -X,
[ B > ©
v
. C. LOCAL CHAMBER-WALL AMALYSLS
' 1. Coatims »
] l
The squatios for conductioa in tha coating, sssuming constant
thermal conductivity, is ‘ |
H L
' ®
T T *
3 A /. s :
) 1 (DC)C Tl Kc el Y C’ ar> (Eq 1) :
s |
1
N i
N ! .
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witich i3 subject to the boundary condition
&
K ™" h' (T, =-T), &= L ‘ (Eq 2)

at the hot-gas surface and to heat-flux and temperature-coantinuity reyuiresents
at the tube-vall interfacs.

An approximste solution of the coating conduction squation
will bu used to simplify the analysis. Instead of solving the patrtial differ-
ential equation pointwvise, i.e., at each radial poeition r, sn integral form
will be solved using an assumed temperature distribution. In this vay, the
conduction squation is reduced to an ordiusry differentis) equation in tima.
This techniqus is analogous to the vell established integral wethods of
boundary~layer theory. lts spplicstion to heat conductiocn is widely reported
in the literaturs and has proved to be surprisingly accurste using eimple
temperature distributions.

Integrating Equation 1 over the thickness of the costing yialds

dT T T
foC) £ & =i e p =B -Kr
e e e dt c g irjfrw L7 [ S 1 J rer,

in which ?; is the area-veighted average temparaturs of the coating. The
temperature distribution in the coating 1c aseumed to be of the form

T, (r,t) = T, (0) + a(t) € + b(e) cz

in which
. r ; ri
Page 265
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Substiiucing in the above {ntegral or energy-balance squation gives

(Eq )

The gas-sida Mry condition (Equation 2) requires

| l.(a'!'Zh)-Tr-T"l-b (Xq 4)
i in vhicn

.

K .
l. - -ﬁ-i-&: (inverse gas-eide 3iot number)

e
The defivitioa of 'l'c yialds

'fc-ttxﬁlll*!zb (%q 9)

[
1 hc

in vhich

y Sl ‘ (3q &)
Combining Iquations 4 and 3 gives

T -T -‘l +1-sl‘!
b=

—

Page 266

UNCLASSIFIED

. [

e —————

v emm e

3 @6.;4.;:— dla—“tkﬁdﬁdw&b—._ e Lt




Repor: 10785~F, Prasc II, Appendix I

The :ube wall will be treatud in the same way as the coating.

The integrated conduc:ion equution or energy balance is

&, ,
GOy - T Nt oy lr- e, "N e e . T
The tubs-wall temperature distribution is assumed to bde

T, (1,8 = T () + e(8) + &(o) 2

in which

Substituting iu the enargy—-balance equation gives

r, 8, d 2
-3;\'1-;1-¢+"d (g N

The cuvolant-side boundary condition requires

"
KRy (- T ee g
from which
ELc-TL-‘.'.‘b_ (EqIB)
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in which

B, = (inverse coolant-side Biot nusbar)
L hL 6"

The definition of ?‘, gives

'r;‘-R+axc+czd (2 9

in which

o bt B

% Jr,

: ' | v, +26
| »

Combining Equations 8 sad 9 yialds

"ted  Sawe

"'oz[fu"b'“x"'x.)q (Eq 10)

3. Iataxfacy Gendikieng

i oy

At the interface of coating and tube vall, continuity of
texparature and hest flux requirs

Y

T1-1L+c+d (Zq 11)
and

ka =" c+ 24 . ' (Eq 12)

respectively, in which «w Kc 6",'Kv ‘c'
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From Equationa 10 and 12

. 2(?u N T;lﬁ- xaz a

c - (Eq 13
2(01 + IL) ~0q kg _
o, + & - - T,
de - (Bq 14)
2 9 + 'l. 9,

Expressing Equacion 11 in cerms of 'fc end 'r'v.

rc - 31‘ - sz - th + (1 - al) c+ (1l -~ oz)d

Substituting Equations 5, 13, and 14 for b, ¢, and d gives

3 +1 ( - 2B, +1 -
T_T--‘——T—-‘r-'r)- ('r..‘r)
r b Zl' +1 82_ r [ 2(01 + IL) -9, W b
a® (Eq 15)
oL-a2+(1-a)n‘#s(za +1)-Bi(n + 1)
- ! -
2T01+ILY 9, 2B.+.. 8,

Use of Equations 6, 13, 14, and 15 in the energy dalances
(Equations 3 and 7) eliminates the auxiliary parameters a, b, ¢, and d and

defines ?; and ?; in terms of the boundary-condf{tion variables Tr. h, h

g L
and Tb.

4. Beoundery Copdigions

The gas-eide boundary-condition varisbles are related to the
flow-system variables as follows:
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2 3 4
T, =C +Cy (bm)-t-crz (MK, +Cr3(MR) +C

n
) P 3
“Ces [;’Qm'i"'“oco]

0.8
W T
l - 2 ﬂ
hy = €, ;{f; z<E;:€) o * Gy OB + G (T + Gy ()

ia which the function 2 (‘1‘ /'f T table-input and is evaluated at the begin-

ning of a time step so :lut xqunioal 6 ud 15 may bo solved axplicitly for a
and b, Non that

ré (my

rc‘ =T + (1 - 81) a+ (1~ 52) b

The coolant-aids boundary conditions ave:

. n ’
hl. -C Ho 4 (based on electrically heated ladoratory tests)

'x‘b - ‘rb ot WA first approximatiom, or

‘tb “T, (t) from a coolant temperature-rise analysis (dsecribed
in Section Z) 1f & wora accurate soluticm is noeded.

D. CHAMBER-WALL COMPUTER PROGRAM

Backwird time differences are alsc used to solve the chamber-wall

energy balances (Equatione 3 and 7). Therefore, in difference form these
equations becoms
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fc ‘SC - 2:
———= (T «T )=a+ b
a, At c c éc
s , 2r
el (T =T )we~+ R 4
A w (%] 4
w T L

L]

- _"
i which Tc and I; are the coating and wall average temperatures at time
¢t - 4t; the quantities a, b, ¢, and d ars defined by Equatiuns 6, 13, 14, and

15.

For given wall boundary conditiouns the above enargy balarce differ-
ence equations rspresent a pair of linear simultansous equatione in f; and T;.
However, the gas-side convective coefficient h_ is dependent on the coating
asurface tempsrature TCS and thus on E; and T;. Therefore, iteration on TC is
necessery in eclving the energy balance difference equations. Each iteration
is accomplished uaing a ctrial Tcg' designated Xc.. solving for ?; and i; and
the difference equations and then calculating the resultant cocating surface
temperature ch from -

- . o
Yc; . Tc + (1 - 81) a+ (1 82) b

Newton's mathod is used to wodify xc‘ for tha next {teration; thus,
for the (m + 1l)st {teration
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The Jerivative is calculated by perturbing X~.. {.c.,

dY Y (% +6x_ ) -%

T SR - =Sk m;x R filiall
Y a cg

with

Xg ° Tegm ™ Xegm

excspt for the requireseat

£
Yeg = “cul heg Xeg,m

c§

The iteraticns are started using 'l‘“ from the previous time step, and are
terainated based on the coanvergence criterion '

v =X
“ < ¢
Xy =%

E.  COOLANT-TEMPERATURE ANALYSIS

The coolant energy equation way be spproxisated av

] T
°, c, Ag'aél" v, cp#-q (x,¢) (kq 16)

The hsat-f{nput rate q is assumed to ba epace-time separable over large sections

of the tube bundle; thus, in eection }

q (x':) - q.(‘) -L——
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vt ¢ () defined by Equations 13 and 15 from the local chamber-wall analysis
of 4 paint in the section.

Because the transient tamperature increasa of the coolant must be
1initad as cne of the shutdown criteria, a quasi-steady solution may suffice

for most of the anulysis. In that case, the snargy storage term {nvolving the

time decivative can be dropped from Equation 16. Howevar, this assumption
should be checked by comparison of the quasi-steady solution and the exact
solution of Equation 16, as determinsd by tha method of characteristics.

1 Limtcing |
Characteristic
t'sx''e 0
Regio
11

Region I

Characteristic Cutv!:

Solution of Equation 16 along characteristic curves, as ifllustrated
above, yielde tha following:

55‘12‘ l “' >8!
> x ‘ .
f' W dt = Jf b Ay dx (Eq 17)
o x!

x
q, (x) c’(t)
Ty = Tb. (x') = %:: 'x/' cj. Ho(t) dx
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Lo whieh t(x) 18 glven by Equatiem 17.

R '
z

t
f Ho dc -f °o“t dx (Eq 18)
t' .

A 2 e, (c)
L™ L ,_[ e S (e o
in vhich r£(x) i¢ givam by REquatiou 18.

Noto that x' and t' asre dusmy paramsters which msraly verve to
define the starting point of any characteristic curve. Thus, for a given x

and t of interest in Region I, Equatica 17 dafines x'; similarly, Equation 18
definas t',
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L. Eogligh Letgers

a(t)

ro-5

Coefficient in coating tmct‘tni‘ distribution
Secondary combustor throat area

Coolant flow area

Coefficient in coating-temperature distribution
Inverse Blot number, K/hé

Coefficient in tubs-wall temperaturs distribuction
Secondary combustor charactsristic welocity .
Oxidizer- and fuel-valva resistances

Oxidiser- and fusl-system resistances
Oxidizer-pump constants

fusl-pump constants

Turbine coantants

Secondary cowbustor constants

Primery combustor or preburner constant
Oxidizer epecific heat
Heat-transfer-coafficient multipliars

Recovery tesperatura constants

Heat-transfer-coefficlient conatsnts for mixture-
ratio dependence

Coefficieat in tube-wall temparature distribution
Secondary combustor diameter

Gravitational constant )
Convective-heat-transfer coelficient

Total turbopumgp inertia

Thermal conductivity

Secondary combustor mixture ratio

Turbopump epeed

Exponents

Precssure
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English Latters lcenf.)
®

Turbine pressure tatios

=
&

q Coolant heat-input rate per unit length (product of

_d c and heated perimeter)
4 Radius
t Time ®
ry Local coating or tube~wall temperaturs
T Average coating or tube-wall temperature
T e Secondary combustor recovery :muturi
Tb Coolant bulk temperature [
v Coolmt velocity
Vi Turdbine spouting velocity
W Flow rate
x Axial coolamt-fleow coordinste ]
b 4 Assumed or trial valvas of Lfterurion variables *
Y Calculated valuce f iterav.on viriables
F Hls~temparature co..worica factor for h‘
Sresk Laccacn ' *
o Thernal diffusivity
81.2 _ Coating geomatric coanstants
¥ Lowser limit on sbsolute parturbation increment

magnitudes ]
§ Coating or tube-wall thickneas
§x Perturbation increments for calculating Newton's

ssthod derivatives
a Iteration increments on system pressure trisl values
At Ties etop increment i
€ Convargence paramsters
n Dimensionless vradial coordinate (r-rL)/sw

®
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Lite van it sined

Greek Letters {cont,)

e Turbine efficiency 7

A Chamber—wall parsmeter K, QU/KH 6c

A Upper limit on relative perturbation increment
magnitudes .

] Torque

3 Dimensionless radial coordinate (r-ri)/ GC

0 Density

(pC) Volumatric heat capacity

°1.2 Tube-wall geomitric constants

T Valve-closing chava: teriatic times

‘c Heat flux to coolant

Subscziote

c Coating

£ Fusl (£S-fuel suction, f£D-fuel diecharge)

8 Gas-side coating suriace

1 Coating-tube wall interface

L Coolant side of tube wall

» Interation index .

0 Oxidizer (0S-oxidizer suction, OD-oxidizer discharge)

pc _Primary combustor or praburmer
sc Secondary combustor '
S Steady state

T Turbine

W Tube wall

Sypsrscript

Value at previocus time step, time t < At
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DESCRIPTION OF THE INTERACTION THEORY METHOD OF
PERFORMANCE AMALYSIS
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(U) Interaction theory (Ref. 1)* was used for analysis of injector
performauce for the Advanced Propellant Staged-Combustion Evsluation Program.
This method is unique in that interactions between the injector/chamber
performance and the nozzle expansion process are considered. Interaction
losses includa the effect of the level-of~energy-release efficiency (injactor/
chamber performanca) on nozzle efficiency, the interaction between injector
mixture-ratio distribution and nozzle performance indspendent of the overall
lavel-of -energy-release sfficiency, and the interaction between mixture~-ratio
distribution and kinetic losses.

W) ' The macthod involves determination of the actual performance
potantisl of a gspecific injectoz/chamber based on the local aixture distribu-
tion at the injector face. The degree¢ to which the potential will be achieved
is detarnined by estimating the magnitude of various thrust-chamber parfornance
losses. The following ton performance losses are the lossas which are
important in describing the parformance of a given liquid rocket engine:

1. Nozzle Friction Loss
2. Nozzle Geomatry Loss
3. Nozzle Heat Loss
4. Cnamber Heat Loos
5. Chamber Friction Loas
6. Energy Releass Loss (ERL Loss)
7. Mizture-2atio-Distribution Loss (MRD Loss)
3. Kinstic Lossss
9. Gas-Particle Flow Effects
10. Mass Distribucion Effacta

*A list of references 1s given at the end of this appendix.
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It ay be noted that the first thrae of these losses are specific to the nozzle
expansion section, whereas the other saven losses have both a chamber and
nozzle component., Thus, it can be seen that rozzle parformance {3 not inde-
pendent of chamber performance. Therefore, any separaticn of chamber and
nozzle perfornnnha which assumes that one is independent of the other (e.g.,
the c* - Cp method) will not only lead to incorract inference of the possible
source of low parformance but will also result in significant errors when
extrapolating performance from thu low-area-ratio test configuration to tha
high-area-ratio flight coufiguration.

'B.  PERPORMANCE LOSSES FOR THE 98% KZOZIALUHIZINE-63 STAGED-
COMBUSTION SYSTEM

) Not all the performance lusses liated in the previous section are
garmane to the Advanced Propellant Staged-Combustion Systea. The mognitude
of the no:zio heat loss 1is estimated to be cnly sbout 0.1X or lass of vacuum
specific impulse and is neglected. Because of the high chamber pressure,
kinetic logses are negligible. Mase=distribution effects avre also consideraed
negligible since an approximately aven mass distribution exists at the
secondary injector. Thus, only nozzle friction and geomstry, chamber heat
and friction, mixture ratio distribution, gas-particle, and snergy relcase
performance losses are considered potentially significant for this analysis.

1. Nogzle

w) The viscous effects between the gaseous boundary layer and

the nozzle well will result in a shesr force which degrades nozzle thrust,
Viscous &ffects may also be considered as slowing the valocity of the main-
stream gases in the boundary layer, thereby lowering tha total exit momentum
trom the nozzle. The effact of frictional drag on nozzle pertormance is cal-
culated by use of the Aerojet Computing Services Diviston Program P-133, which
is based upon the extended Frankel-Voishel Expression (Ref. 2) for average skin

friction, Friction loss ralculated by this method will be valld for the case
of a smooth nozzle wall.
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‘ ' 2. Nozzle Geometry loas 2
() Nozzle geometry loss may be attributed to the loss in thrust
? due to the discharge coefficient of the throat and the loss in thrust resulting \ﬂg

from the fact that part of the gases leaving the nozzle exit plane gre not
parallel to the nozzle sxis. The geometric performance loss is determined
) from AGC Computer Program 10036 by comparing the performance of the three-
| _ dimensional axisymmetvic nozzle with a one-~dimensional configuration.

3. [» aa

!
w Heat loss from the combustion products to the chamber wall
' ‘ results in & loss in total combustion geas enthalpy. This lose in enthalpy

reduces the available nozzle expansion work psrformed by the combustion gases.

Chamuber heat loss 1is one of the {nteraction losses. The mathod used to
calculate chamber heat flux is described in Appendix III.

4. Ghamber Friction Lose

() Viscous shear drag on the chamber wall results in a loss @
in thrust for the total engine system, On most high-~thrust angines having

practical utility the chamber friction loss can juatifiably ULe neglected

because of the low subsonic gas velocitiese in the chamder and the low ratio

of chamber surface atma/engine weight flow rate. However, for the 20,000-1bf-

thrust hardware of the Advanced Propellant Staged-Comdbustion Evaluation Progran

i - . e Lol

this loss was separately identified bacayes, 1if this less is naglected and
lunped together with the energy relesse loss and extrapolated to large thruat
engine systems, sxcessive losses would be predicted. The method used to

| evaluate this lows is deascribed in Appendix IV.
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5. Mixture~Ratjo-Digtribution Logs

L) Irregular mixture ratio distribution at the secondary injector

face can result in a change in the performanca potantial of s thrust chamber

when compared to the ideal performence calculated from the ovarall mixture

ratio. The effect of the irregular mixture-ratio distribution on performance

is determined by a stream-tube analysis. Ian this analysis, the flow {s -
separated into regions of common mixture ratio. The fluid streams issuing

from the injector in each region are presumed to mix, combust, and expand ..
through the nozzle without mixing or interacting with any other gtream from an
adjacent reglan. Thus, although these stresaa tubes may change relative si:ze
during the expansion chroh;h the nozrzle, they are assusad to vetain cheir
identity and apecific mixture ratio. The stream tubss cen take on any
geometrical shape as required by the mixture-ratio distribution at the
injector face. The numbaer of stream tubes can vary from one==for the cese of
even mixture-ratio distribution--to ae many as can be defined without any .
stream tube being smaller in width than the typical lateral dimension of .-
turbulence. The minimum gise is obviously that of the smallest mixing unit, ..
or element. However, in the case of very emnll elemsnts, or a high degres
of turbulence, the smallust meaningful strean tube may cover many elemeats.

G. Gas-Pa L)

(u) Two-phase flow losees are associated with the presence of
either liquid or solid particles in the gaseous flow stream of a rocket engina.
The Chehicnl Composition Program (Ref. 3) considers t.e presence of the con-
densed phase and its inability to expand in the rocket4nozzlc. but it assumes
kinetic and thermal equilibrium between the condensad/gaseous phases. In
actuality, a thermal lag exists in which the particle temperature remains
higher than that of the expanding combustion gases. Heat thus retained by the
particle results in a decreasc in the gas enthalpy available to accelerate the

uxpancing gaseous phase in the assumed ghifting equilibrium performance.
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Furthermore, the slower moving particles create a drag on the accelerating
gasesa and decrease the mainstream momantum. Therefore, the deviation from the
assumed kinetic and tharmal equilibrium cendition is what constitutes the two-
phase flow locs. Tha computer program used to determine the loss in specific
impulse due to particles in the flow stresam is Asrojet Computing Sarvices
Division Program 48067. This program computes the ona-dimansionsl flow of

a gas-partitle cystem through a parabolic nozele in both :hc subsonic and
supareonic ragions.

w Tha sxtent of the deviation from kinetic and thermal equilib-
riuz is dictated by the absoluts particle size. It is therefore mandatory that
the particle~size distribution ba known. As part of this evsluation program,
particls samples were obtained for ths two baliclinjoccor design concepts and
their size distributions were determined.

7.  Zaeggy Release Losg

) Ths snergy relesse loss of an engine represents the difference
in performance betwasn complete and incomplate energy release. For the Advanced
Propellant Staged-Combustion System two machanisme for energy release loss are
possible. For most conventional propellant systems the propellant vaporization
rate (Ref. 4) is the controlling mechanism of the combustion procass and the
energy release loss can be attributed to the coubustion anthalpy reduction and
gaseous phase mass reduction that results from the unvaporized propellant,
However, with Alumizine~43 the basic assumption that vaporization is the rate-
controlling mechanism may not be valid. That is, the degree of aluminum
chemical reaction may also be rasponsible for anergy release loss. This may
occur either becauss insufficient aluminum reaction tlme was allowed or

because the aluminum was not adequately heated to its tgnition temperaturn

(Ref. 5) resulting in reduced aluminum availability. Since neither of these
losses was analytically calculable for the Alumizine-43, the energy release

loss was determined as the differance between the theoretical and experimentally

measured specific impulse lesa all other calculable performance losses.
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A METHOD FOR EVALUATING CHAMBER MEAT LOSS
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u) Che gas-side heat-transfer coefficient was determined from Bartz's
equation
0.8
h = 0.2 (Eq 1)

where h' » gas-sids heat-transfer coefficient, leu/uz.-uc-'l

d = dismeter, in.

" = viscosity, lba/ft-sec

Cp = gspacific heat, Btu/lbe-°R

Pr = Prandtl nusber

\.J.r = gas flow rate, lbm/sec

A = ares, in.

r“ = free-stream gas temperscurs, ‘R

’l'n e - arithmetic msan temperature, ‘l(ng-m)
T, = sa8 recovery tenperaturs, ‘R

T v © gas-side wall temperature, °R

and where tha transport properties are evalusted at the aritimstic mean

temparaturs,

) Having calculated the heat-transfer noefficient by Equatiom 1, ths

coafficient wae used to determins the dimmmsiogless Biot
M = _(h. rzlk)

vhere: r, = outer radius of chamber wall, in.
k « wall thermasl conductivity, Bty/in.-sec-*R
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Q) The time variable is also made dimsnsionless by introducing the
Fourier number
F = a :/r2 (Eq 3)
) P

where: o = wall thermal dif!uniQity. in.zltoc
t* time, sec

(U) ° One additional parameter, the ratio of inner wall radius to outer wall
radius, is required to graphically determine the inner wall temperature using
the Biot and Pourier numbers.*®

()] If the wall temparature thus calculated does not agree with the _
assunad wall temperaturs used in Equation 1, furcher iterations aay be required
until convergence is achiaved. It should ba noted that all transport properties
atre temparature-dependent.

) The heat flux in the convergent nostle section was calculated by
dividing the zone into five segmeunts, by calculating the heat flux at sach
section, and by multiplying tha calculated flux by ite corresponding surface

area.

(ﬁ) The total chamber heat loss was then calculated by summing the local
heat flux and ths incremental chamber surface area.

Q - :hui T, 'Tw;)i A

) To evaluate the effect of chamber heat loss upon engine spacific
impulsa, the reduced temperature option of the Chamical Composition Program*+

*Temperatu L3 » Asrojet-Ganeral
Technical Memorandum 165 SRP, July 1961.

**Crisman, P. A., Goldwasser, S, R., and Petrozzi, P. J., A General Computeg
Program for Calculation of Rocket Peyformance Parametery of Propellants
Contauining the Atomic $pec Cl, Proceedings of a
Propellant Thermodynamics and Handling Conferenca, Spacial Report 12,

June 1960,
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w5 used to Jetermine the effect of anthalpy decrease in the chamber (at Mach
number zero) to raduced flems .uiparature (AH/AT).

q
- -L.— 7
8T han. Ht. Loss, b.1. : (Eq &}

LY (4H/AT)

where: ;'b . °® propellant flow rate within the thermal boundary layer,
lba/sac

8Tyea. Hi. Lose,b.1. = D6aD temperature reduction of flow within
the cheimal boundary layer, °R

()] The sugine performance logs r: sulting from chamber heat-transfer

effects is proportional to the fractionsl wass flow rate of the thersal
boundary layer and to the reduced specific impulsa of the boumdary layer
corresponding to the temperature reduccion of Equation 4. PFor purposes of
this anslysis, it vas assumed that tho boundary layer flow rate expanded co
the exit-area ratio of the sngina. Since the epecific-impulse loss incresses
in the noasle vith increasing exit-ares ratio for a given temperature reduc-
tion, chambar heat loss is ons of tha intaraction losses.

v The approximation wvas made that the thickness of the thermal boundary

laysr was squal to the velocity boundary layer divided by the one-third power
of the Prandtl number.
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& METHOD FOR EVALUATING CHAMBER FRICTION LOSS
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W) The valocity distribution of an incompressible fluid in a pipe for
nonfully developed turbulent flow 1

1

m;[!-;-i when R=6 <t < R (2q 1)

Yo [

and *‘unlvhon0<t<l-6
o

vhare: u(r) axisl gas velocity st radius, ¢ '

u « fres-stramm velocity

R = chambar radiue

8 = wvelocity boundary lsysr thickness
n = wvelocity profile exponent

() The welocity profile expouent (n-l) is dependent upon Keymolds number
as shown in t:a following tabulatiom:

HIGH RETNOLDS NUMBER FLOWS

Zsynolds Nusber .
2 mt 3 m! S ’

a0’ s IIQS !m’s zm6 >2 IQG

Velocity Prucile

Exponent, n ? _ .8 9 10

(1)) The Jdisplacemsnt boundsry laysr thickness, & in an axisyssetric pipe
iz defined by

R
e s I A (Eq 2)
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V) substicution of Equation 1 into Equation 2 yields

¢ . § %

- (Eq J)
1 n+1 2R (2n + 1)

w) Similarly, the momentum boundary layer thicknaess, 9. in axisymmectric
pipe flow 1is defined by

) |
9.0[-3-:1)- lx-ﬁﬁﬂlgar (2q 4)

) Sqlu:lonrof the integral using Equation 1 yields

n ] W
o.6En+1)(n¢2)-2l(n+1)(2n+1) (Eq 3)

v The cumulative chamber wall drag., D, is taken to bas equal and opposits

to the drag upon the fluid in the cylinder so that

R

D - (u, = u(®)] o lu(r)] 2rr dr : (Eq 6)
o o

vhera o = fluid density

) Equation § can ba rearranged to

R .

D= @B (el f @y |y el Lar (Eq 1)
o o ()

) But the integral in BEquation 7 is simply the momentum boundary layer

thicknass, Therefore, the following relationship was used to calculate chamber

drag:
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D = 2w (u?) e (Eq 8)

(0 Equation 8 shows that the drag is only & function of chamber wetted
perimater, dynamic pressure, snd momentum thickness. Furtharmore, it should
be noted that :2. free-streaa velocity, Uy varies in its relationship to the
msan velocity, u, with ths velocity boundary layer thicknass:

- 2
3 [ 1
%; - - ﬁ' (n + 1)¢ ('i') TEIRL

{U) For the purpoid of this preliminary analysis, one additional eimplifying
assumpticn was wade; i.e., that the velocity boundary layer grows at the sams
rate a3 for the velocity profile with the ons-saventh power law (validity

of this assumption requires further evaluation).

-0.2

- oy 1]

-

§(x) = 0.37 xR (Eq 9)
x
vhere:
R.. v byx
x W
U= viscosity
and
pu * é.r/nnz
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(w Equation 9 was therefore rearranged in the form

0.2
6(;2 - 0.37 _:'Lli R‘-O-G x 0.8

HT

(Eq 10)

) The velocity boundary layar thickness cllculaccd'by Equation 10 was
then substituted into Equation 5 to determine the momantum thickness for

Equation 8. The boundary layer was assumed to start (x = 0) at tha injector
face. )

()] Evaluation of the chamber gas-flow conditions for the 98X Hzoz/
Alunizine-43 system indicated a Reynolds number range corresponding to a one-
tenth power-law (n = 10) velocity profile.

u) Frictional drag in the convergent portion of the nozzle was evaluated
by dividing the convergent portion into five conical frultuni. A nmean
diameter was sslected for each frustum and trested as a cylindrical section.
Mean gas densities and gas velocities were selected that corresponded to the
mean contraction ratio of each section. Incremental drag due to esach sagnent
was then calculatsd in sach convargent zone by determining a pseudo starting
length so that the ratio of relative valocity boundary layer thickness to
cylindrical radius at the start of the. convergent zone was uqual to the ratic
at the trailing edge - f the segment locsted immediately upstream. Tha pseudo
drag was calculated at the leading edge and subtracted from the drag at the

-tralling edge to determine the drag increment of each coanvergent zone. The

total chamber friction loss was calculated by suaming the drag increments of
all segments from the injector face to the nozzle throat and dividing the

cumulative drag force by the total propellant fl-w rate to determine apecific-
impulse loss.

(U} - Although incompressible-flow equatfons wers used, the error is not
expected to be significant 1if the densities in each of the convergent scgments
are adjusted. .
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INCLASSIFIED ABSTRACT (cont.)

Phase II was initiated immediately following the conclusion of
Phase I and conaisted of s serios of 20,000-1hf preburner and etaged-
combustion evaluation tewts, The Phase II technical achievenents
included the completion of & Hp0, expsrinencal heat-transfer program,
a preburner test program, and a staged-combugtion test prog:m. Sat-
isfactory operation of a 98% H,0, preburner vas demonsirated at
throughputs from 48 to 108.2 paim for two catalyst configurations.
Staged combustion at 3000 paia with 982 HZOZ/Alunilin¢-43 was demon~-
strated satisfactorily with two sacondary injsctor concepts. Heat-
transfer data on critical arvas of the chanber and throat ware obtained.
The experimental performance of the propellaut combination wae deter-
mined over s range of mixture ratioe with two differeat L* chambers.
The performance uf 90X H Ozlhlunixinc-' was detarmined and compared to
the 98% HzOZ/Alulizino-bg propellant combination.
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