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Jerry "homson, Confercence Chairman
Welcome
—_——
Good Mor ning Gentlemenr.

I would like to officially open the Space Shuttle Propulsion Technology
Conference and get on with our agenda and the business.

My name is Jerry Thomson of Marshall Space Flight Center; and I am
the Chairman of the Propulsion Technology Working Group. I will
serve as the Conference Chairman for the next two days.

There are somne administrarive matters and 3eneral information that I
would like tc present to you ztout the Conference, but first I would

like to introduce the Directo: oi Science and Engineering here at the
Marshall Space Flight Center; a man very much at home in the ficld of
propulsion. I'm sure most of you already know him. FHe is Dr. Herman
K. Weidner -- Dr. Weidner, please.

11
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Within the nast dozen y€ars or so, this country has had a total of about
600 successful space flights to her credit. And pPropulsion devices did their
thing in each and every one of them.

I mention these facts merely topoint out that our professional specialty
tield - Space Propulsion - has come of age and has grown to be a
dependable tool in our storehouse of engineering skills. All in all, a
very impressive and proud record,

But this is no time to rest on our laurels. As of late, a new objective
in the field 5f space transportation is making its even greater demands
known. It is calling on the best talents of all of us to do better still.

We are heavily banking on the results of your combined efforts and skills
to furnish us with the firm technological basis so that we may commit
oursclves, with geod confidence, to new applications and concepts of
advanced propulsive machinery.

It 1s the purpose then of this Space Shuttle Technology Conference to
let us take stock of where we stand today in our efforts and to sensc how
much still remains to be done,

And I 1ike to wish this conference much success in iccomplishing this
chbjective,

Ido not want to close here this morning, without saying "Thank you'" to
<ll of you who lave Come, to Jerry Thomson who acts as the Chairman
ior the whoie affair, and te the many session Chairmen and Speakers
who have worked s diligently to make this conference possible.

Let me Conclude, then, by recognizing one man whs is with us here

this morning. This man is Del Tischler, from NASA's cifice of
Advanced Researchand Technology. He has served for many years
directing NASA's Technology efforts in the field of Chemical Propulsion.
His leadership has contributed significantly to our past successes and
to the state of our art today,

Lately, he has taken on a broader and even more important role in NASA,
which is to plan and to pull together the totality of NASA's Shuttle

Technolozy Program. A critically needed and a very difficult task.

Iam sure that Del would want to make a few remarks of his own and
place the objective of this conference into an sven sharper focus,

Thank you,



Del Tischler, Director, Shuttle I‘echnologies Office, NASA Headquarters
Thank you Dr, Weidner.
Good Morning, Genilemen.

This conference on propulsion and its related areax of crycgenic propellant
handling is the third of a series of conferences sponsored by OART on the
technology programs which support the develmment of the co.icept of a
fully reusable Space Launch Vehicle.

It has been suggested that this vehicle be called a Space Plane rather than
a Shuttle. Space Pla:e may be a dignified designation. No matter what
you call it, its' ability to leave the confinement of the Earth's wtmosphere
is totaily dependent on the perfcrmance of rocket equipment. And to do so
in two stages (or less, for that matter) while carrying the thevmal
protection for reentry, the Jifting surfaces for aerodynamic flight, and
the wheols for landing as well as a crew compartment for human
intelligence aboard, derznds the utmost in perfarmance of the hydrogen-
oxygen-fueled rocket engines planned for this vekhicie.

At the beginning of the Saturn/Apdlo Program such engines were
inconceivable. The technological advances since then have created o
Pregnant situation in which birth of these engires is a matter of nouri,hment
and time. Proposais to develop this equipment are due here in approsimately
two weexs. While the main engines are technologically in gacd shape *heir
integration irto the vehicle, which embadies propellant vessel, cargo carricr,
reentry body, and aircraft, still constitutes a significent preblers. The
Propellzat feed lines in the booster stage, for example, contain a volwune
equivalent to the THOR Missile. Conditioning this bulk of propellants is a
problem. The pctential for POGO, in which on a La Grangian cosrdinate

scale the pilots and the engines tr

countered. Consider that the booster shrinks about a foot when propellants are
put aboard and you begin to appreciate that the intra-vehicular motions are not
of negligible magnitude,

vel alternately in opposite directions, must be

Furthermore these vehicle stages need mechanisms for directional control,
and in the orbiter, for translation between orbits. The problems of the
Auxiliary Propulsion Systems and the orbit maneuvering system, both of
which are fed high-pressure gaseous propellants from a iow pressure liquid
propellant tank source, cannot be regarded as proportional to the thrust of
their combustors. Our experience with the generation of high pressure gas
in flight and the use cf gaseous combustion systems is extremely limited.
And so there is a lot to learn, defire, and verify about such systems in the

next two years.

15



Finally both stages need to return to the launch/landing site. The orbiter
gets there the long way, and can make it without airbreathing engines wiih
sacrifice in maneuver and go-around capability at the landing site. The
booster, however, will have to bore its way throuzh 350 miles of atmosphere

to get back tobase. This job requires good airbreathing turbojet engines
of large size.

Until these systems work, the Space Plane, or Shuttle, will go no where.
Thus we can conclude that this conference will cover the most vital as

well as challenging areas of work necessary to the Space Plane's successtul
operation.

To get on with it, may I promptly turn the business of running this sheaw

over to Jerry Thomson of MSFC, who has been chiefly responsible for
organizing it,

16



Working Group Revort

Jerry Thoemson:

As vou may have noted from the agenda thie Conference is divided inwo

five sessions. Thoy ave:

1. Muain Propulsion 4. Thomscn, Chairman
II. Auxiliary Propulsion 5. Jacobs, Chairman
1. Airbreathing Propulsion W. Stewar:, Chairman
IV, Auxiliary Power Unit D. Beremand, Chairman
V. Cryogens C. Wood, Chatemen

The last session, Cryegens is not a responsibility of the Propulsion
Working Group; but falls under the Operations Working Group, chaired
by Mr. Sam Beduingficld of KSC  Mr. C. Wood heads the Cryogens
sub-grous.

The last Propulsion Conference sponsored by the Propulsion Tec huology
Working Group was held at Lewis Research Center tn July, {970, A

greot deal of the material presented at that canference covered what we
were going todo;" our conference today and tomarrow will present mnch

on "what has been done. " I believe that those of you who were present at
that last Conference will be able to note that many signiftcant achievements
have been made
Before we get on with the technical presentation I would Hke to cover o fow
charts to show the structure of the Waorking Group,

17
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ABSTRACT

This paper reviews the progress made on tie XLR129-P-1 Reusable Rock-
. et Engine Program conducted by Pratt & Whitn2y Aircraft under Air Force RPL
sponscrship at ‘he Florida Research and Development Center. The engine was
designed to provide 250, 099 pounds of thrust in vicuura with a high area ratio
nozzle, The size w: s selected to provide meaninzful data that could be scaled
over the range of 100, 009 (o 1,000, 000 pounds thiust. The design oflall com-
Fonents and the engine system was completed, A full-scale engineering mockup
of the demonstrator engine was also completed.  Tests have becen conducted on
the preburrer, the main case, and the fuel t.rbopump, which are

reviewed and discussed, The assembly of two powerheads consisting of these
components and tests on these powerheads are reviewed. The component re-
usabilicy experience in this program is also reviewed. Component programs in
specific areas with demonstrated reusability are: (1) wear life of critical mov-
ing components in valves, (2) fatigue life in turbopump bearings, (3) creep tife
of turbire blades, and (4) low cvele fatigue life of exhaust nozzle coolant pass-
ages.  The design procedures and eriteria that have been used for the.
XLR129-P-1 reusable rocket engine are based on those that have been used
successfully for the design of commercial and military jet engines with proved
durability and reliability,
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IL. NLRI29-D-1 DAl INSTRATOR ENGINE

"The advencea Development Program (A for Pratt & Whitnev Airc ratt's
NLRI129-P-1 licusable Rocket Engine was started on 6 November 1907 under
contract from the Air Foree Rocket Propulsior Lavoratory. The overall ob-
jective of this arosram was to demonstrate the perfyrmiance and mechanicnl
integrity of a 250K oxvgen/hydrogen reusable rockes engine. This demonstrator
engine operates at high chamber pressure and uses the staged combustion en-
gine evele, The design and demonstration characteristics for the NLR129-p-1
demonstrator iire shown in table I.

Nominal Thrust

Minimum Delivered
Specific Impulse
Efticiency

Throttling Ranye

Overall Mixtun
Ratic Range

Rated Chamber
Pressure

EngineWeight
(With 75:1 Nozzie)

Expansion Ratio
Durability

Single Continuous
Run Duration
Engine Starts
Thrust Vector

Control

Control Capahi’ity

Propellant
Conditions

Environmental
Conditions

Engince Vehicle

250, ¢00-1b vacuum thrast wvith area ratio of 166:1
244, 000-1b vacuum thrust with a rea ratio of 75:1
209, 0u0-1b sca level thrust with area ratio of 35:1

96% of theoretical shifting s Al nominal thrust;
94% of theoretical shifting 1o during throttling

Continuous from 100 to 207 of nominal thrust
over the mixture ratio range

Engine operation from 5.0:1 to 7.0:1
2740 psia

3520 Ib (with flight-type actuators and ¢ngine
command unit)

3380 1b (less flight-type actuators and enging
cemimand unit)

Two-position hooster-type nozzle with arca ratios
of 35:1 and 75:1

10 hours time between overhauls, 100 reuses,
300 starts, 300 thermal cyeles, 16,090 valve evcles

Capability from 10 seconds to 600 seconds

Multipie restarst at sea levei or altitude

Amplitude: -7 deg;
Nata. 20

{over Jaxmas o
a8l oV LS 5EC o

Acceleration: 30 rad/sec”

=37 accuracy in thrust and mixture ratio at nominal
thiust,  Excursions from ex‘reme to extreme in thrust
and mixture ratio within 5 saeconds,

LOgy: 16 ft NFSH from 1 atmosphere hoiling
temperature to 180°R

LHg: 6C :t NPSH from 1 atmosphere boiling
temperature tp 45° R

3
Sea level to vacuum conditions

Combined acceleration: 10 g axial with 2 g transverse,
6.5 g axial with 8 g transverse, 3 g axial with

5 ¢ transverse

The engine wiil receive no external power, with the
exception of normad electrical power and 15300-psia
helium from the vehicle

1
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The general component arrugement of the demornstrator enEgne i3 shown
in fijjure 1. A flow sohemitic is nhown in figrire 2, In the sged ecombustior
cycle, the preburner piroduces hot fuel-rich gases inat drive the turbines of the
tur.opumps, and these geses are burned ir the main buener chamber with the
balurce of the oxygen to produce thrist. A two-pesition translating nozzle is
used to decrease the overall stowed engine length, A fvll-scale mockup of the
Demonstrator Engine was-made as shown in figure 8, which shows the two-
vosition nozzle :xtended tFor economy, the two-position nozzle used in this
mockup was only 2 partial lergth noz~le, not the full lergth nezzle, )

FIGURE . DEMONSTRATOR ENGINE AL.TANGEMENT
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1. Component Test Results

a. Preburner Test Rig

A test rig consisting of the preburner oxidizer valve, the injector and
igniter, the housing and cooled liners, ahd a main burner simulator was assem-
bled as shown in figure 4 and tested. Objectives of these tests were to evaly.
ate temperature profile, combustion stability, combustion efficiency, simu-
lated engine starting and durability of the hardware. Twenty-two tests were
conducted hbetween August 1969 and April 1970, and a summar: of the test re-
suits is presented in table II. These tests showed that the temperature profile
on the last series of tests is suitable for continued testing with the fuel turho-
pump in the "powerhead” rig, Dynamic combustion stability was also demon-
strated. Combustion efficiency was demonstrated to be quite high and approach-
ing 1007 in most cases. Engine starts were simulated and hardware durability
for the basic coraponents was shown to be satisfactory. Figure 5 is a plot of
the preburner mixture ratio profile that was attained in a run at 757 thrust and
at an equivalent engine mixture ratio of 7. 0.
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FIGURE 5,

PREBURNER MINTURE RATIO PROFILE
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The XLR128-P-1 demonstrator engine program schedule is shown in
figure 6. ‘This 54-1ronth program was divided into five basic phases. The
first pLase, which was completed early in 1968, generated test and analytical
data to complete the technologv nscessary to design the engire and components,
During the second phase, which 2nded in the latter portion of 1969, all the
components were designed, The tnird phaseswhich was the fabrication and
testing of components wus started, but was not completed because a'l test work
on the contract was terminated. Sume ¢f the most significant components were
fabricated and tested; these are described in the following sections. The fourth
phase was to have been the integration of the components into th2 demonstrator
engine and the testing of the demonstrator engine. The fifth phuse was to have
been the definition of a flight engine that could have resulted from a subsequent
Engineering Development Program. These phases were not started,

fj (SUPDorﬁng Tes?)

B
l Design l
I Companent Davelopmens ,

——
l Engine Test '

LHiight Encine Defmiuon,

L. .

L J 1 | H
1 Nov

1967 19€8 1969 1870 1971 1972
CALEND/R YEARS

FIGURE 6, NLR129-p-~1 DEMONSTRATOR EXNGINE PROGRA M
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b, Main Case

Procurement of raw material for the outer main case and [abrication of
the case were started carly in 1969, The coplanar interseeting sphere design
was sclected over the canted-components version after desien studies and model
testing had been conducted.  Tais coplanar version was selected because it
cifered the hest configuration considering the inner Jduct design, cooling,
thrust load handling, and assembly and munufacturing, Figure 7 shows how the
major components plug into the main case. “igure N shows an internal How
schematic of the main cuse with the fucel turbopvrig and the oxidizoer turbopumy;
turb.ze simulator installed, The intersecting sphere design was scelected to
minimize weiwght and maximize confidence in the predicted strue:y ral margins,

Following fabrication, the case was successfully proof pressure/thrust tested
under conditions cxceeding riormal test levels. 1ne case was tested under two
internal pressuve and thrust ratios; namely (1) Simulated preburner testing
pressure-thrust ratio; 1007 proof test load equal to 45,0 bsig and 69, no0 peunds,
and (2) simulated engine design pressure-thrust ratio; 1007 preof tast load equal
to 45300 psig and 375, 000 pourds. Figure 9 shows the case during testing, with
stress coat to indicate areas of high stress, Figure 10 shows an internal view
of the transition case with the internal centertody installed.
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FIGURE 8. SCHEMATIC DIAGRAM OF INTERNAL FLCW
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DURING TESTING

Lo

CASE

FIGURE 9.

FIGURE 10. INTERNAL VIEW OF TRANSITION CASE




2. Fuet Turbopump Test Results

The fuel turbopump is a single shaft unit with two hack-to-back centrifugal
pump stages driven by a two-stage, pressure-compounded turbine, The turbo-
pump shaft is located radially by two roller bearings anc axially by a double-
acting thrust balance piston. The fuel turbopump delive:s liquid hyvdrogen at a
flow rate of 91.3 'b/sec at a pressure of 5654 psia at the design point (mixture
ratio of §). The twe-stage turbine delivers approximately 19, 900 horsepower
to the pump and cperates at a minimum inlet temperature of 1930°R and a maxi-
murn iniet temperature of 2292°R at 100z thrust. One o; the fuel turbopump
1esemblies that was tested is shown in figure 11.

FIGURE 11. TESTED FUEL TURBOPUMP ASSEMBLY
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Three fuel turbopump rigs were tested for a total of 488, 7 seconds run
duration and the results of these tests are summarized in table JII, Objectives
of these tests were to determine the pump performance, the thr.st balance, -
and the suciion performance. Flow excursions were conducted from 50% to
100% cf pump speed. The pump performance was better than predicted, the
thrust balarce was satisfactory, and the suction performance was also better
than predicted. Figure 12 shows numerous test points for overall pump effi-
ciency compared to tre predicted values. The test efficiencies were higher
than the predicted efficiencies, Figure 13 presents two typical flow excursions,
which show haw the pump discharge pressure varied as the flow varied during
two tests. Figure 14 is a plot of the fuel turbopump test data obtained at the
conditions shown, wlich shows how closely the test values approach the pre-
dicted values, .
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3. Powerhead est Result_s

The hot gas system, was tested first during May and June of 1970 coasist-
ing of the preburner injector, preburner oxidizer valve, oxidizer purap simulator,
iuel pump simulator and a nozzle back pressure plate mounted on the transition
case. Figure 15 shows this hot g3s system mounted on the test stand. Six com-
bustion tests were conducted on this hot y:as system which demonstrated the
feasibility of all the hardware with hot gus that simulated engine conditions. The
tote] test time was 42, 8 seconds. Table IV presents a summary ot the test data
obtained,

Following the successful tests, the fuel turbopump was then substituted
for tha fuel pump simulator, and this powerhead or hot gas system rig assem-
bly is shown in figure 16, One of the principal cbjectives of the second power -
head was to qualify the fuel turbopump turbine with hot gas for cngine operation.
Rig cperation up to 75% of rated preburner conditions was attained, Table V
summarizes the second series of pewerhead tests. The hardware was in good
conlition fullowing this series of tests.  These tests demonstrated the feasibil-
ity ol the integrated components, ana particularly, the combination of the
transition case and the fuel turbopump turbine under hot sas conditions., Fig-
tre 17 shows a flow schematic of the E-§ tcst stand that was used to test the
hot gas systein or powerhead.
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FIGURE 18
. HOT GAS SYSTFM BIG ASSEMBLY SCHEMATIC
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1. Component Reusability

One cf the specific life requirements of thc XLR129-P-1 reusable rocket
engine is a 10-honr Time Between Overhauls (TEOQ). Lone engine life in cither
turbojet cngines or rocket engines begins in the initial a:sign of the compon-
ents and engine and is achieved through endurance reliability and durability
testing. At Pratt & Whitney Aircraft rcliabi]‘ity and dependability are influ-
ential considerations from the start of design until the engine is retired from
service. There are certain specific component life factors that have veceived
close attention on the XLR129-P-1 reusable rocket engine, These component
life factors are: wear, fatigue, low cycle fatigue and creep.

a. Wear

Wear of parts in rubbing contact becomes a dominant factor in the design
of such parts as turbepumpe shaft-sca's and shutoff valve seals, Pratt &
Whitney Aircratt has conducted extensive valve scals tests under Air Force
Contract to improve the life of these seals. For sxample, the main chamber
oxidizer valve, which is a butterily valve, incorporates a shutoff seal for the
oxidizer flow to the rair hurner injector. To accommodate this shutoff
feature a cuited shaft with an integral disk was sclected so that an uninter-
rupted disk sealing surface would be provided, Incorporaiior of the shutoff
scal in this valve eliminates the need for a separate shutoff valve between the
main chamber oxidizer valve and the main burner injector. A test rig was
made for the purpose of environmental endurance tests on various designs ~f
the main chamber oxidizer valves, The tests were conducted by submurging
the valve in liquid nitrogen or liquid argon and pressurizing with nitrogen to

internal pressure of 50 to 6000 psig.

The valves were cycled at these conditions, and valve seal _l.eakage_s were
measured periodically. For the latter tests, liquid argon was sciected for t-o»
cryogenic bath to ensure that all of the nitrogen leakage vapurized at the val.
cexternal ambiert pressure. This allowed satisfactory steady-state leakage
measarement accuracy for all data points, The objective of the leakage tests
was to obtain a seal design that would have less thian 10 sces leakage. A
typical endurance test would consist of 13, 000 shutoff cycles and 590 pressure
cycles. A satisfactory hoop seal was developed with a configuration as shown
in figure 18, This hoop sea! was silver plated and had a 0. 010 in, tight fit on
the disk, Figure 19 shows a tvpical disassembly of the main chamber oxidizer
valve seal rig. Figure 20 is a typical leakage curve versus shutoff cycles with
he hoop shutoff seals., As a result of these tests a satisfactory seal was
developed which showed that wear could be controlled to attain a 10-hour life,
consisting of 10,000 shutoff cycles and 500 pressura cycles. This type of
seal will be used on the main chamber oxidizer valve,
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FIGURF 18. SATISFACTORY HOOP SEFAL CON FIGURATION
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FIGURT 19, MAN CHAMBER OXIDIZER VALVE SEAL RIG
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b, Fatigue

Fatigue, in which a part is subjected to a cyclic stress below the elastic
limit for millions of cycles, becomes a dominant factor in the design of certain
components such as propeliant cooled bearings operating under high load vhere
cach time the ball or roller passes a peint on a Learing race a stress i< im-
posed on the race and removed after the bearing or roller has passed. At high
rotatioral speed, with a lurge number of hallg or rollers in the bearing, many
millions of cycles can be accumulated in a short period of time. A roller
bearing durability test program was conducted at Pratt & Whitney Aircraft, and
55 x 96,5 mm: roller bearings were tested and evaluated for use in the XLR129-
P-1 fud turbopump. These fuel turbopump roller bearings operated ai a max-
imum DN of about 2. 65 million mm x rpm. The bearings operate in a liquid
hydrogen environment that is provided by the propellant being pumped in the
fuel turbopump. A test rig was made that has the capability of testing two
beurings simultancously at speeds up to 62,000 rpm with radial loads up to

2400 Ih.  Figire 21 shows a cutaway of the roller bearing test rig that was
uscd.  During Phase II of the advanced developmeant program, a total of ©5
hours of test time at 48, 000 rpm was accumulated, These tests were con-
ducted to evaluate the cffects of roller length to diameter ratio, roller end to
side rail clearance, internal clearance and roller crowning on roller end
wear and bearing durability, During all these tests, a 1700-1b radial load was
applied to the load bearing resulting in approximately 1145-1b radial load on
the reaction bearing, Five bearing configurations were developed that passed
the 10 hour goal test duration at the design operating conditions, Therefore,
it can he concluded that fatigue on the race of the bearing can ve controlicd
through proper design to attain the desired 10 hour life. Figure 22 shows a
roller bearing after 15,3 hours of test. The most promising bearing config-
uration tested used stainless steel (AMS 5630) inner race and rollers: an
outer race guided Armalon cage; a steel alloy (AMS 6265) outer race, single
crown, L/D = 1.0 rollers with 0, 02¢ in, roller end to inner race, side rail
clearance and 0, 0043 in. negative diametrical internal clearance, Bearings
of this configuration will be used in the XLR129 fuel turbopump.
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C, Low-Cycle Fatigue

Low=-cyel . fatigue is also a major factor in the design of rocket engine
components,  Every time the engine starts and reaches full power, large
thexwnal gradients are produced on the components, The component areas ex-
posad o the high temperatures heat rapidly and expand rapidly. Those areas
that are not exposed to the high temperatures do not heat as rapidly and,
therefore, oxpand more slowly. These large temperature gradients result in
hizh stresses, The thermal process reverses during the shutdown. Some of
the components that heated rapldly during engine operation now cool rapidly,
and many of the components that heated slowly now cool gradually, This re-
sults in stresses dropping to low levels, Some may even reverse producing
compressive stresses, Therefore, with each ignition, acceleration to power,
shutdown and cooldown, the engine is subjected to large stress variations
consisting of both high tensile and compress.ve stresses, Low-cycle fatigue
is characterized by loads imposed that strain the material beyond its elastic
limit into the plastic region. This type of operation occurs, for example in
the nozzle coolant tubes that have a large thermal gradient through the wall
that cycles on and off each time the engine is started and stopped,

The primary nozzle of the XLR129-P-1 engine consists -f two tubular
heat exchangers.  The material selected for the coolant tubes was Inconel 625
(AMS £599),  This material can be formed into tapered tubes and is easily
brazed, The primary nozzle coolant tubes were sized by analytical consider~
ations of temperatures and the fatigue cycle life requirements,  The tubes had
to be designed for a life of 300 operating cycles and a 10-hour total operating
time, The 30)-cycle requirement is actually more severe., This had to be
defined from low-cycle fatigue tests, which were conducted by Pratt & Whitney
Aircraft, Inconel 625 tubing with nominal 0,322 in. cutside diameter and
nominal 0,012 in, wali thickness was obtained, and 12 sample tubes were fab-
ricated, Twelve Inconel 62 1-in. diameter bars were also fabricated, and the
tubes were brazed to the stiffener blocks as showrn in figure 23, The test
equipment consisted of a copper induction heater coil, liquid nitrogen supply
tank, plexiglas atmosphere container, helium supply bottles, radiation pyrom-
eter, timer, cycle counter, thermocouples, potentior.eter and pressure gage,
Figura 24 shows the Cetails of the test rig with a specimen supported in the
liquid nitrogen trough and the method of induction teating. The twelv.: test
Specimens were pressurized internally with helium gas to the hoop stress re-
quirements, The thermal strain was induced by placing the irduction coil ap-
proximately 0, 25 in. about the tube crown of the specimen and placing the
stiffening block in liquid nitrogen. This method was the most representative
of actual and engine conditions that the laboratory could accomplish, The
crown of the tube was heated, and the temperature was determined by radiation
Pyrometers emissivity, Two thermocouples on each edge of the heated tube
were used as a check, An optical pyrometer was used to verify the tempera-
ture readings of the radiation pyrometer at the 1880°R test points. Therefore,
the temperatures recorded are fairly accurate. Each thermal cycle was con-
trolled by an automatic timer and counter. The thermal cycle consisted of
60 seconds total time of which approximately 30 seconds were required to attain
temperature, 15 seconds were at the test temperature, and 15 seconds to
cool down to the liquid nitrogen temperature (158°R). The test data points
are shown in figure 25, The number of cycles required for rupture of the tube
samples at the stress level and temperature indicated are shown in paren-

that at the engine design poin of 29, 300 psi tube stress level, the 3G0~cycle
life can be attained if the maximum tute wall temperatures are maintainad

below 1300°F.
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Figure 26 shows a relationship between the Stress and how long it takes this
material to creep 19 at 1800°F, Similar data are available at other t~mpera-
tures. Through proper design, and by maintaining the stress levels to attain
a one-perzent creep life, it is possible to attain etiremely long life on the
turbine blades and vanes in jet engines, This technology is directly applicable
to the attzinment of long life on the turbines and vanes of the reusable shuttle
rocket engine,

d. reep

Crecp of components operating in a high temperature environment will
cccur, as it does in turbojet engines, particularly in turbine blades and vanes,
Therefore, experience in turbojet blade and vane alloy development will be of
direct benefit to the reusable shutt'e rocket engine, For example, on advanced
military jot engines, it has been demonstrated that it ig feasible to attain a
3000-hour total life for cooled tu.bin~ blades with an average combustor tem-
perature as high as 2400°F. One of the important developments that has con-
tributed to thig long life is the us< of a directionally solidified high temperature
alloy for the turbige blade3. Tkis particular alloy offers maximum strength
and excellent fatigue and crecp resistance at metal temperatures up to 2000°F,
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Stress Indicator - (CECgpgQ/Ny ) (h/t)? x 107 psi

100.0 —

Region Of Very High
Probability Of Failure

v/

Region Of kandom Failures

X.
y

1

Safe Gperating
Region

Pt
<
<

Notes :

d
- Obtain Cr from Figure 36
- Obiain Q from Figure 43
- Use Cg = 2.0 for severe upstream elbow
-llen ' =Y N £

UsC WE = LU 10T No upstream ejbow i
= This deta is uriconservative where acoustic Fesonance occurs

Lo Ll

100, 000 1,000, 000 10, 000, 000
Number Of Cycles To Failure

b——

Stress Indicator - Fatigue Life Correlation for Bellows
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ABSTRACT

A low frequency stability model has been developed to represent the
case where one or more of the propellants used in a rocket engine is a com-
pressible fluid. Results for two oxygen - hydrogen rocket combustors are
discussed. Also included is a discussion of the predictcd effects of mixture

ratio and propellant temperature.
INTRODUCTION

The motivation fcr developing a model which treats the particular case
of compressibie reactants was an inability to predict the trends noted in
stability of & gaseous hydrogen - oxygen rocket engine using the cenventiounal
low frequency models such as the type discussed in Reference 1, which were

specifically developed for liquid propellant sy:tems. Expcerimental data such

2 in

a

as shown {n

nnnnnnn E e .. £
iu\.t\:aaLub' tne

Figureg 1 and dicated th del injecter pres-
sure drop reduced the etatdlicy of gaseous propellant rockets. The trend
toward reduced stability margin with increased injector stiffuess is Just the

opposite to predicted trends of curren: models.

Previous treatments of the problem of low frequency 1nstaQX11ty gener-
ally postulate a model based on the conservation of mass and assuméq that all
signiticant energy release is coincident with coaversior of liquid reactants
to gaseous products. It was also assumed that the dense 1liquid propellants
occupied a ne gible volume on entering the chauber, waking it possible to
ignore their e’fect on charber pressure the instint they enter the chamber,
It was not until the reactants were gasified and reccted that their presrnce
was felt, and these two events were assumed to occur simultanecuely,

The analysis presented here rakes a somewhat different approach in that
the conservaticn of energy law is invoked ss a means of determining the sta-

bility of a system. By so doing, it is possible ta separate the ef{fect

Raseous reactunts have on chamber pressure the instent they enter the chazber

and their effect when they are converted te products.




TECHNICAL DISCUSSION

GENERAL -- Consideration of the low frequercy feed system coupled sta-
ability characteristics of a rocket engine using gaseous propellants intro-
duces some analytical complexity beyond that of ar. equivalent liquid systenm.
However, of more importance are the questions concerning the stability of such
a system as compared to a liquid propellant system. The questions are prompted
by the fact that thne gaseocus system generally requires larger injector orifices,
which improves acoustic coupling between the feed system and the combustion
chamber, The injection velocities are higher with consideration being given
to velocities approaching the speed of sound of the injected gases. It is
also interesting tc rote that the tuned gas cavities, such as resonators and
juarter-wave tubes, have been used to stabilize an engine. If such were the
case with a gaseous feed system, this would imply that it would te desirable
=0 maintain good coupling between the feed system und the combustion chamber--

an approach just tue opposite to that taken for li¢uid systems.

The basic difficulty 4in daveloping a stability model for gas - yas or
8as - liquid combustors is the problem of serarating the effect of gases as
they enter the combustion chamber, and tlieir effect when they coembust. The
prop:zllants could react at the instant they enter the chamber or after they
have been in the chamber for sufficient time to rix, diffuse, or reach a
critical temperature. In order to Cvercome this difficulty, it was necessary
to use both the conservation mass and eneryy equations to develop a character-
istic equation for determining the stability of a sstem. This approach
allows for an 8ccounting of the energy added by the gases as they enter the
chamber separately from the release of ¢henical erergy when they react. The
gBase3, as tlev enter the chamber, are considered to he isentropic perfece
fases, possessing both internal ar: flew energy. The eutihalpy of the gases
includes only the {nterral and Pressure, or potential, energy of the fluids

ant rot the chemical ehergy associated with each prepellent in going from

Feactants to products.




The chemical energy released by the reactaats is simulated by a heat
source located :n the chamber. The quantity cf energy releasad per lbm of
réactants is the differcnce between the energy levels of the fluids entering
and leaving the chamber. In this way, it is possible to avoid a detailad

desceiption of the intermediate processes.

In addition to the unsteady energy release associated with the per-
turbed flow, a second sdurce of energy is included which is developed using a
linearized!Arrenhius rate function to describe this source of energy. The
inclusion of this source turn was prompted primarily based on trends observed
in experimental data from gas - gas rocket testing. A block diagram of the

entire model is shown in Figure 3.

UNSTEADY FLOW EFFECTS -~ Starting first with the fluid entering the
chamber, there are three sources of unsteady energy flow into the chamber
assoclated with each of the reactants. The first 1s that enargy convected
in with the perturbed flow which is given by

E} =w' ¢ n

1 X X

The energy pPer unit mass of the fluid, Ex’ is given by

nl
t3
[ ]
:_.‘l
+
l\)) <
X to
~
~a
A 4
-

The perturbed flow can be described by a feed system admittance, Yx' and the

chamber Praisure, P'C. where Yx is defined ag

-
]
wi =
0O =K -
—~
A
~
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The feed system admittance, Yx’ is, in general, complex and a function of the
physical properties of the Propellant, the pressure drops in feed system, and

the dynamic charactoristics of the feed lines upstream of the injector.

In order to make the analysis as gené;a’ as possible and yet not so
complex, as to make interpretation of the results impractical, two types of
feed systems ezre considered. The first feed system considered is one which
1s terminated upstream of the injector by an "open line" -- the open line
being representative of a feed line which termirates in a rropellant tank
having a diameter several times larger than the feed line. The second type
of termination considered is a closed line, which is indicative of a feed
line with a sonic flow control nozzle cor a high pressure drop point upstream

of the injector.

The starting point in both cases 1g the acoustic wave equation and the
momentum equation. For the case of no mean flow effects and no distributed

line pressure drops, the wave equation is

2
at

]

and .the momentum equation is
V —
P =p t

Transferring ths above equations to the Laplace domain, it can be shown that
A

the admittance for a constant area duct 1is given by

p S (%)
x;cxy'xo Tan c_ Lx
Xy

— e i .

1-41g¢

¥

where G is the admittance at L = c.
X0 X
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In order to make the feed line representative of an actual rocket
engine feed system, the system 1s assumed to be as shown in Figure 4, with
the restriction in the line representing an injector orifice. The assumption

of an "open" (C‘(o t ») and a "closed" feed line (Gxo = Q) represents the two
possible extremes encountered in a rocket engine, Only one of these cases,

the "closed" feed line will be discussed.

CLOSED FEED LINE TERMINATION -- The closed feed line termination, in
the zcoustic sense, 1s one where the veloclty perturbations are zero or very

nearly so. Under this condition, from the definition of admittance

- -

v e

ox
it can be seen that Gox = 0 and Zox = @, Flow conditions which apprmach a
closed end or solid wall would be the position just downstream of a sonic
piane, a high pressure drop orifice, or a normal shock. All of these condi-

tions can exist in a aseous p opellant feed system.

From Eyuation (4), it can be seen that, for G = 0,

v
-xl-—'—':‘i—_——-’Tan’;m—“L (5)

In going fror: the feed line to the fniccter orifice inlet

large pressure drop. Using the orifice flow equation (Ref 2).

W, Vv W, v
2x 2x ix 1x
P - P == (1 4+X) - ——2 (6)
Ix 2% 2 AZx 8 c 2 A1x g




Expanding this e€quation in terms of its steady-state and perturbation quanti-

ties and incorporacing Equation 5 gives

' v
R I L Voo 1
W 1+K A 2x 2 A
2x < 2% 1x
g [1- R MZ);]
— (7)
- w]x
Ay (8 + 35— (6 0
_ 1x
(g Vix + Dlxa lxclx) Alx

Writing the equation of motion for the orifice gives

:;-(E;z 24y d (EZE)
Ix 2% dt g t g

H (8)
which, when linearized and only the perturbed quantities considered

s 8ives
when is transferred to the Laplacian domain

P' p'
w_?»s = - LAE_ + w_2_>s (9)
2x g 2x 2x
If it is assumed in Egquation (7) the: over the distance, %
t
LB
ot
then
L = I
wa k3x (10
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which gives, from Equations (7) and (9), for s = -y

3x -1 (7 £
w! 14K A 2x 2 A
3x 1+ [ M2 ] 2x 1x
g 2 2x
(11
-2 1x
a; {g+ 57— (g. )}
) 1x 2 Alx ix Ry
- =2 g A
3
(R Vi, + P00 A 2
Letting
Pl
X %_ (12)
3y b

The flow energy convected in with the perturbed flcw becomes, from Equation (1)

Bx1 7 X !x Péx (13)

A

A second source cf perturbed energy entering the chamber with the reactants is
that convected in with the mean flow and 1is givea by

E'. =W e (14)

xZ X X
The perturbed energy per 1bm of propellant is given by perturbing the energy
eqaution and assuming constant hzat capacities

) ' v 1?2
B _ P+ P V, +vh
e +te'=C (T +7T') +-X + (15)
VX " x X

X x 5o+ 2g
x X
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and assumirg the gas is isentropic and applying the small perturbation restric-

tions gives for the perturbed energy e;

e! = l§-ﬂ X (16)

'y

Noting V; is the perturbed velocity at the injector orifice exit, a relation-
ship for V; can be derived

| I ' 7 ' -
W' = (px Vx + Vx ox) A, 17

the perturbation velocity, V;y, is given by

U S - X _X 7y b
v, = [y 53— P (18)

vl _ V; F; V; A g P!

3; = [1;“ hx + — (‘[x - —-2—-)] - (19)
X p. g A a P
x X b c

and finally substitution of Eauation (19) into (14) gives

RS N v P, Vag P

Big "W =R + XL ¢ .2 e (20)
X x Yx x p. A g a P
X X X (&

The third and most important, in terms of the amount of energy added
by the incoming reactants, is that energy released when the reactants are con-
verted to products. Previous analysis of this type (Ref 1) have assumed that

the energy released by the reactants can occur zt times other than whea the
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reactants enter tne chamber. This time delay, which is generally referred to
as the total time lag, is intended tc physically represent the time required
to complete the precombustion Processes such asevaporization in the case of
liquid reactants, gas phase mixing, heat-up periods, or any of the many pre-
combustion processes associated with reactants whica are not premixed. This
synthesis is devised to avoid the complexities of mechanistic representation
of processes, which are, in general, difficult to dutermine in a rocket engine,
This assumption is retained in this analysis. This analysis deviates from the
approaches of Reference 1 in that the perturbed reactants flowing into the
chamber are assumed to comsust independently of each other. This assumption
Was mace for two reascns: the fipst being that it would seenm physically more
rep~esentative of what could occur rather than assuming the two perturbed
flows concurrently arrived at the right time and under the right conditions

to react with each other. The stcond reason was that the previcus approach
did not show sufficient gair in the system tc sustain a low frequency insta-
bility ir a number of rocket engine systems where low frequency instabiliry

had been observed.

Using the abceve assumptions, the follewing representation i{s developad
for the energy relcased by each of ths reactants:

|.,;vv'
Ex3 (x kx e (21)

where G 1s an amplification factor resulting from the fact that the perturbed
reactant flcow reacts in its steady-stata c&unterpart and the net perturbed gas
generation rece is the sum of the perturbed flow plus the amount of 1itg
counterpart with which it reacts, which i{s assumed to be available from the
steady flow. The degree to which each perturbed reactant {s assumed to inter-
act with the steady state reactants is dependent on where the steady state

mixture ratio is relative to the stoichiometric mixture (SR)., If the steady

combustion is fuel rich, all the perturbed oxidizer 1s assumed to react at the
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stoichiometrlic mixture ratio, SR, and only a portion of the perturbed fuel for

which oxidizer is available, It is assumed the amount available is wéf = w% R

which gives

(Sk + 1)

G o= 222

(] SR

and

R
Gf=§i(SR+l)

If the steady state mixture ratic results in oxidizer rich combustion

G = (SR + 1)
o R
and
G, = SR+ 1
£
The energy release associated with each of the reactants is that associated

with the energy release at the Stoichiometric mixture ratio AHC giving
E'' =G W' zH (22)
x3 X x c

Referring to Equation (12), w; is given by

P' (t -1)

W (e -t)=y S % (23)
X X X ‘P‘
[od

where T, is the time delay between injection and combustion of particular

element of propellant. Substitution of Equation (23) into Equation (22) gives

Ef =G Y aH S X (24)
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TEMPERATURE SENSITIVE COMBUSTION —- Resuli. of analyticel worl. indicate
(Reference 3) there is a dependence of engine stability on mixture ratio.
Attempts to show this type of trend using oanly the representation for the
“rergy added by combustion Just discussed were unsuccessful, For thig reason,
a4 second source of energy of combustion 1s included based on reaction kinetics.
This particular mechanism was selected primarily because it i¢ physically
plausible with Basetus propellants, and the experimental and analyiical work
indicated that deviation from steichiometric mixture ratio tends tc degrade

the stability of a gaseous rocket engine,

The approach used in developing an vnsteady energy release rate is to

start with an Arrenhium rate function based on an assumed firsc-order reactioc

given by
dc1 N
=— = 1 C, K (25)
de je1 J
where K i35 given by
E_/RT
K=Be? '26)

B, the frequency factor from the kinetic theory of gases, Lias been shown

[»]

the tem-

to be a function of the reactants involved and is also proportionsl ¢

perature of the reactants; thus, for a given reaction
A=3BT1"

where a, in general, varles between O and 1 and is commonly as=uased to be egual

to 1/2 and B is a constaat and a function of the reactants,

27}



If it is assumed that the mazss fraction, Yi’ of each constituent is
constant within the chamber and noting that the concentration Ci is given by

=l (27)

- /
Y1 doc § yj N, 1/2 Ea'RTc
Miode - 1o e FT Ce

1 J=1 3

- 2
do, - EE_ B Ti/2 eEa/RTc (28)
dt ch

Defining Qé as the energy release rate and using small perturbation assump-

tions to expand Equation (28) gives

Q-8 .2 LT (29)
P RT T
c c
wher~ 5 i3 giver by
Q= w.r [AHC]

Using the ie>ntropic relationships, Equation (29) tecomes

4 E ) 3

' - W 3ty y17a LH £ (30)
c T 2y Y RT c 7
c] ¢

Wha: hag bLeeq develcped thus far are analytical expressicns for the flow and

internal energles of Lhe reactants entering the chazber and the unsteady energy
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released when the reactants are converted to products, all of which are

expressed as a function of the perturbed chamber pressure. What remains to

be determinea is the unsteady energy being stored in the chamber and the

unsteady energzy leaving the chamber via the sonic exhaust nozzle.
Considering first the energy leaving the chamber, E&

ET'] = w,i. EN + WT e;‘ (31)

From Equation (16)

=] =% 7
=Y1 R £

P
1 P
N Y - 8 (32)

where the (*) is uged to designate conditions at the sonic plane of the chamber.

From the isentropic flow relationships and for saall Mach numbers in the com-
bustion chamber it can be shown that

o

(o4
5y ¢ (33)
LA
[o]

Noting that

U L B
W% =( V +V ) At

(34)
The following relationship can be developed for Eé
3y -1 =* | p*
VLT c ok V. _c .
By = W, 7y h tag | = (35)
. c PC




Considering next the rate of energy stored in the chamber

d E
c

- d v
dac " ac | Mo

el + Mé Ec : (36)

d Ec d “ - y-1 o P:
'—'t—‘—‘H(D VCThC+;vChC) F—- (37)
c
From the consecrvation of energy
d Ec
1 ' ' 1 ' 1t =
For " Egp ¥ Egy + Epy 4 By +ELL - B4 Q T: (38)
Expressing Equation (38) in the Laplace domain glves
' : ' ) v ' ' R |
Eo] (s) + E°2 (s) + E°3 (s) + Efl (s) + Ef3 (s) + Qc EN(S)
= 8 Ec (s) (39)

where Ec(s) is the initial perturbaticn energy in- the chawber,

Fror the above 2quations, the characteristic polyncmial, X G H (S)
determined;and the Nyquist criterion used to determine system stability, In
conventional control loop notation, the various components of the system are
shown in Figure 3. It should be noted that the System, as treated in this
analysis is a positive feedback system with a characteristic polynomial ratio

in the form

¢y - K G (S)
R T ) “o

5ol

Thus, the Nyquist instability criterion is that the gain must be greater than

one and the phase equal to zero degrees.
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RESULTS

COMPARISON WITH EXPERIMENTAL RESULTS -- Table [ is a list of the experi-
mental and predicted results for two rocket engine combustors using oxygen -
hydrogen propellants. One of the combustors which was the power source of a
turbopump cperates at a mixture ratio in the range of 0.80 at chamber pressures

in excess of 2000 psia.

The agreement 1s quite good in terms of the resulting stability char-
acteristics and the predicted frequency of instability. At each of the fre-
qQuencies listed the Nyquist criteria of zero phase was satisfied. The fre-
quency at which the gain is greater than 1.0 would be the observed frequency
of instability. '

The second group of test results were obtained from a oxygen - bydrogen
engine which onerated at nominal chamber pressure of 500 psia over the mixture
ratio range of 3.7 to 9.8. The agreement between exrerimental and analytical

results are also quite good in this case.

The actual svstenm pressure drops and propellant temperatures were used

as input to the modal in making the predictions listed.

In all cases evaluated the time lag between the oxidizer injection and
combustion was assuried to be 0.001 seconds. For the fuel the time lag was

assumed to bLe zero,

It was also necessary to assume an effective activation energy. A review
of the literature indicated a value in the order of 25000°R was reasonable.

This value was used for all cases analyzed.

PARAMETRIC STUDY -~ In evaluating the results from the analysis two
versions of the model were evaluated. This first included all energy terms
with the exception of the energy addition due to a non-unsteady rate of
reaction given by Equation (30). The second version included all terms.

Several tarametric studies were made in each case.
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For the version without *the fate equation f{ncluded, cffecrts of Tiature
ratioc and propellart inlet Lezperature were evaluatec, Tyiical ot the results
obtained for a rochet ergine havice the design ciara. terd ~j~, and using the
Propellants indicated in Table II are shown {., Filgures 5 and 6, ~“ppm these
results, three sigrlficant trends were noted. The firue, which {g irndicateq
by the results shown in Figure 4, i{s that low frequency stab{lity irpruves
witii & decrease in aixture ratio. Improved stability {5 also cheuined by
increasing propellant temperature whi'le raintaining a conétan: inje.tor pras-
sure drop, the improvement being m:st noticeasle at luow mixture ratios where

the propellant enthilpy 1s sfgni<icant relative tu that agdded ty cembusticen.

The parametric studies of the same rocket ergine with the rate fun-tion
included were identical to che previcus results with the exception that the
trend with mixture ratio Jas revers:d i{n that stabilfry dec eased with decrecg-
ing mixture racio (¥igure ®) and the efect of sronsliant inlet i rot %8s nro-
nounced as can be seen from Figsre 3, As with the cage with no conbustion, the
effect of propellant terperature is more prounounced at low mixture ratios,
During all the above parametr'c studles injectoer ressure <rops were held con-
stant which weould be reoresentative of a design study of a {ived pressure <rep

System,

A parametric Study was also made for tlre cace wiere the ‘eotor design
was fixed and the propellant inlet temperature was a1l >wed to vary. ¥For this
case the increase in Propellant temperature resulred 44 inctwased 5780wm pres-
sure drop. Two conditicns ware cousidered, one where ~he fuel ang uxidizer
time lags were equal, and the other where the fuel ti=e lay vas zevo. The
results are shcwn in Figures 9a and b respectlvely along with the conatant “p
cases. Figure 9b is repres=ntative of the experirental results discucsed pre-
viously in that system stabili:y was decreased with lacreasirg fuel fnjectar

pressure drup.
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NOMENCLATURE

a Speed of sound, in./sec

A Crifice area, in.2

B Kinetic theory frequency factor

Cp Constant pressure specific heat capacity, in.-lbf/lbm—°R
Cv Constant vol&ﬁe specific heat capacity, in.-lbfllbm—°R
C AConcentration

e Specific energy, in.—lbf/lbm

E Ecergy flow rate, in.—lbf/sec

£ vravitational coustant, lbm—ft/lbf—sec2

G See Ejuation 16

h Enthalpy, in.—lbf/lbm

i Imaginary

k Orifice flow constant

K Rate constant

£ Orifice iength, in.

L Yeed line length, in.

N Integer

P Pressure, lbf/in.2

Q Rate of heat added due to reaction, in.—lbf/sec
R Mixture ratio

S Laplacian operator

T Temperature, °R

t Time, sec

v Velocity, in./sec

279




NOMENCLATURE {(cont.)

W Mass flow rate, lbm/sec

Y Feed system admittance, lbm-in.zflbf~sec
y Mass fraction

AP Pressure drop, lbf/in.2

o Dersity, lbm/in.3‘

Y Specific heat

T Time lag, sec

a Rate equation constant

w Angular frequency, rad/sec
Superscripts

- Steady state quantity

! Unsteady quantity

* Sonic plane value

Subscrigts

a

c

Activation energy

Chanber

Constant volume specific heat
Constant pressure specific heat
Oxidizer

Fuel

Total flow rate

Nozzle
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TABLE 1

PREDICTED VERSUS EXPERIMENT RE3SULTS

Turbopump Combustor

Stable Tests ) Unstable Tests

Predicted . Predicted Observed
Freq Gain Freq Gain _Freg
935 1.0 1470 1.95 1500
9135 1.0 840 1.27 875
750 0.78 810 1.34 770
780 0.86 850 1.40 1259
760 0.78 950 1.02 950
770 0.7¢ 950 1.02 950
730 0.79 940 1.03 750
74C 0.87 850 1.24 800
720 0.63

500 psia Engine

Stable Tests cem—. Unstable Tests
- Predicted . _Predicted Observed
Freg Cain Feeg Galn  _Freq
850 0.57 750 1.0 800
800 0.49 750 0.98 800
740 0.80 760 0.98 800
780 0.73 H4u 113 740
770 0.77 720 0.93 800
760 0.81
750 0.88
760 0.73
750 G.80
730 0.86
750 0.84
760 0.82
760 0.87
750 0.91
780 0.76
760 0.95
770 0.81
790 0.74
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TABLE 11

CHARACTERISTICS OF PARAMETRIC STUDY FNGINE

Effect of Mixture Ratio

Injector Oxid, APO 45

Injector Fuel, AP( 70

Chambé} Pregsure 500

Throat Area 5.6

Oxid Orifice Area Variable*

Fuel Orifice Area Variable

Fuel Temp 300°k

Ox1d Temp 500°R
Propellants (Fual/0Oxid) Hydrugen/Oxygen

Effect of Propellant Temp

Same as Above Except

Mixture Ratio 5.0 and 1.0
Fuel Temp 5C0°R to 1000°R
Oxid Temp S00°R to 100G°R

*Varied to keep APO and APf constant
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Figure 1. Turbopump Combustor
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Figure 2. 500 psia Combustor

283



nu_..kw.,.«.‘, WYL T arvm e cﬂ AyrYe s
B = Y ) o AR P

o s 2
\ll.r- 1 ¥ A
Q
H

J 1
Hon gy A - 0

-

o e o <ot e s o it e+ e o “ —— . ,.J.. R

\

2
9 " | —
REk| Teg-

> - Tar, . N
A WA\ T2 o B = f

. |

T 3 Yan 3
A REE] 2 n \,.uwx T

.84

R p]
]
oz Ly lapm —_—
k| T4

[ 3

>

e | o, A....,wmul olwlv o

.F03 016~

o]




OF3Iewayds ws3sAS paoay

*y dan3ryg

L3

p -

s ——— s

10

285




1.01 NO TENMP, SENSITIVE
— CLHBUSTION
0.9 - P
. —f = const
0.24 '
DROPELLANT TEMP, = CQiST,
GAIN 0.7 -
MAX. GAIN
0.6 -
0.54
0.4 } + $ } —y
1.0 2.0 3.0 4.0 5.0 6.0
MIXTURE RATIO
Figure 5. Effect of Mixture Ratio
1.0-
AP
0.9 L MR =50 Pc T CONST.
NO TEMP, SENSITIVE
Ao COMBUSTION
U.8 1
__GAIN
MAX. GAIN 0.74 L~ MR = 1.0
0.6-
5C0 600 700 800 903 1000
HYDROGEN TEMP °R
Figure 6. Effect of Hydrogen Temperature
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1.0+ TEMP, SENSITIVE COMSUSTION
B AP
0.9 o = cOnST
9.61 PROPELLALT TEMP & CONST.
GAIN 0.7¢
MAX GATN — ~—_
0.6+ Qc
0.5-
0'4Jl T T

1.0 2.0 3.0 4.0 5.0 ¢.0
MIXTURE RATIO

Figure 7. Effect of Mixture Ratio

TEMP, SENSITIVE COMBUSTION

e

GAIN
MAX GAIN

T T

500 600 700 800 900 1000
HYDROGEN TEMNP ©R

Figure B. Effect of Hydrogen Temperature
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"HIGH PRESSURE HYDROGEN EFFECTS ON MATERIALS"
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