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ArLRRCT (vouM II)

(C) Three hoc-firine aerodynamic spike nozzlc programs are described.
One program had as its objective to obtain a large background
of par-metric hot-firing aerospLe performance data. Performance
data were obtained over a range of presrure ratio from aprroxiuately
350 down to 22. Thirty S-second each duration firings, 10 et
near sea level conditions and 20 over a range of high pressure
ratio, were conducted. Fecornary flowrate was varied from
zero to 5 percent of nrimaxy flowrate and supplied by a gas
generator utilizing X2 04 1UD-I•- 2H4 (5-Ch50) propellants.
G.G* mixture ratio was varied from approximately 0.10 to
0.18 at 3 percent secondery flowrate to determine the effect
of secondary gas enera level. The 12 percent length
aeroepike thrust chamber had ar. area ratio of 26 ani genexated
approximately 7400 pounds of thrust at design altitude and
3C0 psia chamber pressure. Gains in nozzle efficiency
were noted with the use of up to 3-percent seuondary flow-
rate. A high degree of altitude compensation wan noted with
this engine dovn to a pressure ratio eqaal to approximately
12 percent of design pressure ratio (approximately 300).
A coxplete tabulation of *erformance is given. For the second
program, the nozzle section of the above engine was lengthened
to 25 percent (of an equivalent 15 degree conical nozzle) and
modified to incorporate liquid (W204 ) side injection TVW
""pebility. Thirty-tizee firings of 6 seconds each duration

,h. were conducted et altitude to determine liquid injection
TVC performance trends with variations in injection parameters.
Results are compared with theory and applied to typical applications.
LT•7C performance with N2 04 was generally low and other injection
fluids and techniques are recommended. A third hot-firing test
progýam wits conducted to determine the influence of external
flow on in-flight nozzle performance. An serospike thrust chamber
using H20 2 propellants was enclosed by a simulated vehicle 'body*
The engine generated 400 pounds. of thrust at a chamber pressure
of 200 psia. The 20 percent length aerospike nozsLe had an area
ratio of 25 _,nd was tested over a range of pressure ratio from
30 to 470 w.d at slipstream Mach numbers of 0, 0.55, 0.90, 1.20,
1.40, 1.80 and 2.2. Fifty-seven firings of 1 minute each duration
were accomplished. Still, air nozzle efficiency was very highand significant performance improvement wars obtained with the
addition of secondary flow. Nozzle performance was relatively
unaffected by slipstream in the nozzle opernting region of
practical interest for booster engine application.

(COITI~DEVTI AB.-TRACT.)
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h.DSrATah (VOUmU I)
(U) vestigations of the aerodynamic spike nozzle concept

are discised in t.is renort. These investigations
include experim(ýital cold-flow testing of high-area
ratio aerosmikes, aerospike nozzles with various
co•bustor configurations and various size segments
of aerný;pike nozzles end parametric analytical
ap-lic-• tion studies for thi- nozzle concept. One cold-flow
test neries investigated the jerfornance of very high
&rea ratio ( C 150) short length aerospike nozzles
u.-3ing heli-= as the test fluid. A ten percent length
contoured r zzle an'. a six percent length conical
nozzle were tested. Theoretical and experimental
performance results are presented. The second cold-flow
test series detc-rmined the performance of a series of aero-
spike nozzles having various combustor configurations.
The effect of noz'.le base bleed and intermodule bleed
on .erfcruance was ir.vestigated. Combustor configurations
consisted of Whrouded and unshrouded continuous annulsr
(Zoroidal) combustors ane multichamber configurations
with eight and sixteen discrete conventional combustem
clustered around a common spike. Spacing between chambers,
spike length, and engine shrouding were varied for the
:ultichamber configurations. All nozzles had an area
ratio of 50. Theoretical and experimental performance
results are presented. A third cold-flo. test series
inve'tigated the relative nozzle wall and base pressures
for 45, 90, and 1W0 degree segments of an aerospike nozzle

j -. comoared to a full anntular aerospike. Experimental
results are presented. Analytical and design studies

t. were made to determine effective methods of utilizing
4 toroi RI and multichamber constructions for Lerodynamic

spike configurations over a wide range of thrust level,
chamber pressure, and nozzle area ratio. Design
layouts at several thrust levels of interest are iresented.

* *• }Heat transfer utudies establishing cooling feasibility
v-nd parametric weight studies are described. Cviýbustor
effec'a on nozzle performance are discussed.

11
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NCL(•CITLRE MR 9VC AJD !.'.U PERITC I.WH NOZZE DISCUSSIOK

A Ares IA 2

5 Geometric TTkoat Area, InP

AS ozzle Base Area, in 2

A* Effective I-nat Area, ( )A

is" Total Porous Plate Flow Orif-.:e Area, in.

C* 4"Obaracterisatc Velocity, f•/eeo2

C? Nozzle U%-bt Efficiency

CT Topping Cycle Owust Efficiency
Ttop

Specific Heat at Constant r~earnr9, BTM/lb OF

C V Specific seat at Constaut Volume, BU/lb OF

C1  ~Thrust Coefficient, C

d 'Distance from the Nozzle Throat Plane to the Taw Force Load Cells,
in.

do Nozzle &it Diameter, in.

4t INozzle Equivalent Throat Diameter, d. u 2 -AV-m in.

P Th4.Lust, Measured Adiabatic Engine Thrust, lbs.

Reference (no TIC) Vacuum Thrust Uncorrected for Heat Loss, lbs.

Y,, Mearured Axial Thrust, lbs.

A? Change in Axial Thrust Duritig LI'DVC, lbs.?A

F Side Thnst, lbs.

Fo Off Center Thrit, lbs.

1 Inducel t must per Port, lbs.

*1
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a apirical Spreading Coefficient (Fig. 152)

S Gravitatonal 'bfft L b...o 2 I throat p width, In*

h Distance from the Engine Gimbal (Throat) PlanA to the Vehia@
Center of Gravity, in.; 11eat Transfer Coefficient, /Itin2 , se"ot

SEnthalpy (per unit man), MU/lb

specific Impulse, I X 7/;P seec

J, Blast Wave Constant (function of I)

ff S Cde nterust Amplif ication Factor (Appendix 4 )

Xi Off Center T hrust kmplification Factor (Appendix 4

itControl Moment Amplification Factor (Appendix 4

Sk Integrai of the First Order Blast Wave Theory Pressure Distribution

punc•tcu (function of T)

k matiou Index ; Thermal conductivity, Btu/ingseo, OP

Axial Length of tuo Nozzle Measured from the 2hroat Plans to *A
End of the Nozzle, in.

Moo Free Stream Mach Number

3NMase Flow Rate, lb./sec

Molectlar Weiht 4 a/o3

MR Oxidizezr-to-Puae2 Mixture Ratio (by weight)

K Moment, in.lba.

XT Moment About the Throat Reference Plane, in.lbs.

Number of Injection Ports .. -

P Prestire, pasi

P2 C1amber-+4-Ambient Pressure Rati, o,PPa

Q Primary Stream Beat Loas, BTU/ lb' Heat Absored by Baffles, Stu

I
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r* N0741e Exut RAUUIa 11.

s ~Vetted Contour Lezvgti from the Injection Port to the End~ of tbe
NoXz1% in.

Tesperaturs Or (ir @j)

t *nligt tIme; tima, sea.
Flight Tim or Sa Burnout$ see.

tb -

K Free stream velocity, rty/se..

Inaoctant velocity, fvwec

S Weight Plovrate, lb/sec

7 ~Radial Distance Meavared from the RWgn Centerlins (Pg.218 ). In.

Greek
4

Contour Wall Angle, do'ree (Fig. 23B), Alsuo thermal diffusivity

Injection Angle wieth Respect to a lWormal to the'Engin Centerline
(Pig. 214, degrees

Specific Heat Ratio, ~wCC

lioz'zle Area Ratio, E=AA

I ~. Characteristic Velocity Efficiency

~~ Specific Impulse EfficiencyI

e Rad±ia Injection Angle (Fig. 21a, On 0 Implies Radia Stream
Injection, 0 a I I Implies Parallel Stream Injections q=&~
Implies C4.vvergent Stream In~jection2)$ degrees;i alao timeg sec, .

Axial Injection Angle. with Respect to a Tangent to the Nozzle Wall

at the Point of Injection (Fg. 21%p, degmae
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Fly

P,

Vr Imaoti~o ofYand Kach Ntabop Nr1 + X 1(02
2,) o: tty, lb /ft3:

,quv•. ls. t Gimbal Angle (Appeundi 4 ), degrees

1 1 Total Readial Arc Included by the TV Injection Ports
(Fig. 218 ), dogra

SRHadi a Are Betveen Injection Ports (f•U. 218), doegmrae

S I (' •J Charge Energy Per Unit Mass of Charge Normalized In Terms,
of the Square of the Free Stream Velocitiy Uia

Suzbscripts

a Refers to ambinet conditions

A Den:l otes an Ax a force - omon• ent
A Denotes an aft load cell (Pig. 178)

•B Refers to nozzle base

a Refers to chamber; Cold vail conditions

D Denotes friction performance lose

4 . Refers nozzle exit

a Refers to total engine :r owrate (primary pius secot dary)
- exclusive of the TVC flow

I' Deno tes a forward load cell (Fig. 1'78

£ Oast ga., sidoeondsitin

' Hot vall condit:Los

JA ideal Quantity

,. Induced Porzce Component; Initial value at time 0

into aefers to intrinsic thrust execlusive of ambient prosmure dma

Sj Refers to 'TLC injectant

k benotes kinetics performance lose

'I
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a Denotes a measured quantitr

N Refers to the nozzle

opt Denotes optimum thrust (one dimensional ideal value
corresponding to Pc/Fa)

p Refers to primary stream

P Denotes pitch load cells (Fig.178)

R Denotes roll load cells (Ftg. 178)

r Denotes a jet momentum force component

a Refers to the secondary stream

Denotes a side force component

th Refers to theoretical value

top Topping cycle efficiency or specific impulse

TVC Refers to the TVC system or flowrate

v,vac Refers to vacuum conditions

w Refers to the nozzle

z Refers to length location

Y Denotes yaw load cells (Fig. :78),

Superscripts

Average quantity (oitaiied through area integration if
the quantity i.s pressure)
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202 &,ime X* (refer to Fig.iOq)'. i 2

C1  ~Thrust Coefficie t.Is Cy 2 F/PA )

ce Charaterstanic Velociiq# CO (P&.At8I. ft/mG

CT. Nozzle Thriust Efficiency (ra01 to APP2Ondi 2

D DiametesZ in*

thrust, Iba
Gravitational Constant, ft.lb./1b5. samc

it Specific Yapula.. 3me.

K Maen Nmbew

I' Pressuro, ibm/in2

P MXissile Base PressuvoS ibv/lu2

aNozule Base Pressure, lb 9?u

P& Ch~ber to Free-Stream Static preasm"r Raftiop/P

Nozzle Axial Lozaeth in Percent of the langth of a 15-dgepe
Conical Nozzle -with the Some Area Xatio, and ftroat Ana,

ITemperature, degmees Rankine (wileas otberwise noted)

V Weisht flow ra~te ibm/sec

I . AxJal Coto)4Ur Coodidr.Ate (Pigs 104)# Ischas

7 Radial Jomtour Coordinate (rig. 2o4)9 inches

* . . ft 3qtaivaaient Thriat Radius, J" ai~ ~ce
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Nozzle Specifio Iapulse Efficiency (r'efer to Appendix 2 )

Nozzle Cbaracter 4 stic Velocity Efficiency (refer to Appendix 2 )

ENozzle.Area Ratio# C wA./At
Missile Base Pre ssur Correlatizg Par•- ber (refer to Appendix 2 )

)"ssile Base Preaz m Correlati n farmete ("for to Appendix 2)

Specific Heat Ratio

ttbroat i
Sw nozzlewa

a ci~amber

0 exit

EL ambient

O free at'eam
Bn •zxle bass

i ideal

opt optimum expansion throuih Pc/P

p ~priuarl/ n~ow

a secondary flow

Uv
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Sk2UCTION

Id

j (U) As dis••ssed in Volume I of this report, the aeeopilke nozzle represents

a departuw. from conventional conical or bell nozzles. There are

5aw udvantages over conventionatl nozzles inherent in the aerov.pike

ansle eonosepto th results of contract A]04(611)-9948# presented

in Voum x uAnd of this report, represent effort designed t

veify and quantlfy such advantages.

(U) The overall approach included theoretical studies, cold-flow ezpertmentep

and bot-flow experiaents. Specific goals of the study veres

1) to evaluate aerospike nozzle performance characteristics

at high area ratio@,

2) to compare methods of applying the concep• to advanced

vehicle configurations,

3) to demonstrate basic nozzle performance by means of hot-firing

tests#

4) to evaluate the hot-firina thni.t vector control chqrncteristi*i

of a•i asrospike nozzle using 1.%qaid side injection,

5) to evaluate hot-firing aerosplke nozzle pefmrmwanc in a

typical flight environment (slipstram)

6) to analytically investigate nozzle base bleed configu1rationsa

and perform a hot-firinS demonstrntion of a promi.ing

confiffration, and

7) to perform a cold-flow investigation of aerospike nozzle

segment performance.

* (t) Volume I of this report presents the results of the cold-flow test
progeis and the analytical and design studies. Th.l.s volsae, Volume 119

presents the results of the hot-firing test programs*

* t.*

I -i
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(u) The aerodnamic s.ike nozzle performance oharaoteristics investigated

in the hot-frrinj tasks (i.e., basic still air performanc vs altitude

and secondary flow armetere, fluid side injection fVC perforamnoeg

and performance in slipstream had previously been studied in oold-flo

programs under this (Volume I) and other contracts, and internal research

3 and development funding. Correlatton of hot- and cold-flow test results
serve to oubstantiate theoretical methods and enables the prediction

of hot-firing nozzle performance from relatively inexpensive cold-flow

teat data. Therefore, the hot firing test results from this prog-m

are compared to applicable previous cold-flow test results.

I .I

(U) Although the results of the tests are presented, interpreted and applied

to come practical cases in this report, the principal value to be

derived from this report will come from the detailed documentation

of test results. It is expected that these data shall be referred

to frequently in future studies of aerodynmic spike nozzles.

I "

I .
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SMARY

(0) Three hot-firing aerodynamic spike K~zile progress were conducted under

Air Force contract AF04(611)-O048. Each program investigated a different

ares of interest in characterizing aerodynamic spike nozzle performance.

A 12-percent length aerospike thrust chamber generating approximately 7/400
pounds 

altitude 
thrust 

with 
%204/Urk1H-Nq2H4 

(50-50) 
propellants 

was tooted 
i

over a pressure ratio range from approximately 22 to 350. The objective

of this program was to obtain a larle background of basic aerospl•e hot-

firing performance data. The notzle portion of the above engine was

lengthened to 25 percent and umodified to incorporate liquid (N204) side

injection TVC capability. An extensive series of tests was conducted at

altitude to determine liquid injection perfortawae trends with variations

in injection parameter.. A third hot-firing program Investigated the

effect of external flow (slipstream), on aerospike nozzle performance.

A 100-pound thrust aerospikd thrust chamber utilizing E2 02 propellants

was enclosed in a simulated missile body and fired over a range of altitude

which the actual testing for the three programs was accomplished Is

shown In Fig. 1.
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TWELVE PEWENT LENGTH NOZZLE PIROGRAM

(u) In July 1964s, a program vae Initiated to demonstrate the aerodynamic spike

nozsle concept with a hot-firing model and to obtain an extensive compila-

tion of basic parametric performance datao At that time essentially no

hot-firing performance data existed for this naw nozzle concept and per-

formance for proposed new aerospake rocket engines was estimated from

cold-flow data. The objective of this program was successfully acccr.plished

with the achievement of valid test dat'-from 26 thrust chamber firings of

approximately 8 seconds each duration.

(u) Two water cooled and one uncooled aerospike thrust chambers were fabricated.

The combustion chamber and nozzle geometries were identical for the two

j. •thrust chamber types except the water cooled version had a 12 percent

length nozzle and the uncooled version had an 8 percent, length nozzle.

The same injector was used in both versions. The uncooled chamber was used

for injector checkout tests (at Rocktdyne facility) of 0.5 to 0.8 seconds

duz'ation (Pig. 2 ). The water cooled thrust chamber assembly (Fig. 3 )

was used for relatively long duration (to 8 seconds) data firings at sea .

level (Rocketdyne) and at altitude (Arnold Engineering Development Center).

(a) The thrust chambers utilized N204 /UD4H-N 2H4 (50-50) propellants in both
4 the primary chamber and in a gas generator which supplied secondary bleed

gas into the nozzle base region. The uncooled chamber was tested at

chamber pressures from 300 to 500 psia& and the water cooled chamber was

nominally operated at 300 psia (approximately 7400-pound thrust at design

altitude)D after three Wrdtial firings (to 5 seconds duration) at 400 p-a-.

fill°
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(U) The test program was conxucted in the follovi4, five phasess (1) A serlos

of 33 gas generator tests (with a high flowrat. und a low flowrate VS

generator) ias conducted to establish operating chaeaotirlstlcs over a

range of flowrates and propellant mixture ratio; (2) Ten uncoolsd thrust

chamber firings with three injector configurations weir conducted at a"

loeel to obtain an injector suitable for use in tho water cooled hardware;
S(3) Ton sea level firings with the ater cooled TCA were conducted to

establish hardware integrity and operating characteristics and to obtain

low pressure (PR = 22 to 29) ratio performance data over a range of

aecondary flovrates (0 to 5 percent); (4) Seventeen TCA firingn were

achieved over a range of high pressure ratios (PR = 35to 350), secondary

flowrates (0 to 5 percent), and gas generator mixture ratios (0.09 to

0.28) to obtain parametric performance data; (5) Three constant altitude

firivnis were conducted with a perforated nozzle base configuration to

evaluate the effect of secondary flow Injection configuration on performance,

ii Results

(U) The 33 gas generator tests successfully characterized the combustion.

efficiency over a range of mixture ratios from .05 to .185 and flowrates

'. from 0.5 lbe/sec to 2.8 lbs/sec.

(C) Five uneooled thrust chamber firings of 0.5 second duration wore made with

the first injector configuration at chawber pressures from 300 to 500 psia.

All tests showed high frequency (2300 cpS) chamber pressure oscillations

witb a peak to peak amplitude of approximately 50 percent of chamber

pressure. This injector was modified slightly by tapering and rhortening

the injector baffles and by plugging fuel orifices adjacent to the baffles.

One test was made with this configuration at 410 psia chamber pressure,

A low frequency (530 cpS) frequency instability with a peak to peak amplitude

approximately 75 percent of chamber pressure was experienced@

1, Thrust Chamber 'Assembly (T)'i l8



(a) A redesig,-ed Injector configuration was constructed and four uaooled

thrust c'amber tests were conducted at chamber pressures fror 300 to
450 psia. No ueasurable chamber pressure oscillations were experienced

in any of these tests and the injector was found suitable for use In Vie

water cooled hardware.

(C) Nine sea level tusta and seventeen altitude tests were accoplished wth

the water cooled trust chamber to evaluate the effect of secundar7 flAy-

rate and secondary gas energy level on nozzle performance. A nozzle

efficiency, CT, of 96.0 percent was achieved with nw secondary flow at

design pressure ratio (r-300). The addition of from 1 to 3 percent

secondary flow increased nozzle efficiency at design pressure ratio to

approximately 96.5 percent. Maximum efficiency gains af about 1.5 percent

were achieved at intermediate pressure ratios Cl120) with the addition

of from 1 to 3 percent secondary flow. Over the low pressure ratio ranw,

from 35 to 22, performance with and without 1 to 3 percent secondary flvmate

was about the se.es

.c) No significant difference in performance was found among the different

energy level secondary flows. A high degree of altitude compensation was

obtained over a pressure ratio range from 300 to 35. Nozzle efficiency

decreased from 96.0 to 93.8 over this pressure ratio arane.

(C) Thrte e-second duration tests were made with a perforated base plate mounted

at the nozzle exit plane. Operational difficulties with the gan generator

prevented determinatiorn of the secondary flowrate for all three tests.

Low frequency (487 cps) combustion instability in the primary thrust

chamber was experienced during the second test. Hardware damage was

sufficient to preclude further testing to evaluate base configurations.

mM
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(C) & nt advances In rocket engine tewhnology have resulted in a nwed for

increased study of moans for providing directional thrust control for

future generation rocket engines. Secondary injection of fluids into the

& j engine exhaust streams has proven to be an effective and efficient metbod

of thrust vector control (TVc) in several present applicationej and cold-

flow testing, complemented by analytical system studies, has shown that
this is also a competitive TVC technique for advancd aerospike eooines.
The objective of this investigation vas to sUpplemt nt current aerospike

TVC technlogy by providing sufficient hot-flow liquid (W204) Injection

NVC test data to establish design criteria and enable quantitative per-
I formance evaeuations for future high-thrust aerospike engines. The objective

vas successfully accomplished.

/

* (U) A test program was formulated so that the liquid injection 'NC techniqueu

could be studied using a modified version of the 12 percent length,,
V4O/UMh-%Hj(6O-50O) aerospike thrust chamber. All thrust chamber

assembl7 components except for the inner nozzle wore identical. Perform-j I • ance testing was conducted at alti.tude at the Rocket Test Fac•lty (:.2 Cell)

at Arnold Engireering DAvelopment Center after sea level checkout testing

at %,cketdyne fFig* 4 ).

(C) chamber preesure selected for the TVC testing was 200 psia with an attendant,
vacuum thbrst level of 5600 pounds. Area ratio of the aerospike nozzle

was 25 ard the axial length was 25 pecent. of an equivalent 15-degree

conical nozzle, lnj •ction of the TVC Zlow was effected through orifices

located in unoooled -ontoured flow rtigs wv)itb comprised the aft section

of the -nozzle*

~~. .......... ~- . -
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(U) Four uncooled flow irks incorporating 29 di'fere:nt injection patterns verae

fabrioated to investigate injection parameters which could influence TVO

performance. These configurations enabled the experimental evaluation of

(1) constant-velocity Injection flowrate variationp (2) axial location of

the point of injection, (3) angle of injection with respect to the nossle

contour, (4) one, three, and five-port injection patterns, (5) spacing

between holes in an injection pattern, (6) angle of impingement of

adjacent holes in an injection pattern and (7) injection velocity varia-

tion at constant flovrate.

Resul+oa

(C) Thirty-three firings of 6 seconds each duration ,e±re conducted at altitude te

establish engine performance without TVC, and to determine LITVC performae

trends with variations in the injection parameters. Five sea level checkout

tests of from 1/2 to 5 seconds durations were conducted at Rocketdyne prior

to the altitude testing. The tArust efficiency of the engine was
9. perc.ent for W/p= 0 and 95.2 percent for =0.017. Combustion

S! efficiency NoO• was nominally 89 percent through~out the program.

(C) A semi-emplrtcal blast-wave theory was utilized in conjunction with experi-

mental data from various sources to provide a basis for selection of SITVG

test configurations. Testing of these configurations established that

measut:ed IflVC side-force efficiency. trends wit.h an aerospike are similar

to thos'o expected on the basip of preliminary analysiss injection near

%he throat provide3 higher side-force efficiency than injection near the

nozzlee pe-ort inlination has no influence on LITVC perform-
Sa&nee 'n the range tected near the nozzle exit, and parallel stream injection

affords higher perfrcmance than radial atream injection at both locations

cRO
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studied. Control moment and nozzle specific Impulse efficiency trend#*a
were found to be dependent upon the engine-vehicle geometric relationships

These efficiencies followed trends esteblished by the side-force efficiency

ftc" boost vehicles (re/h = 0.25), but Lu some cases optimized ditferently

for upper-stage contigurations (red = 1.0).

(C) Comparison of the side-thrust efficien.,' TV• data obtained in this program

with that obtained from other nozzle* N vealed that LING performance with

an aero-spike is equal to or less than c;th other nossles, because of the A
relatively short length of the aerospike. The level of side thrust efficiency

for N204 Injection established through this testing was also found to be

lower than that estimated using the blast wave analysis in conjunction with

an empirl'&al coefficient obtained f,- gas injection into flow 'ever a flat

plate. It was necessary to revise this coefficient to obtain, quantitative

agreement between theory and experiment for the configuration tested.

Application of the test data to full-scale engine systems shovea that

liquid ln.'iction may be competitive with gas injection under certain

conditions. In general, fuel injection provides higher in-flight engine

* specific impulse efficiency but lower density impulse than cxidizer.

injection if vaporization and reaction do not occur within the nozzle.

(C) On the basis of these results, it is recommended that the relative merits

of liquid injection TVC be investigated through comparative systems

analysis uning the conservative perf.,rmance estimates presented herein for

full-scale enginesr. It Is also recommended that imptoved LITVC designs

such as a bipropellant injection technique be studied, and that the

performance and operating characteristics of attractive systems be evaluated

through large-scale environmental hot-flow testing.

. 1.3-- _ f
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( B) eause of interaction which occurs between external and neozle flow,
vehicle bUse flow characteristics encountered in missile flight differa
from those prevalent in quiescent air nosule performance investigations,
Those base flow characteristics are of little oonequence with conventional
nosvles since the expansiot process is internal in this case; that is&
t" exhaust gaves within the nozsle are shielded from the external flow
by the physical expansion surface provided by the nossle. However,, with
an asrospike nozzle, the external expansion bou.dary Is formed by a ga-
gas Interface, and is influenced by flow interference effects. Since the

position of this outer boundary in the flow affects aerospike nozsle

performance at low proesurn ratios where the base pressure follows changes
in ambient pressure ("open wake")., the presence of an external flow san
-afc aeroppike performance under certain conditions. Previous cold

I flow testing conducted under contract NAS 8-2654 (Ref. 21 ) established
that the effect of external flow is mall and Is confined to a narrow

range of in-flight operating conditions, Experimental study of these

effects was contised under contract A104(611)-9948. The primary objective
of this program was to confirm and extend, through hot-flow testing, the
results obtained in the cold-flow slipstream study. A secondary objective

was to evaluate the effect of base bleed rlowrate on nozsle still air

performance.

(a) A hat-flow test program was conducted to determine the influence of external
flow on in-flight aerospike nozzle perfornance. A hot-firing aorospike
angina using hydrogen peroxide propellants was enclosed by an aerodynamic
.Wairing constructed in the shape of a missile body to simulate an actual
flight configuration. The engine generated 400 pounds of altitude thrust

I)



at a chamber pressure of 200 pal&. An aerospike nossle with an area ratio

of 25 and a length equal to 20 percent of an equivalent 15 degree conical

nozzle was utilised to control the expansion of engine exhaust gasem. The

secondary flowrate was 0.8 percent of the primary flowrate for all tests
with excternal flow. Testing was conducted in the 16-foot transonic and
supersonic propulsion wind tunnels at Arnold Engineering Development

Center (AEDC) Iistallation of the model in these facilities in shown

in Fig, 5 o

Results

(C) Fifty-two tests of approximately 1 minute each duration were conducted te

obtain still air and slipstream performance trends in the transonic and
supersonic wind tunnels. Valid data vas obtained from only forty of
the"e, however, because of a seal failure and excessive model leakage.

In addition, five tests were conducted in the transonic facility to demon-

strate engine performance trends with secondary flovrate. Results of these
tests confirmed that high quiescent air perforicance (approximately 98 per-

cent of ideal at design pressure ratio) can be obtained throughout a

Srepresentative range of pressure ratios with a proporly designed aerospike
nozsle. The addition of isecondary flow proved beneficial at all pressure

ratios. It was found that the correct experimental performance level and

trend with pressure ratio could be estimated above pressure ratios at

*. ~which nozzle recompression occurs using previously developed semi-
empirical base pressure relationships in conjunction with a potential

a •primary flow analysis and viscous drag computations.

j () 1Nozzle performance was found to be unaffected by external flow in the
"closed waks" pressure ratio region (pressure ratios at which nozzle base

pressure is constant in stif1 air). At low presaure ratios ("open wake")
performance of the model tested decreased at a rate which was dependent

15
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an free stream Mach number '.nd ch.'tuber pressure ratio. When strong

f1•w interaction effects occurred, they were found to result in relatively

hbigh nozsle base pressure, which was also shown by previous cold-flow data.

When flow interaction did not influence rozzle baa. pressures both hot-

and cold-flow nozzle performance data correlated with the "effective"

chamber pressure ratio, P./Pav . On the basis of this result, it was

concluded that: (1) missile base pressure approaching ambient presasure

will result in nozzle efficiency in slipstream nearly identical to that

obtained In still air, ard (2) strong slipstream-pri•mar flow interaction

results in relatively high in-flight nozzle performance.

(c) In-flight performance estimates generated under severe assumptions

demonstrated that the time-integrated external flow effects over a typical

mission result in a change in average specific impulse (•) of less than

0.2 percent. BoAt-4-tilng, mass Wdition to the minsile wake flow# and

reduction in mie.isit]* hse area are shown to be effective methods of

reducing these effects still further.

K[
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451TION XXI

PUPOMANCSB EVALUATION OF A HOT-FIRIM AflOSPW INOZ

INTRMCTI0N An• SoyawI

(U) In July 1964 work was initiated on the design and fatrication ofa hot-

firing aerodynamic spike nozzle. At that tinet essentially no hLot-firing

performance drta existed for this neo nozzle concept. •suic perfrorAOce

fo:- proposed new rvcket engines utilizing this new nozzle conce•t was

( based upon data obtaino4 from cold-flow tests. This progreA vas initiated

to provide a vabstzntial background of parametric hot-firing performance
data with an aerodynamic spike nozzle configuration and to correlate

these dat with cold-flow data. The npecific objectives were to aetersaiu
the perfurmarnce of an aerodynamic nii:e nozzle as a function of nozzle

pressmre rntio, secondary gas flowrate, and secendary gas enerjy level.

A seconlarj ohjeotive was the determination of nozzle base thermal enviroment.

(C) A 12 percent length truncated ideal spike nozzle thrust chamber with an

area ratio of 25 was constructed and tested at locketdyne Propulsion

Field•, boratory at near sea level ionditions and at varyAng altitude

conditions at the Rocket Teat Faoil.'ty (3-2 cell) of mnold Eng1neering
Develom•nt.Center. The thrust oeamber utilized %204 /ut5-0 4 (50-50)
propellants and generated approx"r,;cly 7400 pounds tbrust at design pressure

ratio.. A gas generator utilizing tai same propellants supplied secondary

flowrates from 0 to 5 percent of the primary flowrate to the nozzle

base region,

(U) 4!-. dea level firings and 20 altitade firingo were accomplished. The

basle pro(';am objective of supplying a large qu mtnity of aeroeplke nozzle
parametric data was euccc, ssf'lly accooplished,

2i
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(W 'o water cooled thr-t chabers and Coe untooled thrut cbmnberwa

€•z.it•,ted t'or this test program. The water cooled dmbe-s were used

for1 obtainingl aer-os pie Perormance data in• rlatie•;lyd• long (t~o 13 seonds)

duration firings. k geometrically identical (except for a shorter nozzle

length) uncooled thrust chamber wih a firing durton of appoxmtelr

0.8 seconds was used for injector evaluation and establihma of test

S;r•vAdms. Both chamber types are of nooflightweight constiation,.

!i I and 8* It is equipped with• an aero,"pile nozz:l6 havi•g a geometric

area ratio ar approximately 25 (Weined as the ratio of the area enclosed

throat to the exiv plans is ",2 percent of Us• length of &* 15 degree

conical nozzle havl-•g the a a& area ratio and throat, P•Re area (defined

by d b in Pig. 6) and design throat area of the nozzle are :167*5 la2 and
.1.9 in*2, ruspectiulye

S(U) The TU is compo-.od of an anuular injector, :inner end outer combustion
(U o=bter casing sections, hmber and outer nozzle throat setions, and a

nozzle U& 0 plate (i. 6)twhich prg che theswt er toole cbethroat section

do anclose the nozzle base regios. A gas gctei tod (GO) for introduciug

0.eondars gas flow into the bcste revaon is attached -to te upsorfu test
of the haze plate. Overall tenypshe doreter, en d weight of the 20t .. ..

() the Mwatrcoldt-- hrust camber asbl~y (7!i., 3 in.,o ind 2Wgs 6-ut

respectively. Iti st oi th• a.n T ,.n the design nozzle pressure a ratio(IR .. ) of a 00 is p7400 lbr.. Ny minal test duration ond oembuetion clos)"

p.essure are 7 to 8 seconds l YA. psia, respectively*

! COltMKIFIED.... *... ..
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(C) The TCA utilized the two 1Ypergolic pWopellantsp nitrogtn.

tetroxide (N204) and an equal gravimetric mixture of hydrazine (1214)

and unsymmetrical dimethylkjdrazine (~~(" ) Rqie oaan?2 ]H 12). eure oa
propellant flow rate is approximately 27 lba/sec at a nominal miaxture ratio

(O/F) of 1.8. Design total flow rate range of the GG is from 1 to 5 percent

of the TCA flow rate. Operating pressure of the GG, using the same pro-

pellants as the TC& at a nomJnal mixture ratio of 0.1, is from 100 to 400 psia,
depending on the flowrate,

(°

(U) Thi TCA injector is constructed from type 347 etainles'% steel with stainless

steel oxidizjr and copper fuel ring inserts brazed into slots in the

. injector face. Three injector configurations were tested before satisfactory

Scombastion stability was achieved,

S(U) Injector No. 1 (Fig. 9a ) had an annular three ring self-impinging
j doublet injection pattern. The outer and inner rings were for fuel injection

j and each contained .1.9 elements with orifice diameters of 0.025 1. . All

fuel fans were oriented in a position parallel to the adjatent cbamber or
baffle walls were thus oriented parallel to a radial line. Each fuel

• element was offe~t from the fuel rings eenterline radius a distance of

+0.025 in. in an alternating lus or minus mumer. This prevented

t l fan edge interference cf adjacont fuel elements.

(U) The oxidizer ring (center ring) conristed of 210 elemonts with orifice

• diameters of 0.031 in, All fans were oriented Pt a 75 degree angle with

I a radi i' line to prevent fan interference of adjacent oxidizer eklements.

SThe spacing between rings was nominally 0',44 in. The injector was
divided into seven erjual peripheral vegente by two-inch thick batf lea

brazed to its face. A section of the injector face near a baffle ia

shown in Fig. 9c. A detailed drawing nf the injector is showr in Fig. 10.

24
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S(u) Injector maber 1 was subsequently modified to in.1eator number 1A (Pig. 9b)

in an effort to eliminte high frequency coobuwtion instability. The

modification ccanisted of tapering and reducing the length of the baffles

from 4 'in as tc% 3 inches. In addition, the fuel ol.a-nts adjacent to

the baffles were brazed shut. This injector exhibited an umsatisfactw4y

,lo frequency instability.

(U) The injector pattern was redesigned and. satisfactory operation was

achieved with injector number 2 (Figsel and 12). This injector was

'used for &U water cooled hardware tests. Injector number 2 is divided

into thirteen equal compartments by uncooled OIEC copper baffles ( 4 inches

in length by 11 X 2 inches in cross section) brazed to the injector face,

The baffles are the only pe.= of the engine assembly which run uncooleds

and thus are the limiting factor on test dur'- 4ion. They were designed

for 10 seconre duration at 500 psia chimber pressure.

I

(U) The injector pattern (Fig, 12) consists of 206 pairs of like-on-1L.e

doublet elements. There are 16 element parrs in each of the 13 baffle

compsrtments. Oxidizer and fael orifices are 0.031 and 0.026 in.

diameter.respectively. All fuel elements are canted 20 degrees toward.

the centeal oxidizer ring. Each fuel ring contains a single low of

eight doublet elements per compartment. Oxidizer elements are directed

perpendicular to the injector face and there are two rows of eight doublet

elements-per compartment in the single ring. The propellant je+ impingement
point is 0.150 in. from the injector face for all elemeAts. Thw

Sspacing between fuel and oxidizer fans in an element pair is set at

0.040 in. Injector elemsets are equally spaced on the inner fuel ring

only, How ever, the pattern is afmmetrioal about a radial line through the

center of the baffled compartment.

29
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a. Injector Number 2 Assembl~y

Figu~re 1L. Injector Number 2
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Combu,3tion hQawmer AssembLy

(U) The inner and outer throat and casin•., sections (Fig. 6) are fabricated from OFRC

copper. The sections bolt to the injector to form an annular combusticn

chamber with an inner diameter of 23.2 in., an outer diameter of 27.3 in.,.

-ard a length of approximately 7.3 in. Leakage of gaz from the chamber

i. irevented by the use of single O-ring seals at each section-to-section

or injoctor-to-eection interface. Cooling of the combustion chamber

$ walls is accomplished by flowing vatei thVrough 5/16 inch diameter axial water

passages (88 and 112 passages in the inner and outer eections, respectively)

in the gas siae walls, Eight isolated internal manifolds are located

fore arA mt of each casing. Water is supplied to and returned from the

casings through sixteen feed holes in the injector body. The combustion
cham'ber gas side walls are gold-plated to prevent erosion of the copper.

(u) The inner and outer throat sections are .o constructed (w . OFMC copper)

that, when these sections are properly qttached to the remainder of the

TCA, an annular throat, having a mean diameter and nominal gap ef 22.1

and 0.215 in,., respectively, is formed (aig.6 ). The inner side of the

outer throat section has a iontour immediately downstream of the throat

with sufficient divergency (30 degrees) to ensure flow separation and

thereby free orpansion of the outer exhoust plume boundary at the nominal

operating pressure ratio (PR ) range of the nozzle.

j(u) Cooling of the inner and outer throat sections wds accomplished by floving
water through a series of contimnus circumferential coolant slots (fourteen

and seven slots on the inner and outer throats# reopactively) locatM

0.15 to 0.25 in, from the gas side surface. Water from the casings

enters each throat section (inner and outer) through four manifolds. Each j
.33 This d



V manifold contains a set of drilled holes leading ixntc the circumferential

coolant slots. Water flows through the slots in each cirotaferential direction

Sfrom the inlet holes over an arc of 45 degrees to the adjacent outlets.

The flowretmrs through four (in each throat section) main throat outlets,

the casing, and injector ports. Flow distribution in the throats is

accomplished by varying the sizes of holes feeding each slot, directing
the majority of the coolant water into the critical areas. The cooling

circuit is symmetrical so that the casihs and throats may be rotated

-relative to each other and to the injector without affecting the intended

S±flow distribution. Gas side walls of the inner and outer n-.zzlt throat
sections are also gold-plated to minimize hot-gas erosion.

Gas Generat or

(a) The gas generator (Fig. 13 ) was constructed entirely of type 347 stainless

steel and consisted of two interchangeable injectors, a single combustion

ch~"-r casing, an internal flow mixer and two interchangeable throat orifices.

ine injer 4- and a matching orifice (low-flow GG) were used for firings

requiring secondary flow from 0 to 3 percent of primary flow; the other

injector-orifice combination (high-flow GG) was used for firings requirinc

3 to 5 percent secondary flow. The injector orifices were sized for these

percentages of a primary flowrate of 41.6 lbs/sec (P = 500 psia). Howeverg

actual primary flowrate was nominally 27 lbs/sec (Pc = 300 psia) for the
majority of the tests. The correspondingly derated flow conditions for the

gas generator did not noticeabluy affect combustion efficiency of the high

flowrate sy3tem. However, the ombustion efficiency of the low flowrate,

gas generator was 10 to 20 percent lower with the reduced flow.

i!4
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im*in-iY on ce central oxidizer stream. Both injectors contained

five pentad elements. To insure good aixing and cumbustion a hi&

chamber V (V* a 150 to 450 inches depending on the flow ¢mtrol critics

S•wed) and vn internal flow deflector were used.(U) The nG sections were boltsd te the oss plate with the diffuser and orxfees

dcvrfstream side of the plate and the chamber secticn and injector n

the upstream side (Fig. 6). The GO was pressure fed and required

oxidizer and fuel supply systems sepa8te from the TCA systems.

Operation of the uncooled GG at relatively low mixture ratios (0/ / 0.1)

prevented the metal surfaces from exceeding their design temperature of

1800 degrees P.

Passe gCnfimrationa

(U) Two base configurations were employed for injection of secornary flow.

I hat shaped diffuser (Fig. 14) constructed of 347 stainless steel was

used for all tests except the last three-(AD test series at AMC). Four

"l inch holes diffused the GO flow (secondary flow) radially outward

into the base cavity.

(U) Prior to the last test series this diffuser was modified by plugginLg

the I inch holes and replacing them with t4enty-vight * inch zadial

holes. The modified diffuser was installed along with the perforated

base plate for the AD test series. A perforated base plate was fabricated

and bolted to the nozzle eLit. face for use in the AD test series. The

bmas plate was constructed of I inch 347 stainless steel and contalk

578 holes of 3/32 inch diameter. An extensive series of steady state
tests at AFM with the perforated plate and the modified flow diffuser

were plannd, However, operational difficulties and hardware damage

preve2'ted th-, obtaining of satisfactory data with either of the later

base •c•ifgurations.



CO

10

.44

- I 4

4. -~W.

~ -~ -pt

-~ -~~'c~~-- -37



of injector performance end checkout of operational procedures. The uncooled

chamber is di•nscnaly identical to the water cooled nofiurtion with,

t the exception that the nozzle length was eight percent inetea? of tuelve
Spercent and the base diameter was therefore larger (bass area of 201 142).,

The chamber casings ure constructed of 347 stainless steel and the nozzle

sections are constructed of OFHC copper. The inner nozzle was plated with

a thin dense chrome coating. The thrust chartber is capable of approximately

0.8 second fir-ing durations at 500 p•i chamber pressure. A tress plate and

gas generator were mounted to the inner nozzle in a manner similar to

that employed with t~me watex-cooled thrust chber.

(U) Fluid fittings provided on the thrust chamber assenfloly consist of fotw

pin'mary fuel i-nlets, four primary oxi-dikbr inlets, one secondayaJ

inlets me secondary fuel inl~t, ai~ht water Inets (few* for the em - "

and four for tbq outer aznaus) and eight water outlets. The fitin

3-ocationw and the fluid flow paths are 411vstratel schema-tJel in Il. 16

T•r INSTALLATION

(U) ",-i.iry--th-ee gas generator tests, ton uncooled thrust chamber tests and

tern wster cooled thrust abamber tests were conducted at Ro..ketdyne sa&

level facilites* Twenty water cooled thrutst chamber firings were

'acomplished at the altitude facility (Rocket Test Facilityq Jý-2 Cell)

of Arnold Engieering Develop~met Center (AM)C).

* *4*
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Sea L veL Ter. LItallatin

(U) Sea level tests with the GO and with the 'ncooled and water cooled TCA.s

were condu ted an Sugar Stand at the ProPalsioU Research Ares of the

Santa Suawan Pield Laboratory. The u,)rizonta firing tru.,st structure (Fig. 1.7)

IVuas newly conatructed for this teat program. The engine assmbly

attaches to the main support 1IlOn which is attached by axial end yaw

flermes tO the main support stand. The aft section of the =ginei s

supported by structure having only axial flexures.

()The PrOPellant systOM (Pig9. 3.8) included a 300-cal Priamar fuel tanksi' I a 200-gal primary oxidizer tanik,43..gal secondary fuel and oxidiser

I tanks, a gaseous nitrogen preesurization system, and the required

valves and fittings. Gaseous nitrogen systems vere also provided forI systeu purgi g and secondary propellant and water valve actuation. A
hydraulic system vas utilized for primary propellant valve actuation..
Coolant water vsa supplied from a nitrogen pressurized 80 0-VI tank.

Control of both propellant and coolant water flow was obtained by
the use of automatic preset pressure regulators in the tank pressurization

systems.

Altitude Test Installation_ (AM)_

S1(U Pro?.Y•o ion Engine Tect Cell (3-?) (g. 19 and 20 $Ad Ref. 2 ) is a water.-
jsacketed test cell, 20 ft, in diameter, used for captive horizontal

testine of propulaion systems at pressure altitude conditions. J.-2

is capable of producing constant pressure altitudes in excess of =00,000 ft.

by the use of parallel primary and secondary steam ejector-diffusers

' perating in series with the MT facility exhausters. However, for this

test progrm, nozzle pressure ratio transients (hence toet Can pressure

transients) were obtained by essentially isolating the test cell and

42
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allowing engine exhout gazes to incrvea teet cell pres-..'re during the

firing°. Test cell isolation was obtaimed by valaing-off the primary

exhaust duct and orificine the inlet to the aecontdary exhaust d.act.

Both the rane and gradient of the tralueits were contrnlled by the

use of two remotely interchangeable exhaust inlet orifices and the

inbleeding of steam into rle test cell during the firings. Desired

pte-firing test cell preasures were obtained by setting pumping ratios

on the facility exbuwters.

(U) Firings requiriug constant nozzle pressure ratios (constant test cell
pressures) were conducted with the prima., exhau t ducting cpen to the

facility exhausters and without steam inbleed. Dy thus creating a sufficiently

large test cell outbleed area, test cell pressure remained essentially

at pre-firing levels throughout the firings.

(U) The eng.ne was mounted horizontally in an engine sunport assembly, which

consisted of a thrust abutment, an aft support stand, and an engine pylon

(Rig. 21). The TCA was mounted rigidly to the engine Wy.on which was

attached to the aft support stand in both the pitch and ya., planes by.

universal flexures. Ax! al force was measurt * by two series-mounted load

cells attached to the thrust abutment and th. igine pylon by umiversal

flexures which permitted forces to be transmitted only along t'-e longi-

tudinal aris of the load cells.

"(fj) The propellant system (Pig. 22 utilized for this test program included

primary (1500 gal) oxidizer and fuel supply tanks, a gaseous nitrogen

pressurization system, and the required valves and fittings. Gaseous

nitrogen systems were also provided for both TOA and GG injector purging

and propellant vpw.,re actuation. eater for TCA cooling was provided by a

high-pressure supply system (Pig. 22 ) utilizing a 1000-gal tank pr3ssurized

by gaseous nitrogen.Control of both propellant and cooling water flow to the

TCA and GG was obtained bly the use of automatic preset pressure regulators in the

tank pressurization systems#
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(UI) Ins tation vwan proided to obtain measuememnts of axial thrust#

'C and GO combustion -chamber and injector pressures, nozzle water van.1
and base preesuese, test oell pressures, nozzle base plate temperatureag

GG combustion teaperatures, prope.lmnt and cooling water flow rates#

and propellant and cooling water system pressures and temperatures,

Visual .=itoring of the testing was provided t7 closed-ofrcuit televiuion
and motion-picture cameras. Table 1 presents transducer ranges, recording

systems used for primary data acquisition, and estimated measurement

accuracies for the AMC teat program. Por the sea level test progrma
instrumentation ranges and accuracies were WlSad a. Emovoeo. al performance

and base heating parameters (chamber pressures, flow rates, nozzle and
• ~base pressures, tbrust@ and response temperatures were recor~ded by a"

i'Beckman model 210 digital data acquisition •syse and reduced by

S~cor.ater .•,ogram, Location of TCA and GG instrumentation is sham in
Pigs. 23, 24, 25 and 26. Location of water and propellant system

instrumetation is Wma in Fig. 18and 22 !

Altituda Testing. Axial t'wist was measured using two dual-outpvA, strain.-

gage-type lod cealls mounted in series havvg ranges from 0 to 13,0000

an. , to 20,000 1bf, respectively. Primary data recordings of ibe

load cell outputs were in frequency form on magnetic tape. Calibration

of the tbrust measuring system was accoplished IV a remotely controlled

"deatweight calibrator. The accuracy of the thrust calibrator wan

determined by comparison to a .natinnl ureau of Standards certified

standard to be within 0.2 percent. Overall thrust measurement accuracy

is estimated to be within 1,0 percent.
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(u) Se g L•vsl Testing. Thrust was measured using a Baldwin bonded strain

gegep load cell rated at 20,000 lbf. Calibration of the thrust metwasri

system was accomplished by hydraulically loading the system and cm~pring

measurements with an in-line, strain gage type thrust ring. The trust

ring was calibrated at the NB and certified to have a precision of

.•Ol percent. Overall precision of the thrust measurement and

recording system was determined from periodic calibrations during the

testing to be !0.. percent.

PressureNesurenments. Altitude and Sea Level Testim

(U) TCA and GG combustion chnb.r pressures were sensed by bonded strain-gage-

type transducers having ranges from 0 to 300 and 0 to 500 psia, respectively#

Nozzle base (Fig. 23) pressures were sensed by tbe same type of *ranaducers

having ranges from 0 to 25 peia. Test cell pressures ware sense4 by

bonded strain-gige-type transducers with ranges from 0 to 15 and 0 to

20 psia. Propellant and water system pressures were sensed by strain-gage-

type transducers having various ranges (Table 1). Sensing of ICA and

GG injector pressures was by 0- to 50ý-psia, strain-gage-type transduces.

Primary data recordings of all pressure transducer outluts, with the

exception of buth TCA and OG purge pressure transducers, were on magnetic

tape in either frequency or digital form. Recordings of the purge

pressure transducer outputs were on strip charts (recording null-balance
potentiometers).

(U) All pressure transducers were calibrated under laboratory conditions by
comparison to recondary standards. Preselected pr-cision electrical

resistances were used in the transducer circuitry to simulate applied

pressures electrically. The pressure values thus siwalated were determined

by comparing the outputs of the resistance-shunted transducers with

outputs obtained during the previous secondary standard calibrations.

Prior to an actual firing, these same precision shunt resistances were

used to obtain calibrations of each of the pressure data recording systems
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(U) The preci•io of pressure measuremets obtained using electrical resistance

calibrations of both the frequency and dWgital tape recording system

is estimated to be within 0.5 percent.

Flovrajte Mea.•urenenta

(U) Altitude Telting, Propellant flowrates to the thrust chamber assembly

were meesured by dual-output# turbine-type flowmters, Two such flow-

meters were installed in series in both the oxidizer and fuel supply

lines to the TCA. Calibrations of t*e flowmeters were obtained under

laboratory conditioas on a flo.-calibration bench uwng up-ter as the I
working fluid.

(U) A flow calibration using water as the working fluid was made to determine

the pressure drop-flowrate relationship for each secondary system, The

presseure drnp-flowrate functions thus determined were 'used with tank

and GG combustion chamber pressure differentials to determine flowrates

to the GG durino, the test firings.

(U) A single, dual-output, turbine-tyre flolmeter and tvo calibrated square-

edged orifices were used to determine total cooling water flowrate and

flowrates to the inner and outer sections of the TCArespectively.

Calibration of the water flowmeter was obtained in a laboratory flow

calibration bench. The two orifices were individually cilibrated in

place uuing the flowmetcr as a calibration 3taudard. Pressure differentials

r a~ercEs the orifices were sensed b. 0- to 300-paid, strain-gage-type pressure

transducers. Recording systems and calibration methods used Aith the

orifice transducers were identical to those described previously,
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LU) TLS preciain of pressure mea-ests cbtained '.i3ing electri'al resistance

calibrations of both the f,-equency and digital tape rccording system

is estimated to be within 0.5 percent.

Flo~writ l¾easuement

(U) jliudb Tetimi, P-ooceilant flowrates to the thrust chaber assembly

were measured by dual-output, turbine-type elotmetere. Two such flow-

meters were installed in series in both the oxidizer and fuel supply

lines to the TCA. Calibrations of te flowmeters were obtained wider

laboratory conditions on a flow-calibration bench using water as the
work-tip, f luid.

(U) A flow calibration using water as the working fluid was made to determie

the pressure drop-flmtate relationship for each seconda-ry system. The

pressure drop'-flowrate functions thus determined were used with tank

and GG combustion chamber pressure differentials to determine flowratee

to the GG durin.q the test firings.

(U) A sAngle, dual-cutput, turbine-tyre flo.eter and two calibrated square-

edged orifices were used to determine total cooling water flowrate and

flowrates to the inner and outer sections of the TCArespecti,:ely.

Calibration of the water flowmeter was obtained in a laboratory flow

calibration bench. The two orifices were individually ci librated in

place u., ng tne flowmeter as a calibration standard. Pressure differentials

across to.e orifices were sensed b.. 0- to 300-paid, strain-geage-type pressure

transducers. Recordirg systems and calibration methods used dith the

orifice transducers were identical to those described previously.
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S(u) Primary data recordings of all fo1wuter outputs were In frequay

form an m agetic tape. The tlowimter data recording system were

calibrated by applying input sma. of known frequency. Overall

uavmmt accuracies of the secondary propellant -flo data and the

orifice water flow data are estimated to be within 3.0 peroent.

(U) Sa [eI Teoting. Primar and eacondary propellant -.nd coolant water

flawratee were measured with single, Fisher-Porter turbine type flcwetears.

Became of the low flovrate in the esc,.idery ozidiser feed system, tlhs
meter.. 1- calibrated usine 1204. All other flowmaters were calibrated
wit:. water. The water calibrations vere corrected by the viscosity ratio

of water to propellant to make the calibrations applicable for the

respective propellant.

(u) The precision of the propellant flowmeters was determined from periodic

calibration to be -0.25 percent. The precision of the water tlowmeter

is within 2.0 percent (mamnfacturerls certific'-tion)o

60.



ii

Lii

Tmx!*t tr Y&uu1.a t"'! t lft P vndSea Lgwel TentIn

(U) Pul, oxidizer, and water te7nerstures were meazured by iimersion-type

ristence temperature trazi•ducers (DV) located as shown in Pljs. 18

nd ?2. Nozzle base plate tempratures were sensed t$ thermocouples attached

to t~e base plate at locr.tionz shown in Fig. 25. GG combastion ras

temperatu~res were measured by thermocouple probes as shown in Fig. 26.

primary recordings of the texperatre sensor data were in either

froquency or digital form on magnetic tape. Calibration of the RTT

r-cc In szyste-m and cp-ann.r•.. of the th•r•o-cuple record syste. s .4
were obtained electrically. Estimated overall measure:3et accuraciec

of fiuil- temperature data are LIF. Nozzle base, plate amd GG gas
temperature accuracies are ±40F.

(U) Altitude Testga. A pitoe-st tic fou sensor was installed near the
TCA to determine direction and me,-nitide of any external flow field

that mwiiht influence nozzle perforn'nce. This flow sensor used a

0- to 15-psia, strain-gage-type trvnsducer which measred local static

pressure and two similar 1-'psid transducers which measured the differenoe

between the static pressure and the total pressure in two directions

parallel to the lon,,itudinal axis of the TCA. Data recording ad

calibrhatiomn o" the flow sensor instrumentation were identical to

those described previously.

(U) Indications of propellant valve functions required for .TCA and C-0

operation were recorded on light-beam oscillogra-.s. Oscillographs were

also used for redur.lant recording of primar7 data and for time correlation.

Strip clrts were used to monitor the firingc and to provide imediate

access dats. Events in the test cell during the firings were nanitored

by a closod-circuit television system and recorded by five 16-m, motion
picture cameras using color film.
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(U) levim jT*mtt'~ The uncooled thr~At oba r was 1nstzrauited Vitt

three photooaon for the first five ft.-ing and with fIwo photoome for
the last five firiams (Jlge 27). Photocon outpuat was recorded an Ligt..
beow osillographs and high speed tape with a frequeno resolution of

appro•imately 15,000 cps.

S( U) Xications of valve functions were recorded on Easterltne Angus recorers.

Oacillographe and strip charts uere used to record primary data for

Imeediate access. Three l5-m motion picture caaras provided vismu

~I,. records of the firings.

~h Se Va Testing

(U) Pro-test prt,-.ures consisted of system and hardvare leak checks,

calibradion of instrumentation, and measurement of nozzle throat

Nozzle throat gap .mearements vere made at six or more locations

* artcad the throat circumference with a ball microeter.

S(U) The propellant and water supply tank were presmirized. Coolant, water

flow was initiated manually and the flowrate observed on & strip heart,

When adecrate water flow was achieved, the automatic fixdxg sequencer

wa activated. Tkis sequencer controlled primary purges, all propellant

valves* end the recordinjg system. Venting of the water tank, cloLng

the water valve, and post-fire purg&uW of the GG we performed =MAiUa.
Posttest calibrationas, inspection of the hardware and masurement of the

throat area were then performedo
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S(U) The test program consisted of four test periods with three to nine

TVA firings conducted at either tratont or constant pressure altitude
conditions durin each test period*

(u Pre-test procedures, includog electrical and mechnical chere of all

(u' test hardien g measuretment of the nozzle throatarst and static leakage

| ~checks of the propellant and water-supply systems, the thrust chamber ,

assembly, and the gas generator# were conducted prior to each test

period. The propellant tanks were loaded, and samples were taken frou

the primary tanks and analyzed to determine propelltnt spocific gravity

variations with temperature anA to determine that the propellants met

applicable specifications. The test cell hatch vas closed, and pro-test

instrxmentation calibrations were performed at ateospheric presnure.

The test cell was then evacuated to a pressure of approximately 0.5 psia

by th. facility exhaustern, and pre-test instrumentation calibrations

were repeated. Propellant, water, and steam system bleed-ins were accomplished

at pressure altitude conditions.

(U) For each of the firings requiring test cell pressure transients, the
i primary exhaust duct was valved off, and the proper orifice was positioned

at the inlet to the secondary sxhaust duct. The steam Inbleed system

valve controller was po.sitioned so that when the steam inbleed valve

was opened at TCA ignition, the roquired flow rate of steam would enter

the test cell. Test cell pressure wes set at the required pre-firing

level using the facility e-hausters. The propellant water, and steam

wsytems were then presanurized,
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* ( T) he final 60 secords of the firing countdown was performed automatically
"ty an elecrical sequencer which activated all firing ystem ,etarts4

the recording imstruwaatat.n, initiated cooling water flow to the TCA#

initiated nitrogen roirces through both the TCA and GG injectors, and

sequenced loth TCA and GG propellant valves to fi.re the engine for

the prescribed firing duration. A typical sequence of major events

in £acowcrn in Fig. 28 for a nine second firinC with the GO shutdown tvo

seconds before the main ogines.

(U) The firings requirinc a constant tent cell prescure wers conducted in

the same manners except that the primary exhaust system was not

valved off and steam won not ineled intc the test cell.

(U) At the conpletion of each test period, inotrumantation calibrutions were

ajain performed at low te.4t cell pres -re. The test cell waz vented

to atem•.pheri• pren-:tre, and 3osttest atmospheric pressure calibr,.tions

* vere taken. Posttest procedures including mneasurement of the nozzle

throat erda were then .e.rtormed on- he. te.it article.

(u) For the sea level teitir.6 all data necessary for determining en~ine

performance (except for propellant temperp.ture and pressure, which

were recorded on direct inking graphic rec .v-dere ere recorded in

digital foxy on tape us:ng a Beckmn 210 Vytem. These data, with the

proper calibration adjustments ,were reduced to engneering quantitie

and units by a computer program. The data was printed out in 0.O1-necond

Intervals. Approjimately fourtew. 0.0-second Interval data points were

used to obtain 0.5 second average date. Flowrates were printed out Sr

cps and reduced to lbs/sec by herv.
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(U) For the altitude testing, all data recorded In frequency form on magnetic
tape were translated into digital form. The digita4-fozz data ta

obtained and the data originally recorded In digital form an magnetic

tape were reduced to standard engineering units and tabulated 1W a
digital computer at 0.1-second intervals for each firing. The comyater

was also programmed to use the measurd data to compute average TCA

and CG performance parameters over 0.1- and 0,5-seond intervals for

each firing. The performance parametu.-s compuated by this progeam wene

not *used for the final performance computations but were used for pro-

liminary interp:rtation of engine performance' and operating characteristics.

B(U) asic engineering data (propellant flows, ambient pressure, chaoiber and

base pressures# temperatires, throat areas# and thrust) from both sea

level and altitude test series were supplied to a computer program

which computed, tabulated and plotted peotinant performance parameter.

averaged over 0.-second int'irvals.

TZSING SUKmiK

k. (u) The basic objective of this test program vas to demonst.,ate the performance

i K of an aerospike nozzle over a range of altitude from sea level to design altittud

slid to determine the influence of secondary flowrate and properties an

performance oner this sawe altitude range. In achieving this objective,

testLng activity was divided into four main areas: (1% a large number

of gas generator tests were accomplished to determine operating characteristics

over a range of flowrates and mixture ratiosp (2) uncooled thrust chamber

testing was conducted to evaluate primary injector performance prior to

its use in the water cooled hardvare and to establish test procedures,

(5) sea level testing with water cooled hardware was conducted to establish
Sengine operatin ch~arateristics# to uncover and oornest enin structual

deficiencies and to obtain performance data, and (4) teste were conduc4ed over

-A6,
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a p re ratio ranas frm approximately 350 to 40 at mA to detendu

noszle perfonace. The chronologcal oequame of the teat actty Is
show In Fig. 290 A description of the testing accceplinbed and operatiowd

difficulties is pesented.

0tn Oas erntor Testas

b(U) Du April and May196S 33 gas generator firings (13low flowrate and

20 hbig flovrate) yore conducted. The objectives of the gas generator

testizg progm veres (1) establish propellant valve sequancing and

special operating prooeduwes, (2) determine injector and overall pressure
1*6"ses (3) determine C* efficiencies wd combustion g~as temperature

over a broad rug of iLzture ratios and propellant flovrates, and

(4) deonastrate the feasibility of 10-second duration gas gnerator

firings at a chamber pressure of 400 psis. and a gas temnperature of

approximately iWO*i.

(U) All objectives of the test progran were met and the hardware was in

good concition after 3 testa. Test results are sizarized In Table 2.

.ncooled Thrust Chamber TeOU

U) The objective of the uncooled hardware test progra vas primarilyr to

comduet short duration (to 0*8 second) sea level tests to obtain a
stable injector with ureasonable performance for use in obtainin performance

data with the longer duration cooled hardware.

Pire tests were conducted using Injector NIo. I with the uncooled
aerodynamic spike angine. The tests coveerd a range of chamber presslnve

frm 29M to 507 psia and a mixture ratio rnge of 1.63 to 1.94o These

variations were purposely I sod to insure stability ove; a

wide range of pta•t o;a7 , condition..is. g-frequency

: CO[MFIDENTIAL
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oscillations (predowiiantly 2300 cps) were experienced during these

Initial tests. go hardware damage was sustained during ay of the tests (1g. ,3o).
The injector was subsequently modified (designated IA) and fired

in the umcooled thrust chamber at a chamber pressure of 410 psta for

0.75 second. Low tretuercy (530 cps) pressure osc:illations vera present

jver the entire r-n duration. No hardvare dmage was sustained frcm

thin test.

(U) Since the injector operating characteristics of Injector No. 1 diad net

meet the standexds desired, a different injector pattern (designated

Injector No. 2) was fabricated and tested.

(C) Pour tests were conducted with Injector No, 2 in the umcoo•ed thrust

ehtmber. All four tests with Injector No. 2 exhibited extremely

stable operation over a wide range of chamber pressure and mixture ratie

with eesentiallr no chamber pressure oscillatVoas (Fig. 31.). The

* hardware was in excellent condition-after the tests. A suo ry of the

"ucooled test series conducted during June and November of 1965 is

shown in Table 3,

C22& Cham-O ber Teets at §2e% Leve

@(1) The objectiv, of the water-cooled thr•ist chamoer test sarisn was to

fdsewntrate the durability of the hardware assembly and obtain sea

level data, Tan firings were conducted at Rocketdyme and the results are

miari~zd in Table 4,

(0) Tmi water-cooled trwust chamber was initially desired to operate at a

chamber pressure of 500 p6i& and deliver a sea level thrust of approximately

10#000 pounds. Eowevert during preliminary water blowdow&s of the

coolant system, it became apparent tUAt the pressure dop required to supply

the desired vater flowrste was higher than theoreticcly estimated and above

the normal capabilities of boti the Rocket~yne and AMC facilities selected
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?igi~e 31. Comparison of Phtocon Rcords for~ Typical Tests with
Injectors lVo. I an~d No. 2.
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int comobict the test program. 2be static star prumzre within-4. the Mawc4s

v=MA also have been higher Itaai desirable with operation at 5W0 &MIS
dumber piresurse The first series of bot-firing teste (Nols. 68# 69. 71. end
01,, 2able 4 ), therefore9 van plarxed to evaluate thrust duamber
integrilq and perforsmac, at a chamber pressur. of 400 p51*.

0c) Soe first three firings were conducted with increasing durationo up t~o
tbree seons Th ga eoa was no uie fo the se tests. Impactio

g ~~of the hardwareZ' afterg the third twat showed a alight discoloration above

one of the 14 cirx forenatial coolant slots of the inner throat and covering
a 45-derse seeotU of the throat, This indicated overheating suggested
partial blockage of a 45-deg'.. section of the circumferential coolant slot
in the thmot region.

(C) tefomrth test In the series (MDOI) wits conduted at a chaubdr pressure of appor-

jIsiately 4W0 pala. for a duration of 5 seconds. Puettest inspection of theI ~Inject-IT &A thrust chmaber revaaled no ha dwars damage but a disolrtion
andjg 32).b *L4itg re. 0.50-inch disaeter area) of the inner throat

(ftg 32 hiaoccuredonay or. the. same 45-degree section of the I~nesr
tmat wherv a discoloration had been noted during tho previous test.feas h o f tis tridemce of overheating and the limitation on increased

taming the sam coejiant flairate, for succeeding tests.Th gas Vnerator
waus used during tznt Rzoi; however,. a very 10? mixtuxe ratio was obtained

anthe gsa Senezator "flamned out** The fifth and 4ixth tests (RX202 and 1W03)
were conducted with increasing duration and the gas generator W"sa ployedJ satisfactorily fo.- these tests. Combustion stability vas excellent for
anl testg.

(W Prior to conducting fulrther tests# water leakige "as noted. Upon disassembly
and'isapection. 1aksee was noted from braze Jointn in the inne and outer
throat oeotioius and In the outer oaaiM,* Prior to further testing, desig
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~4if~ 4at and m bazrdwae umek ac coemplished. 'lesting was X66=0~
In APril 1966, and the final four planned tests were conducted suooerjf ul.3
wiftut iuicidmn. ownse teats wean at a chamber pressure of aPPozImtl~Y

3 p"le ArA with 9econdsyy floVates Of 0. 3,2, and 5.3 percent of primaxy

(U) Because of the small changes in efficiency expected with second&r* flows it
was destrable to operate with and without secondWr flow durlaw a si33le
firing. Mdhs allows a comparison of the change in efficiency with the
addition of secondary flow &uria; a firimg witbout dependence on knouwin
the absolute level of efficiency. 2herefores&UZ tte sea level testing',

tesequiencing ofsecondary flow was varied (Fig, 33 oestablish th ba
method of obtaining data with and without secondary flow for a. single test.
It was determined th~at when secondary flow was initiated after several
seconds of nalu eGaine operation# or was cut off saewra* seconds prior to
the cosipletion of main engine operation# an accurate representation of
performance changes wea achieved. Based on the results achieved in the sea
leve test program the test sequence selected for the altitude testing wans
eight to nine seconds duratioz primary thrast chaaber firirgs eith gas
generator opration initiating aimultansonely with the primary camiber

and terminating 2 seconds before primary cutoff*

Vater Cooled Bardware 'Tests at Altitude

(U) The primary ob~ectivaeof the altitude test program wae to determine
nozzle performance as a fianotlon of pressure ratio (PR)v secondary gas
flovrate, secondary &s; mftture ratio, and secondary gas injection
ueihod (base configuration). A secondary obJeotiv vuse the. detsmriniation
of nozzle base thermal enviroment.,
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(a) Twenty thrut chamber frIAAjs wvrn achieved (Table 5) In four test

periods (distinguished by the second letter In the test maber). The

text Call rmained closed and evacuated to altitude conoditioui. ftlA.aw

a test period berme, Insipection of the hardware and tbroat area seasure-

amts betveen firings were not aoccmplished. The first sixteen tbrust

c oer firing (AAOD through A020) were conducted vith a varying

bient-to-chamber pressure ratio and the final four fir"O (aMai through

we4) ere condcted at a constant pressureratle of approximately 350o

(Q) Figue 34 "Ilustrates typical ergim operation and the transients obtained

for two 8 second m•a•itags duration firings with constant secondary floiwate

(AM3 and 15. 3• 0 percent), oTca.& two 8 secod firing with
constant secondary flowrate were =eed to cover a preeme ratio rage

from approximately 350 to 40, T GO firing was Itiatd amatanaoua

with the priaaz7 but was cut 2 seconds prior to primary thrust ohamber
cutoff..

(0) The high altitudr firing started above desiAgn pressure ratio and cointinrid

through the pressure ratio at vhich the nozzle base wake opens (PaJL.O to

1W with 0 to 5 percentV. respectively). Du '• the loat two soonds,

the GG was turned off to obtain zero s'condary flow data*

.(0) lh o w altitude firing started with the nozzle operating In the opse
wake and contined through a pressure ratio of approxmately 40. The

GG vws tmiwd off 2 seconds before primary engixe cutoff to obtain nozzle

performance with no ecoondary flow. owever. becoAus of the slew deow of

secondarY chber pressure after OG cutoff# valid performance data could

nwt be obtained during the final 2 seconds of may altitude test with

eecondsir f ldw.

i"'I __ _ _ _ _ _ _



ST A I W 5

" ~~AXETUDZ TWT SMQUO

S Yromb-uy tion Chamber W Combuntiol Osber Test C02
eti 2 2

Per.iod Date Firing Durationg V M R P * Illm.~~ 2  ,

psi& 1bw/.eo 0- psia lb~boc () pWAe pial

AL 6/30/66 1 2.9 280 25.3 1.70 - 0 - 0.42 1.8

2 7.5 304 27.3 1.77 - -0•5l 3.4C
3 305 27.4 1.77 0 - 2.65 8.74

AD 8/9/66 4 6 - 0 - - - - -

6- 0 -- .. .

7 0.. . .. . .
8 1.0 . .. . .. 0.59 1.85
9 8.2 300 26.6 1.73 270 0.703 0.086 0.64 5.10

10 295 26.2 1.75 116 0.325 0.109 0.81 5.44

31U 300 26.6 1.76 246 0.624 0.114 2.00 8.77

12 298 26.4 1.71 116 0.32V 0.111 1.98 8.87
AD 8/17/66 13 307 27.1 1.67 147 0.834 0.111 0.46 3.45

14 304 26.8 1.79 249 1.34 0.118 0.48 3.35

15 307 26.8 -. ' 151 0.823 0.114 1.96 8.00

16 305 26,.7 1.71 251 1.33 0.117 2.00 8.2
17 306 26.8 1.73 145 0.828 0.096 1.96 8.51

18 305 26.6 1.73 144 0.817 0.097 0.57 3.75

19 307 26.8 1.75 151 0.792 0.176 0.55 3.36
20 306 96.8 1.74 154 0.794 0.174 1.98 7.83

21 306 26.7 1.72 153 o.o03 0.113 P ,0.68
AD 9/19/66 22 306 26.8 1.66 - - -gae 0.83

23 318 25.8 1.66 - - - 1.00

24 318 26.1 1.74 - " " 0.96

1. Mainstage operation 3. During stabilized TGA anA GG opera
2. During firing duration 4. Shutdown caused by spurious sispial

safety circuit designed to initiatt
TCA cooling water outlet pressure

_____ ff~J!W~t~o 82/82
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an Mambar GG Combuotionn rb ~ T'est Call Nosye
2 2Ca W4Pi. 

VI

0a poa" lbu/sa pda psi& percentI VV am

1.70 - 0 - 0,42 1.85 150 406 0 TOA Cheokout rinz

L77 - 0 - 0.51 3.46 88 422 0

1.77 - 0 - 2.65 8.74 35 93 0

- - - GG Checkout Piring

. . .. 0.59 1.35 200 257 2.60 Premature Shutdown4

1.73 27o 0,703 0.088 0.64 5.10 65 360 2.64
1.75 116 0,325 0.109 0.81 5.44 60 284 1.23

1.76 246 0.624 0.114 2.00 8.77 39 143 2.34
1.71 116 0.320 0.111 1.98 8.37 39 133 1.22
1.67 147 0,834 0.111 0.46 3.45 103 532 3.08
1.79 249 1.34 0.118 0.48 3.39 100 512 5.01
1.68 151 0.823 0.114 1.96 8.00 44 154 3.05
1.71 251 1.,3 0.117 2.00 8.28 42 146 4.96

1.73 145 0.828 0.096 1.96 8.51 Al 147 3.06
1.73 144 0.817 0.097 0.57 3.75 97 ;04 3.0o
1.75 151 0.792 0.176 0.55 3.36 102 526 2.94

1.74 154 0.794 0.174 1.98 7.83 44 i46 2.90
1.72 151 0.803 04.13 P 0.88 • = 347 3.00

avg GO Oidixer Inlet Orife
1.66 - - 0.83 378 - 4X4Plugged at Ignition

11Unstable TCA Combustion1.66 - -- 100 317" Drain Plug Lost atlgniti
1.74 - - - 0.96 340 - GO Drain Plug Off

"3. During stabilized TCA and GG operation
on 4. Shutdown caused bj sput&.ous signal from automatic

safety circuit designed to initiate shutdown on low
AVA coolidg water outlet pressure

$3/82
SI
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(U) Te first frng (AAMo) was a 3-second checkout test with no secondary

flow. Tests MA02 and AA03 wre 7.4-second firingn with no secondary

flow ever pressure ratios from 422 to 88 and 93 to 35, respectively.

After these teasts the engine was disassembled, inspected and reassembled

with now seals and with the outer engine bolts reversed from the

position shown in Fig. 7 , With the hez nuts located on the aft end

of the erwaine, checkiug of the bolt torque aid titten-Ing of the outer

casing and throat were more easily accomplished. Throat area data

from the sea level and altitude firings indicated that the outer throat

was not adequately tightened when the nuts were torqued on the injector

end of the engine. Relatively large (to 3.5 percent) increases in

measured throat area were noted after a single engine firing for tests

with the engi-ne assembled in this manner, whereas relatively small

dec.-ises in throat area were noted for the asembly configuration
used for tests AB0B through AD24. This will be discussed again in the

presentation of test results.

(U) The AB test series was to evaluate nozzle performance with 1 and 2 percent

secondary flow using the low flowrate GO, Tests AB04 throu~h AB07 were

GG checkout firings to establish operating procedures. GO performance

data was not obtained because of plugging of a AP control orifice

in the oxidizer supply system. Fill times required for the oxidizer and

fuel systems were ap-oroxirnately 7.5 and 0@4 seconds, respectively.

Because of the large capacity of the feed system, the GO chamber

pressure did not decay rapidly enough to establish zero secondary flow

nozzle performance in the two second period between GO cutoff and primary

engine cutoff.

ZXI
Th4
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(ii) Te~st ADM8 wans scheduled 8-second firing with 2.6 percent secondary flow
which van pra-raturely shut down by aen erroneous sigmal to a low coolent '
iester pressure cutoff switch. Testis ABD9 and £310 were &-second duration

tests covering the high altitude transient with approximately 2.6 and 1.2

percent secondary flow, respectively. Teato £311 and 1.2 were Lascond
j. •tests covering the low .. tib"de trar.ient with 2.35 ,. A• 1.2 percent secondary

Sflow,

I (u) The AC aeries of tests investigated noizzloy performance with secondary
flowrates of 3 and 5 percent. The high flowrate NO injector and orifice

I ~were installed for thia aeries. Teats AC13 throusgh A016 were 8..second

4 t(ransTestA altitude tests with 3 and 5 percent secondary flow and a
GG mixture ratio of .11, These teats completed the series designed to

evaluate the effect of secondary flowrate (0 to 5 percent) at constant
I mixture ratio ( ta 0.1) on nozzle performatnce.

(u) Tests c.e17 throvie A •3t20 were transient altitude teats to investigate

the effect of GG mixture ratio on performance at a constant secondary

flovrate of 3 percent. Th mixture ratios of 0.096 and 0.175 weri tested.

Ths low mixture ratio obtained was (0.096) somewhat higher than i.ntended
(.08) because of difi~fculties in precisely controlling the small oxidizer 'flow.

( UThe last test in the series* AC21, was conducted at a constant presas

ratio of approximately 350. This test was with 3 percent secondary flow

and a GO mixture ratio of 0.1, identical to AC13 except for the con
altitude condition. Because the oritical closed wake data was obtained
over a vc y short ( 2 0 econdn ) portion of mEinatage operation, this

test at constant altitude was conducted to provide more high altitimle

performance data. As will be shown later, excellent agreement was

obtained between resclts for this test and the comparable tr ent a de
tests. The Ast test series completed the planned proans to evalmate

secondAry flow effects on T performancee
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(U) F~httta constnt altitud teats joubssqimut to the AV, series were planned.

M tests i-•re to owalua-ce the effect if ýaae configur*ation on nozzle

k rfoxm• and to prov• additional high altitude data with various

recandary flowrto8. The first four tesat were to evaluate a perforstod.

baft configuration (Fig. l4b ) v•th secondary flowrates of 1, 2, and

3 percent. The r~iiniug 14 tests were to be corducted with the open.

bamm and the modified (24 hole) flow diffuser (Fig. l4a ) et constant

pressutre ration of 300, 120 and 70 and secondary flowrates of Op 19 2,p

and 3 percente However, operational difficult-, s were encountered during

al three testa in the Ali series and bardware damage wa sustained

precluding further testing,

(U) Test AD22 was a constant altitude test (PR = 378) with approximately

1 peoent secondary flow. Main tnrst chamber operation was satiofact~ryl

bowevorj, the 00 oxidizer inlet orifice plugged at start causing c

vduce4 and unknown oxidizer flowrate(CM flow~rates determimed f~lna system

prnss~ulr drop) "~ poor combustion ( 77C - 30 Percent).

(C) Coutbuen :instability ucatu-nd in the primary combustion chamber

during firing AD23 7ropollant flowrate and mixtu ratio for this

firing were nominal# and ignition was normal; however, approximately

0.5 second• after iginition, TCA combustion became unstable (Fig- 35)
Meaured fundamental frequeacy a=d peak-to-peak amplitfide of combustion

Into.15lity nrescure fluctuations wer" 467 cps and 60 psi (Fig. 35b,)

... . . .
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I (u) A cap on the GO drain fitting blo off during GO ignition in Test AD239
• ". ~thereby venting an =nknoun portion of specodryj. flow upstr-eam of the

mounting plate. Test AD24 wasn cuAur "d without knowledle of these

operational difficultie& and, although stable TCA eobusiton was obtained,

the results are of questionable value.

(U) Inspection of the test hardware after firiLng 24 revealed axtonsive

xielting of th3 combustion chamber baffles, heavy tleposits of malted

copper from the baffles in the nozzle convergent aectiong several

radial crmcks In the injector outer fuel ring and excessive water

leak-ao from a yi.elded braze joint in the outer throat. The damage,
Apparently caused by the severe thermal environment withi. the combusti

chamber associated with the instability# was eufficient to preclude
further tasting (Pis.o 36 sad 37w

).1
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SAnoAal t!isr were conducted to anirw tiie perf eance and dtezmine

the influenceof prtn cain pntepwomneo h

cooled thrust chsambers The major studios were dster~znation of the effect

of hest loss to the model imd cooling water# the effiact of propefluat

inpu?±tiea. and theoretical determinlation of nozk'4e perfoxisance. Using
the results of these studies, a procedure to calculate perfci1%mnc. from
hot-firing 'ata was devloped and prograied for automatic ocaputatica,.I
All. ueavured dsta were avtoraged over a 0*5-eecond interval for input to

the program. A discussion of these studies and the com~putational procvdur

is presented in the following swib-sectione

C) In addition, base beating ilifozuAtion can be detftsined through analysis

of temperature ueaourewents 17 probes located in the buss plate. A
*method of analysis is presented for determining the aii-abatto wall tvwprat--z

and beat tranefer coefficient of the gases adjacent to the ncizzle base plate,

(U) The basic paramtets wihich were used to appralts the perfonmance of the

hot-f~irng model are the characterietic; exhaust velocity efficiency of tie priina7J

combustion cbinber, apocific impulse efficiency of the thrust chamber an&

thrust efficiet-y of the nozzle# In aadition, the base pressure is of
primes Concern slince the base pressuhre acting over the bass area contributes

performance independent of an accurate ksiowledge of ergine thrust and
flow changes and heLoe prorrids a check on thr-9 oeasviwaests. Bass

press=*e and thrust off icimncy are 'the parameters which axe used to

CarrelAt &a-.odynamic spike hot-firing mad cold-flow data.,
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(U) Characteristic velocit (e) efficiency of the prmary flow is define 1W

P*

(U) Specific timpAe efficiency of the aerodynamio spike thrust chaber

deoflu as the total nozzle thrust compared to the " of the tbeoreti•A

thrust& of the primary an" secondary flows when optimall•y expand to

local ambient pesAsurs.

i ÷.

eoptpp + popt,.

Foptos Ot'

(U) Theoretical optisa specifio •mpulses are based on the respective propertio*

of the primary and secondary flews, however, the reference pressuxre ratio

is the primary chamber pressure ratio for both flown.

(U) An alternate definition o! specific impulse efficiency in comon use

and computed for tbda engie is

n+'ltst =._ p F

This 4efinition references the measured thrust to the total theoretical

thrust delivered if both the priay and secondayflw arec onasiered
to hay* a theoretical optimum I a based on tho pri.- a7 flowe propertiee.

SThin in commonly referred to as a topping cycle offloeveye.

-•92
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* (U) Nozzle thrust efficiency, CT, is a measure of ths nozzle expausion Process

including the base region and does not includa combastion chamber effects

or inefficiencies. It is defined in a saiilar manner to specific impulse

& efftienoy with the exception that the reference thrusts are based upon

sactual characteristic velocities.

OT~

ot p 19S YI4LC*3

(U) When a theoretical primary reference only is used, a topping cycle nozzle

thrust efficiency is defined by

OT , top p

with no seconda.-y fl:•.• either definition reduces to

(U) In deterinl nt the above parameters from the test data, all of the poltentwal

fact rre which ma influence -erform-nce were o.nsidrO. The areas

vk t.h vera coneidereO included nozzle stdanat..on pressure,. aerodynamic throat

arer., theoretical performemee, propellant kipartityp heai leoa effects,

and base pressure,. In reducing data, factora whose effect eat be'" ied to

be less than 0.1, percent were neglected.
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(U) Norag StaUmtion Z~eaVnr two chiamber pressur taps (Pc-i Me? P0-) WO
located near the injector, and oe tap (iO-3) is located dovwns-.sam of the

"are located at a oamtracton ratio of approxiimately 10 where otatiaptota

u-0.o998 from ae-dieunional ideal flows and therefore, the preasure
r eading is mr eted by 0.22 percent for static to tota prueutas

(} CobUswtion effects 'n the nozzle stagnation pressure wore conalhdnd

becau±e there is a lose In total preusure for heat addition to a* p

rflowing in a constant area duat. Because a pressure tap (PC-3) is

located 4 inches downstream of the injector just prior to the oontraction

5 zone, the combustion process can be considered to be completed and the

Scotbusti.or0 effect on P0 downstream of this tap is negligible. A drag

I (frrction) samlyadas was ooidu'tad for this moddel, ard the effect of
drag between the Weoeure tap and throat was negligible* Nozzle total
pressure was therefo-e computed from P . 10-3/.9978.

j (U) heodwin=mic Th'mt An&re* To accurately diatinguish between nozzle

effidwne and characteri.tic. ve.ociit efficiency a transonic potential

flow analycii and bvundMry layer nal.ysis of the thrat region was

conducted. loten'f.al flrm and frictional flow discharge coefficients were

detwiinad to be .9954 and .9939, respectively, with a resulting actual

flow discharge coefficient, % equal to 0.9893.

(C) Prc gemoetry, tba gecoetri•o throdt area A is basea upon the average threat

gap (g) as deterti~red by prat•st and posttost mearents.

4r A.~a - 69,5

94.
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()Appl~ying tho discharge coefficients ODth aerodynuamic tarot area, A*ý is

A* -69.53%Dg -6s.79 g

(U) During the sea level test progran the throat gap vas measured in six

locations around the throat circumference. During the altitude test
program, the throat gap was measured in sixteen locations and two sets

of sixteea readings each were taeln. A ball micrometer was used to

obtain the measurpments.

(U) A stress analysis was performed to determine the deformation of the throat

rogon caused by thermal and pressure stress under hot firing conditions.

There was an umcertainty as to the manner and direction of tie throat

deformations. However, the maximum deflection that could reasonably be

expected would give a throat area change of 1 percent. The major

effect on throat deflections was found to oe a cyclic -hermal buckling of

the throat coolant slot walls.

(U) Because of the uncertainty as to the manner a=d exact meaitude of the

throat deflection, an analytical stress corTsction to the throat area

was not used in the data analysis. The determination of the troat

area during a firing was made by considering both the measued pro- and

poattest throat areas and a throat change established by the change in

primary thrust during the firing. This method is discussed in detail

in the results section.

(U) Theortioel Porfornge Theoretical propellant performance wag

calculated for NM/Urn l 4 (•0-50) based upon one-dizensonal expausion

in chemical equilibriua (shifting performance) for mixture ratios of

1.4, 1.6, 1.8 and 2.2 at chamber pressures of 300# 400, ar*1 500 psia.
igure 3S8 is a sample page of the 1K printout (from Rocketlyne's

theoreticil propellant performance program) at a mixture ratio of 1.8 and

chamber presure of 300.p
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(U) A s ry of theoretical primary performance is present iS r . to

42. A agiary or the gas g mrator c~abustion gas properties is a1iwn

in 4Apywsi, 4 , Pigs. 213 to 26. Theoretical performance, as shown Injthe fig.res was uteed in % d'ita reduction program to determine nozzle reference

performauce reported in Ref. 25. Althou& theoretical primary C* were

properly accounted for as a function of mixture ratio, primary theoretical

o was progrAmmd as a function of pressure ratio at a constant mixture
ratio, Unfortunutely this teEds to prejv'•Lce the result'l towards those

tests at high mixture ratio. As an exaple, oe high altitude test

¶with no secondary flow (AAO1) was conducted at a primary mixture ratio of

S1.7 whereas one high altitude test with 3 pý.rcent secondary flow was

conducted at a primary mixture ratio of 1.67. (AC13). At a mixture ratio of

1.67 and n pressure ratio P of 300, I 311.0 whereas at the sme

ME and a mixturn ratio of 1.77, 1 sopt = 312-5. From the expressi.n

cT FIt* s, opt,

and with correct value of

( w) 1.77 = 2 1.0048

:T) MR &W1.67- 311.0

80 ) A difference of 0.1 Vnit in mixture ratio results in a difference of

0.48 percent in both the relative CT ýnd'YI1 for two tests performing

equally but nt this difference in mixture ratio. For the altitude t.iat irogm

(see Table 5) the no seconda: flow tests were *autoatically* higher performing
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•' frma 0.2 to 0.5 percent than the tests with BoWudary fleW as reported aX
4..

Ref. 25 beemim thea wore accompliabd at a ier mixture rati. Sne e
perfi.-fance differences are in the order of magnitude of the gains expected

with aeomndary flow it in necas-ary to include the effect of mixture ratio t

theoretical reference performanoe,

, (U) A coaIter progran using tabulated theoretical performance data and interpolating

mixture ratio, PR* and P effects was written at Rocketdyne and used to obtain

the final performance data presented in this report. The measured quantitien

of thusts, flows, pressures and temperatures obtained from the test sources

were used for input.

(U) &2?pnJt • tr. Because water content in the fuel and oxidizer will

?.LIchange the theoretica petrf e, theoretical propellant performatce was

deterAined for A20/ -50p 1 with various woncentratiene of water. In gedralp

S ( water in 1he propellants increases lOsnd decreases C* with a not decreass

sin I . The hanges in p o and la at a ch atber presse of 400 psia are oprtented

SIn otS. 43r These whanges are valid for a chatmber press cto ran d af 3o0 t a

S500 ptea since the change in te f osmne is only. edightln dependent upon

acham r.ber preo 4

•.t-ohilated in Appendix 1. Xaxdz= values vee WB =-.30 "conol and

m ixue ra- tei The 1 fect of heat lose to the cooling 1ater was determized

Ii a compter p This progr, caoulates on-dimansional theoret102
Snozzle perfcrmwe with heat removal or addition at the injector mad beat romoval

In the wozzle, Beat removal In the nozzle in performed in incramets by a

cmanwt PM spr locesso The prakra maintains the propellant in eheiial

equil.1brim through the expansion with beat removal* The nagnitade and scb&&LUl

o the theoretical beat lose per powd of primary propeliant, Qt,,for input to
the prog•a was determined from a theoretical beat traner analysis of the

actual tAobt chamber. At chamber preosw. of 3O)g 400p and 50 plat and a
mixture ratio of 1,8v qth vao computed to be 193,1, 184.9, and 11#7,9 J•t41bO

102
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(U) the 6moreas of 00 *fficienty caused by heat rtmoval from the eombLmstiau chmber

Ine ebon i• Piz.44 for P of 300 and 400 and M! - 1.8. ?h ratio of the boteal

total beat losp per pound Of propellant, Q, to the theoretical loas" p p•iuad of

propellmrts, qt,, is uned an a normializing paramieter. Beca~use the hotm-firing

teests performed = this nozzle were at various altitudes and "because

(TiUeL. =a ,OVac H. Tloevvaj adiabatio)

I -theoretical vacuum specific impulse for a given heat~vaH.L° "reoval rate and schedule

svacediabatic - heoretical vac== specific impulse with to heat removal

em u&4 be directly applied to vacwm specific impulse, a curve of A tuE.L.

(dedneM as (I avaeK.L. sXvanadiabati)) vs heat removed was speiuted

(wig. ) The a IHL. was directly applied to the site specific impulse to
obtain an ladiabaic specific impulse,

(U) The effects of variatimn. Ai heat loss, chamber pressure and mixture ratio were
determined by perturbating each of these paraneters over a range of 50 to 200 percent

of tbe heat A. b,. chmber pressures from 300 to 500 psia and mixture ratios from

1.4 to 2.2. In PIC.46. andI 47 are shownx the perfoiiuance variation of T)C*,san A1g,.L.
for variations in aixture ratio and chamber pressure.

(U) Total beat transfer to the model includes the heat transfer to the cooliug wuter
plus tle beat absorbed by the injector baffles in the combustion chamber. For, a

given test# the actual heat transfer to the cooling water is determined by wasuring

the bulk temperature rise mad water flowiate. The beat absorbed by injector baffles
is estinated from a beat transfer analysis rather .than test data since the actual

heat alsorption or baffle temperature at a given point is difficult to measure.

(U)Eaxiw= baffle surface temperatures are shown in Fig* 4S to 50 for chamber pressures

3Xf 300 350, and 400 psia and for C* efficiencies of 100 and 90 percent. Also

sehon are total heat absorption for the baffles as a fun,ý_ton of test duration.

These results are based upon the asumption that heating occurs along the surface

Sexposed directly to the ras and to the blunt trailing edge but not to

the surfaco Uedistely adjacAnt to the chamber walls. These

"-,i
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assauptiona are considered to be the moet realiBtic. The rate of absorptiom

is not constant but decreases with increasing duration. Resulta indicate

that the baffle heat absorption rates are approximately one-sixth the coolant

absorption rates.

(a) East loss effects vwee band computed from measured water flovrate and temper-

ature rise data. A typical outlet water temperature profile is shmin In

Fig. 51 . Since there is a lag in water temperature rise the uzin- teper-

ature achieved was used in the heat loas computation. A constant baffle

heating rate of 445 BTU/seo was used. The heating rate.i for all tests were

compared at the same firing duration by comparing water temperature rise curves

and adjusting for the temperature rise over the difference in aainstage duration.

-his c•wrection was approximately 10/sec or less.

(U) ne ratio of the measuredw heat loss per pound of propellantQ, to the theoretical

heat loss# was cfrom2--

C.. ... ~ +445C2O WH20 inner + Jf ' & 20) outer]

£+
193-If 193.1 W

for the altitude tests and from

pi10LE 445j
193.1 Vp 193.1 Vp

"P P

"o•r tU sea level tests.

(u) ?or the initial tests at approximately 400 psia chamber pressure, a reference

constant of 184.9 was used in place of 19.1.

IL
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(U) It should be noted that the heat loss effects are corrected to that of an

adiabatic engine. Thi is slightly conservative when considering the engine

in a regeneratively cooled application. The effect of the heat being removed

and added to the inlet propellants was investigated for this engino operating

at 400 psia chamber pressure using the name computer program. The effect of

the overall heat removal and addition cycle as shown in P9g. 52 was to slightly

improve ene-ne performance over an adiabatic engine.

(U) Ba-c Pres•-ýre. Six pressurc tans are located in the nozzle base cavity and exit lip

'to measure the base pressures as shown in Fig-. 53 . The resulting aveiage

base pressure is determined by taking a weighted average of the six rezdings

by area. E.ach of the two lines of taps is weighted by one-half the base cavity

area, and the lip tap is weighted by the lip area. Based on the geometry of

the base region, 149. 53 presents the areas used to weight the pressure readings.

(U) Change in engine perforoance with secondary flow relative to performance without

secondary flow can be computed from the equations

*+ (.P,Pc ILB

es 's 110 Tu 'a1opts

_ _ I
,,- -- Vo°xk \w3 + \ /P.)'% AB•

p BO'pt'

+A

1 14 a t

P
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* Performwnce Calcultion Procudue

(U) The e:uations used to determine enine performnace are described below. The

equations with an asterisk were used in the Rocketdyne data reduction program.

Other conputed quantities were Iand computed or supplied by theRcxetdyna

Pasearch and A=C RTY test orgaaizations.

(U) Keasured thructs, flovw (except 20), and pressures &re 0.5 second averages

except for two tests (RDC2 and fD03) w hich were 0.5 second Beckman data slices.

1. Pc - PC-3/.9978 (See fig. 23, page 54 for location of P,-3)
2. '/C*J[.L. =f (4, Y. PC) figs.44 and 46

.A .. L"-. f (;, , PC) gs45 and 47
4. =C*112: = f (percent R2 0, Myu) Fig. 43

5. A IsH20 f (percent H20, F1) Fig. 43

6. PB = .12 (PB-I + P5-3 + PB-5) + .179 (P3-2 + PB-4) + .282 P3-4

*7. ~ 4

9" *8. - go Pc CD/ s V 5H go = 32.174 lbf-ft/ 1bM-sec 2

90 C*a = go PC's C~ i•s CD,s = O.E5 (secondary o ifice discharge
coefficient)

'10" Csopts (Pc' R s) (tabulated values programmed)

1. ,,,÷, CS*11- C~th~s f (P08s ?2) (tabulated values programmeet)
*12. Ts~opt,p f (PC MRp, PRp) (tabulated values programed)

'13. 'soopt,8 f (PC, Inks, PRs) (teoulated values prograzmned)

*14. Q*

16. *p = 20, + f.p
17. 4s = fIo,s a *f's

19. YMP "ao ,,

*A'-2F. ?~A + 1sp.~L (FA is sceavred axial thrust)
S22. A*' 68.79 g (g is average measured throat gap, in.)

Z3. As. 1DS 2A(D is averag measured orifice diameter, in.)

117



024. -
2 .9P, I sotp

eL•, fli~pt =F/L•op,pt•+W~~
P. a F/(T . + ÷.

* 3 . v a•a a, t ,/'"'ep y o p

*30 is oP'PA

*31. ("V'S)°S f)(,,/c,,

*32. E• * , ,/A' (As. 371.5 in 2 , nozzle exit area)
*33, PR -O/Ps.

Base -eal Tmrnsfer fatA Reduction

(u) Surface temperatur measurements were recorded on the base plate of the aeroapik.
model to gain information on the local heat transfer coefficients and the

recirculating gas tomperatre. These results will indicate the existance of
certain problem areas, such as base cooling requirements. Also, the calculated

recirculatizg gas temperature may indicate the amount of mixing between the

secondary and primary flow. The method ef analysis and ezperimantal results

are presented in the folloving pe1,.

(U) Z . The experimental method consists of thermoccuples embedded on the

gas-aide and the insulated surface. A circular slot is formed around the

tUeroccuples to isolate and to obtain one-dimensional flow as ahown in Fig. 54

The actual Aeskaemente that are recorded are both surface temperatures

vs time. Based on an analytical model, the local heat transfer co3fficients

and recirculating gas temperatues can bi computed.
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(U) The experienta1 model can be readily analyzed by as•.umin oue-dinsional

heat flow, with one side exposed to the hot gas flov and the other insulated.
g Consider a slab an shown in Tig. 54. To express the temperature distrioution

In the slab in ters of nor-disensional •odule, the distribution ia writtan ass

t -
2t tsinecon 

TA)

Tg -T + Aln conL

where

Fe - Q L2 U
6. tank -. E

(u) Thus, the temperature ratio

T -T

T -T

can be expreseed in terms of dimensionless termt, Fo, B3, and X/L.

(U) Another assumption which is required in the data reductlon is that the pas-sIde

condio•.to emsin constant from e a 0+. This is a basic zquiremenft in the

deri•ation of the ona-dimensIonal heat conduction equation. Sines the heat

flc from natural convection on the back-side of the base plate ie sail fn

comparison to the hbet input, the condition that the surface is 'naulated

is VaLd.

I%

5
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(U) DAta Reduction e3nj Test Results Local heat transfer coefficient and

gas temperature are the two desired quantities. In order to solve explicitly

for the aforement!- ... d values, two degrees of freedoms must exist. By

considering a time slice in the two surface temperatures vs time curves and

substituting the temperatures and time into the basic conduction equation, two

equations are obtained. Solving the equations, simultaneously, the local heat

transfer coefficient and gas temperature can be determined, This is the

theoretical approach to the data reduction. However, the direct application

is almost insurmountable because of the complexity of the one-dimensional

conduction equation. In order to converge the equaticn to an acceptable value,

I many terv:s must be solved. Thus, the temperature ratios were predeteivined

under ex;ected heat transfer conditions and time. Figure 55 and 56 illustrate

the temperature ratios for the gas-side surface and back-side surface, res-

pectively. The material is 347 stainless steel with a wall thickness of

0,5 infhqs.

* (U) The more de-ireble procedure in the data reduction is to obtain the back-aide

and gas-side surface '.emperatures for a given time slice. Employing these

Svalues in conjunction with Fig. 55 and 56 , the local heat transfer zoefficient

Sand gas temperature can be obtained from a trial and error solution. However,

for early time slices, the back-side temperature will be equal to the initial

temperature of the base plate as seen in Fig. 57 . Consequently, the above

approach cannot be employed for initial time slices. However# two different

time slices incorporating two ans-side temperatures can be employed for a

trial-and-error solution.

S(c) As an example, Pig. 57 depicts a typical surface temperature history for i

thermocouple set. Superimposed cr the graph is the secondary flow temperature.

From the datum slice of five seconds to eight seconds, the recirculating fluid

consists of primair flow gases. At the eight-second point, secondary flow was

injected. A solution was tried for two time slices, and the following results

were obtained.

.. 121 jI. I 4
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*sea _______

2 435 50 1.75 z 10-4

3 530 5000 1.75 z 10-4

(C' T"ypical nozzle base plate temperatures obtained in the altitudz t__t program

are shown in Fig. 58 . A summary of nozzle base plate temperatures obtained

during this test program is preoented in Table 6. Maximum pas-side and

upstream-aide plate temperatures measured were 440 and 1800F, respectively.

A general tad of higher pas-side temperatures (TEP-3) during the high test

cell pressure transient rirings (firings AA03, ABII, AB12, AC15, AC16, ACl7

ani A020) was noted. However, this trend was expected, since nozzle base

pressure for these firings was proportional to ambient pressure (open wake

regime) and the gaseous film host transfer coefficients are directly propor-

tional to local pressure to the 0.8 power.

125
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(U) Sins sea level teat firirngs and twenty-one altitude test firings were

conducted with an experimental, 12 percent length aerodynamic spike thrust

chamber. The nozzle had a nominal area r'atio of 25 and utilized #20d/
UDKiW-N2 N4(50-50) propellants for both primary and secondary propellants..

()Sea level test~ing was conducted over a range of pressure ratios, from

22 to 29 (PC u 300 to 400 psia) and a secondary flowrate range from 0 to

5.3 percent of primary flowrate. Altitude testing was conducted over a
pressure ratio range from approximately 40 to 350, a secondary flowrate

range from 0 to 5 percent. and a G.C;. mixture ratio range from 0.10 to l

!i i

(u) Satisfactory operation of the gas generator was not obtained du~ring

firing* ID22, AD23, and AD24; therefore, performance data for thee*

firings are not presented.

(U) Determination of the characteristic velocity of the thrust chamber and
subsequent nozzle thrust efficiency from the teat data required a con-
siderable effort resulting in the development of an aerospika nozzle
throat analysis method which should be useful in future testing efforts

with this type nozzle. Tihis method is described in detail.

(u) Nozzle performance in terms Of CTI Tt and base pressure are presented

as a function of secondary flowrate and gas generator mixture ratio.

129
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Deoteminsition of ?Lozzle ThroQt AMS

(C) Post -rest Throatt Area Method.. Originally it was planned to usC the nozzle
post test measured throat area (Table 7 ) for the determination of n.

and CT. However, it became evident that this measurement alone was

inadequate because (1) the throat area was obviously increasing in a

seemingly repeatable manner during the first 3 or 4 seconds of a test (this

conclusion was also reached during estilng of the nearly identical TVG

engine, Ref. 26 ) and (2) from 3 to 9 thr-st chenber firings were accoo-
i! •plisahd between throat area. measurements in the altitude tent program with

a lkely Uhroat area variation for each te-st. Characteristic velocity
efficiencies (Table ) showed considerable variation among '.he altitude

firings. Nozzle efficiency trends with altitude did not follow the
* theoretical trend (Fig. 59 ) and tests with secoridary flow showed gains

substantially greater than indicated by base pressure measurements (Fig. 60 )o

This method was therefore considered inadequate for determining nozzle
S~performances

(C) Constant ': 5 AsMs tion. Since normally one would expect a close grouping

of characteristic velocity efficiency values fer repeated tests wl.th the

same injector, altitude performance was computed using this method and
, reported in Ref. 25 . Post test throat area measurements were used to

obtain an initial value of average r. over a 2scond interval beginning

4 seconds after ignition (Table 9 ). An average %* was then computed

for each of the three test periods and these averages were in turn

averaged to obtain a test program average -C* . This is an arbitrary

weighting and hence the absolute level of performance is also arbitrary.

A constant A was computed for each test using this n and 2-second
p V

aVerage values of W and P Using this constant A b. second interval
p

average performance was computed over the duration of each test.

CORD~AIFE
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TABLE 7

v ]OZZLE TIIROAT AM MUASUR0 Mo COnI0IDEVIMI

.n .. _j _ -(Pr,-.P. t/Pre) _x Ito _

RD 69 14.546 15.067 + 3.58

RD 71 1.914 15.213 + 2.00

RD 01 15.311 15.505 + 1.27

RD O2 15.450 - -

RD 03 14.970 15.206 + 1.58

RD05 - 14. 198

RD 06 14.198 -

RD 08 - 13.892 -

RD 09 13.892 13.989 + 0.70

AAO1-03 13,850 14.347 + 3,59

IAB08-12 14.071 13.8282 - 1.73

AC13-21 13.816 13.507 - 2.24

1 Outer throat bolts reverted (torque applied at nozzle end) for tests

subsequent to AA test series.

2 This value differs slightly from that reported in Ref. 25.
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Table 8

TCA IA•nRACTERISTIC VELOCITY EFFICIENCY
b (ALTITUDE TEST PROGRAM)

i .... ,.. .. ... . . .. _ _CONP±ID•.,TIiAL

Characteristic Velocity Efficiency 1

Firing Pre-Test Period Post-Test Period Average

Ap,m p,m Ap,m

AA02 0.855 0.887 0.871
4 AA03 0.855 0.888 0.871

! AB09 0.878 0.869 0.87/3
SAB10 0.875 0.867 0.871
SAB11 0.878 0.870 0.874

S(ABI 2 0.878 0.870 0.874SAC13 0.864 0.845 0.854

"AC14 0.867 0.848 0.857

AC15 0.871 0.852 0.861

AC16 0.871 0.851 0.861

AC17 0.872 0.852 0.862$
AC18 0.873 0.854 0.864

AC19 0.875 0.855 0.865
AC20 0.875 0.855 0.865V1AC21 0.880 0.860 0.870

1Average of data for 5 to 7 sec after ignition signal. Values are

uncorrected for heat loss and water content. (Reproduced frno Ref. 25)
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(C) The tine variation of no* (Fig. 61 ) indicates that in; titialaUr

decreass and then inoreass as the firing progresses. Nossle thrust

efficiency trends (Fig. 62 ) indicated substantial deviation from theo-

retical trends with altitude end secondary flowrate. Changing Injector

flow characteristi cs (Fig. 63 ) further indicated that a variation in

rc; was poauible. Based on thcse results sr4 considerations an alternate

method of ettablishing performance war sought.

(U) Nozzle PrimarY T•h•at Method. Since the nozzle throat area can alternately

be deduced from measurements of chamber pressure and the primary thrust

of the nozzle and since small variations In sC; should likely result in

even smaller variations in the primary thrust coefficient 0he use of this

quantity in determ throat area was investiate&

(U) The thrust Fp developed by the primary nozzle (Fig,. 64 ) can be expressed

in terms of tba rosultantmeasured axial thrust FA and other pressure

forces acting over the engine by

Pp ?A + %,, FB +(a,cowl 'Fcw) Ip1'viao Pe C

(1)

* (U) The primary cozzle efficiency flcý.i: a function of the nozzle design and is

I essentially unaffected by mall changes in nozzle throat area. The theo-

retical Ci... is a function of nozzle area ratio and propellant mixture

* I ratio (Fig. 65 ). From Fig. 65 the sensitivity of Cpva. to a e..nd mixtuzre

ratio variations indicates that two percent changes in s and mixture ratio

result In approximately 0.10 and O,2 5 percent changes, respectively, in

CN ee, A potential flow analysis of ths nozzle contour (Pig. 66 and 67 )
Indicates that OF is unaffected by ambient conditions until a pressure

ratio of approxim!Pt6ly 50 Is reached.
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CONFIDENTIAL

(u) The above equation expressed in terms of A* is

(U) The ratio of the throat erea at any tmne relative to some reference throat

area In then

.. =2 2" r T .. _ "Ale

A're ,ce~ vac

W0.) with tha assumption that% ref

"VaIC

f ~~ -vac.refd

p,/ reff~

whereC, =f(MR.)
svac

(C) This e.uression does not establisa an absolute throat area 'but it does

establish the throat area change during a firing and the relative throat

Sareas amorg tests operatL g above the press-re ratio at which nozzle

recompression starts. In the recompression region, )ICP Or /C )is
a strong function of P /iP (Pig. A7 ) and hence no attempt as to determine

relative t•hroat areas for the altitude tests operating in this region.

"Fortunately the altLitude tests over the low pressure ratio range achievej

a stabilized (constant) throat area before -ecompression occurred. The
above expression was not used to compare the sea* level throet areas smoi•g

the &.fferent tests because f small differences in P and hence

However, it was felt adequate to determine the change in throat area with

time during 4 given test, since P/Pa and CF are eseentially constant,

The steps in the calculation of throat aý.ea variation with time for each

test and the relative stabilized throat areas among the altitude tests were

4 as follovas

L(U) 1. A reference point in the firing (3 to 5 seconds after ignition) was
:3lected. For the altitude firings, a point was selected which avoidedSthe recompression region > 50).

CONFIDENTIAL
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(C) 2. The primary thrust yeas computed at 0.5 second Iner'vals from 0.5

second fiveraged meamuwed test data by
3p -T + P. . -

.B4A

P N, the term (r -

(O) outer nozzle lip preassres P1-i, W-2, and h-3 (Fig. 2 , p. P ) were
carefully exam'ed for each test. Results presented in "f. 25 which indite

some aspiration of the cuter nozzle are not representAtive.. of the actual

coadition and were caused by a lag in response of pressures P1-2 and N-3.

All conatant attitude runs (AC21 and AJD series) in this test progrm and

the TVC test program indicate Pi-1, EN-2, and PH-.-. P.

(C) When compuztii~g F values it was noted that distinct decreases in rp Of
22 and 3'1 podnds occurred during G.G. cutoff for the AC series with

3 and 5 percent secondary flow, respectively. This was a definite indication
* that the base thrust contribution determined from the average base presmwes

" was too low. Primary thrusts ccmcated for the AO test series by equation 1

were therefore reduced by 24 and 31 pounds for (22 pounds for test AC19

sl and 20s IM s = 0.18) and 5 percent secondary flow, respectively. No such

Seffect was noted fac the AB series of tests with 1.2 and 2.5 percent secondary

flow.

(c) Increasing base pbessure gradients vith increasing secondary flowrste

(Pig. 68 ) may have caused the base pressure averaging technique to be

less accurate. During the last two seconds of the tests with secondary

flow, the secondary flowrate decreased to less than 0.5 percent. Bence

relativeJy uniform base pressures were achieved and a more accurate base I
thrust could be computed. ................---- 4

()Values of ýi/c tabulated for the AC test series in Appendix 1 were determined
from the meau-ed average base pressiure and should be increased by .00048,

" OOD44 for AC19 and 20) an .00062 fcr 3 and 5 percent s•condary flovs to

give a more accurate representotion of the efflsotive base pressure ratio.
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~ j - u) ~.The primay~ thrust was normalized to 300 paia. (400 psi& for toots
RD69, 71, and 01.)

(C) 4. An initial area ratio vas selected for each test from available

-wasaremeteo ?or the sea level toots* the potteDt measurements

yore used except for ED69 () and 6 'average it
, , ], D69 Cp .W nT

pretest RD06 and posttest RWS) . For the altitude tests pre- and

Spro•ttest values were -aced for the first and last tests in the AD and AC

series with a linear throat area variatioi anseod for intermedate

j • tests (Fig. 69). The test period initial area is adjusted slightly

lover than meas•wed because a factor was applied which assumed that

the decrease in throat area vwa caused ty a nmifoia buildup of deposits
on the throat. For the AL series te postt•.st throat area was used
fcr AA03 and throat areas for AAD2, and AA01 were extrapolated "sing

an average of the slopes of the AB and AC series. The changes in

nozzle throat area indicated in Table 7 , page 131 suggested that

the mothod•o mounting the outer throat in the sea level test series
F and in the AL test series was not adequately securing the nozzle assembly.

During several disassembiies of the engine it was note- that conaiderable

effort was required to remove the outer throat bolts. This fact and the

indicated significant area increases suggested that applyizg torque

to the nuts on the injector end of the engihe was not securing the

outer throat. Therefore, posttcst throat area measurements wert

considered more reliabLt for the ED and AA test series. It should
be noted that the variation of throat areas in lig. 69 about the mean

value results in a change of only 0.33 aercent in theoretic•al •
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(U) 5. Cp was determined as funotion of area ratio (oorst. for a gie

test and 0.5-second average mixture ratio.

(C) 6. P*/A* f1va comjT4ted vs. time for each tests 2saults (PLO-. 70 # 71
and 7•")Oindicated that the throat area increased approximatel 1.5 to

2.2 percent and reached a constant value within from 3 to 6 seconds after

ignition, for the initial teats in a series. As the number of conecutive

firings increased the magnitude of the throat change decreased. Sim

test AC21 showed vey7 little change, and since it was the only valid

teat performed at constant altitude, the same technique of analysis Vag

applied to several subsequent tests with a nearly identical TVC enmis.d

The TVC engine te.sts were all conducted at a ornotant altitude. FtguZi 72

shows that tests BA01 and BC12 (each the first test of a see) exhibited

similar behavior. i.e., th• throat area Uncreased from 1.5 to 2.0 percent

during the iirst 3 to A seconds of operation. 'e throat area chang on

Signition vat noticeably reduced by the eighth firing in the series (Bc18),

It would appear that some for= of slow recovery fzum thermal ccling in

the engine m be occurring.

(C) ~Me scatter in the data between siz and seven seconds after ignition

is saused by unstable conditions associated with cutoff and rapid
chamber pressure decay of the gas generator.

(C) The unusual trend exhibited for tests AD02 and M)03 Wa have been

caused by water leakcge into the engine,
1(0) 7. For the altitude test series, the stabilized reference throat areas

were then compared to the stabilized throat area for test AM>3 by the

relatimcrisp

ID. 'e /cref C 'Paaref .

"p~oref~~ A01 cV/l reft A013 CVaC, --Of

to esta•UL-• the relative stabil zed throat areas for the altitude

test program*
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71 c?. :,T.A

S(C) 8. A eolute va w.s of throat az':q for the altitude test proGr s were

deteru1Aend ba, selecting the lawtest tbroat area neasauriuut prior

to the AIC tea%' series for test AC13 and follovi•ng the area chat

curve indicateed 4z Pig* 70 , The absolute valves of all the throatf
: arean at any time coald then be determined by aing the OPef/OApprefs AC13

eqvation to oetablieh the hot stabilized throat area for each test Wam

the AS/A* equatiwn to establish the tim variatin of A* during a

teat. The overall procees vas repeated for the majority of the tests

using the nov A* to account for differences between the initially
P

assumed ( *) value and the 5 calculated on the fist iteration.

Figures 70, 71 # aund 72 are the area change curves from the

second iteration. The final throat area values (A*,) ame tabulated

in Appendix 1 as a function of time for each test. Sea level throat

areas voee computed uning poattest throat area neasurements (ex0c;e

f~r BD9 and RX6) and the throat area change curves show in Fig. 69.

go;Npoettest area vas available for D05 and an average of preD6

and post MW values was 'used. The same 0* efficiency was used for
test RD69 that was obtained with Z7f.

(C) Typical characteristic velocity efficiencies obtained using this

method are shoun in Figs. 73 and 74 for typical sea level and. altitude
totest. he values of Y indicate a gradcal upward trend. Some
of the curves (A&02 and RWR) appear'to have the same initial shape

as the trlpat area change curves. However, test A0C•3, hich has

the steepest area change, has the same gradual upward drift of

test A021 which has essentially no throat area change. The fact

that 11* is actually varying in the manner indicated is substantiated

by identical trends in the vacuum specific imipulse of the primary

nozzle (In - PV+p) as thown in Figs. 75 and 76.

/p
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01 It in not wertain what tases th upwari drift in efftcievcy. One

Sepossible reason is that there Is a heat siuk effect occuring within

the chamber. A rough estimate of the difference In beating rate for

the ngie idth cold vails and hot valls ( o 8000?) indicatad that

approalmsteay tbre seconda of specific Impulse would be gained during

th, transition. aeforence to the theoretical baftle heating rate

ciwVys (Ft. 48g page 109 ) indicate that relatively constant

beating rate occurs ufter approximately one a~cond of operation. The

water-cooled valls should achievd a stabilized surface temperatur

within eve= less time* However# in initial sea level tests at 400 psia

chamber pressure, melting on a portion of the nozzle surface oecurd

only after five seconds of operation.

!(;) Another possible reason for the increase in efficiency is indicated

by the injector flow pattern relative to the baffle surface (Fig. 77)0

Coo quarter of the uwifice pattern in aagenut to the laffle our:"*.

An appreciable portion of flow appears to iaping on the batfle walls.

An the baffles heat up# vaporization and more efficient coembution

mW be WmoteW.

(a) Nozzle thrnst efficiency resulta obtained with the primary thrust method are

illustrated for zero secondary flow in Fig. 73o.The altitude tests

showed the proper trend with R-essure ratio and a very close rouping

m the tares tests, The risults achieved with secondary .flew

and presented in the next section shoved equally consistent agiemet

with theoretical trends and an exceptionally close grouping of comparable

or overlapping tests (high and lev pressure ratio) with the same

Ptcondary flowrato. The =perizental efficiency data obtained with

a v;aled cold-flow modal (See Voluae I' of this report) are also shown.

Cxospt for theoretc-a friction and kinetic differecee, the efficiencies

vou:.d be vi-tually the same.
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T (e) theoretical performanoe estimate for the hot-firing model is

comprised of a constant 1 ~ 1.25) transonic fl~ow analyuis of
the throat region, a variable r (correspovidin to shifting equilibrium

properties during expansion) potential flow analysis of the nozzle#
an analysis of theoretical reaction kinetics (using Bray criteria)# a

viscous flow analysis (drag) and measured base pressures. An Zrea ratio

of 26.1 was ised for the theoretical coemutations because this corresponded

closely to the actual area ratio during the firings with-no -econdary

flows
.(C) The taeorotical efficiency curve shows a peak efficiency of .9565 at a

design pressure ratio of 300 compared to an experimental maxixm efficiency

of 96*0. The experimene data agrees within 1 percent of th3 theoretical'

Sperformance from a pressure ratio of 450 to a pressure ratio of 50 where

nozzle compression begins. The experimental hot-firing efficiency is

approximately 3 percent higher tbnn tke theoretical estimates in the

pressure ratio range from 35 to 45. The fact that the cold-flow

efficiency trend is the same as the hot-firing data suggests that the

theoretical trend in t:.e recomprossion region is in error.

S( T) he results achieved using this method were definitely more logical in

indicating performan, • trends titan any other method attemptet and were

adopted for the final interpretation of data presented here. The

absol:tte level of thrust Gfficiency, however, probably has an uncertainty

on the order of _ I percent., If the poettest throat area for AA03 were

selected as the reference, the altitude results would be based on 0.9 "erceat
higher throat "reas. If either the pro-or poettest A for the AB series

were selected as the referenme, the throat areac would be one percent

sma.1ler than the Vreas actually used. The absolute 14rformance lve2.

pre entod is a mean value and is probably reiresontative of the actuali . ,-e •Ornwice level.
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(U) Tabulated values of tIhrut chamber and nozzle performance in tn-aa

p, a a ltop topare preaented vs time

in Appendix 1 along with other pertinent data defining engine performance.

(c) For this discuuaion nozzle performance is described by nozzle thrust

effici6ncy, CT and CT . Specific impulse effIciency data is uot a

good indicator of nozz2 9 performance for this engine because of variations

in C* efficiency among the tects and during a test. This le illustrated

by Fig. 79 which shows the effect of time (pressure ratio decrease3

with increasing time) on 11 for two long duration (7.4 seconds)
altitude tests with no cecon&ry flow* It can be seen that for the
high pressure ratio test, at 1/3 of design pressure ratio is

eq.-al to * T at design pressure ratio. The same trend is shown

for test AAD•3 Except for the first data point, which is in a peak

periornance region of pressuws .-atio, the curve is increasing

steadily in a pressure ratio region where it ashould be decreasing.

At approxirately 14 pertent cf derig, pressure ratio ), has docreased

only 1/2 perceaut. Therefore Tj I is not a Good indicatgr of nozzle

performance foý thie particular serospike engine because its combustion

Sperfcrance is improving with time.

(a) Sea level data is aýLso shon in Fig. 79 • There is a difference of

3.8 percent in Ia efficiency between the data. There is, however, a

differe•ce of approximately 2.5 percent in 7 * between the three

sea level tests 0")69, 71, 01 and the test AA03. Nowever,the average

slope of the thrusz afficiency curve shown previously (Fig. 78 ) could

readily be. extrapolated quite close to the altitude 4at-A. Actual

differences in 7O* between tests. therefore, can lead to erroneous

conclusione about Rozzle performance. It can be seen by comparing

162
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Pig 78an 7 that the U3 of does not give an accurate,
representation of nozzle thrust Offici*4 trendu for this engine.

S (C) �T effect of approximately 1.2 percent secondary flow m aeospik.

performance is shown in Pigs. 80 and 81 * An improvement in CT on

the order cf 0.3 to 0.5 percent, is indicated at design pressure ratio

with this flowrate. A maximum performence increase of approximately

1.5 percent is achievea at preesure ratios from approximately 90 to 130.

"P"x= the pressuie ratio where nozzle recompression begin. ( ,- 50),

to a pressure ratio of 22, the performance with 1.2 percenb secondary

flow in equal to the performance without secoadary flow. With performuace

referenced to primary prop~erties only (CT F ig* 81 ),performancewith 1.2 percent second3.•7 fl Y is equal tu zero secor~ary flow perfvrman"e

at design pressure retio, and a naxiz= of 1 percent greater than 0

secondary flow performance at a pressure ratio of approximately 110. Prom

a pressure ratio of 50 down to 22, CTtop, with 1.2 percent secondary fiew,

is approximately 0.3 percent lower than with zero sec(.ndarr flow. For

the sea level tests, a line joins the efficiencies obtained with and without

secondary flow for the same firing.

(C) Figures 82 tV7ough 85 show the comparison of nozzle CT and CT.top

values for 2 to 3 percent secondary flow with those for zero secondary

flow. CT gains-with secondary flow on the order of .2 to .3 percent

are indicated at desiga pressure ratio. Vith 2 to 3 percent secondary

flow, a evi-- perfmance improvement of about 1.2 per-.ent is achieved

at a pressure ratio of approximately 110. Again, the CT curves with and

without secondary flow converge at a pressure ratio of 50. At a pressure

ratio of 22, a lose .n C. of 0.4 percent results with the use cl' 2 to

3 per cant stoondary flow.
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(C) When performance i, compered using the toppizg cycle definition of

eficiency, CT,tor im a proxi~ately 0.5 percent lower with

3.0 percent secondary flow at design pressure ratio.

(c) Prom a pressure ratio of 150 to 50,CT, top is higher with secondary

flow by a mnaiaiu of approximately 0.5 percent. At a pressure ratio

of 22,CT with 3 percent secondary flow is 0.8 percent lower them

with no secondary flow.

(C) With 5.0 percent s-oandary :fivv,CT at design pressure ratio was ltrder(rig. 86)
than the zero secouzL y flow CT by approximately 0.6 percent. Thrust

efficiency with 5.0 percent flow was slightly higer than rith zero
secondary flow from a pressure ratio of 150 down to approximately 50.

At a pressure r-tio of approximately 23, CT was about 0.6 pezz ent lower than

5 percent secondary flow.

(C) Ct with 5 percent seco,,ary flow was approximately 1.8 lower than
'top

this no secondary flowC at design pressure ratio, and genera1!y

lower over the entire pressure ratio range (Pig. 97).

(C) Figures 88 and 89 show t.e results of the tests to deteraine the

effect of mixture ratio on nozzle efficiency. .Ill the tests were

with approximately 3 perieeft secondary flow. AC13 and AC15 wore high

and low pressure ratio range firings, respectively, at a GG nixtu.re
ratio of .11. Test A018 tnd AC17 were at a slightly lower mixture

ratio of 0.10 and tests Ag19 and AC2O were at a significantly higher "

mixture ratio of 0.18. Test AC21 was a constant altitude test at .

a mixture ratio of 0.11, (similar to AC13 and 715). TablelO lists

typical secondary flow C* valuis for the test progpa$. The effect of

- ~171.I
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TABLE 10

SECOND.RY FWLW PARAETERS COdZDLTTI.IL

tPemr•ent 
MRs "____

R.ID02 1.10 .260 3768 -

RD1)03 1.96 .092 3632 83.7

RM1l8 3.23 .165 3885 88.5

RD09 5.30 .163 3979 90.0

ABO8 2.59 .085 3139 72.4

A809 2.64 .089 3138 72.5

ABIO 1.21 .110 2996 69.5

ABU1 2.33 .114 3233 74.1

IB12 1.22 .111 2913 67.6

AC13 3.07 .111 3661 84.6

ACU1 5.03 .118 86.4.

AC15 3.05 .115 3801 87.7

AC16 5.02 .117 3801 87.0

AC17 3.07 .096 3651 84.8

AC18 3.06 .097 3645 84.6

1019 2.94 .177 3944 89.8

AC20 2.96 .175 4O00 91.1

AC21 .':.- 0 .114 3929 9)0.7
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enwv' level is not apparent by oxaminin Pig.88 alone. CT for the

high GG energy level firings (AG19 and w20) appears generally lover

than the other tests. When comparing C top values, howeverr tects

A019 and AC20 appear to have shifted upward approximately 0.3 percent

relative to the other tests. This shift is a consequence of the defining

equations (page 93 ) and the lower reference eergy level of the low mixture

ratio ( 0 .10) secondary flow. The topping cycle definition indicate&

no significant differenceti in efficiency with energy level.

() Figure 90 shows the nozzle base pressures with secondary flowrates

from 0 to 5 percent. Alno shown are the base pressures obtained with

the scaled cold-flow model (cP ) described in Volume I of this report.
74)

With no secondary flow and in the closed wake regýon F 'P is constant

at a value of .0066. Transition te the open ;tae region influenced

Sby P ) occurs at a pressure ratio of approximately 140. From a pressure

ratio of 140 to 100, PB is slightly below ambient pressure. At lower

pressure ratios PB is higher than ambient pressure. The cold-flow

data base pressures appear to be almost identical to the hot-firing values,

(C) Base pressure increases continuously with increasing secondary flawrate.

It can also be seen that base pressure is influenced by ambient pressure

at higher pressure ratios than with no secondary flow.

(C) Figure 91 shows the bsae pressures obtained with 3 percent secondary

flow and different QG miixtu ratios. It is difficult to distinguish

any effect of GG mixture ratio on the base pressures.
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coKcILMI0IS AMD RECO MU~ ME S

(C) Ma�or conlusioas from the test rSeute we
L, The method of detendlnin relative nozzle throat are"

developed in this study is an analytical approach which

should prove seful in the interpretation of future data

with this type nozzle,

2. A relatively high level of nozzle efficiency was achieved

S(. 96.o) at design pressure ratio with a 12 percent length

aerodynaic spike nozzle with zero secondary flow. ozzle

efficienc decreased by only 2,,2 percent over the pressure

ratio range (,30 to - 35) inveestgated at AEM. Sea

level tests with r -o secondary flow at pressure ratios

from 22 (-• 8 percent of design PR) to 29 (10.8 percent

of design PR) indicates nozzle efficiency decreased

in this region to a value of about 89.5 percent.

3• Secondary flowrates from zero to 3 percent gave nozzle

performance (q.) increases of approrxiatelr 0.5 percent at

design pressure ratio. The maxima gains in Cr (I to 1.5 percent)

with zero to 3 percent secondary flow were achiered over

a pressure ratio range from 150 to 50.
4. At very low p"essure ratios (- 22) small lesses in CI(O12. te

.3 percent) resulted with the introduction secondary flev.
5. Nozzle C, gains at all preso re ratios were approximately

the same with secondary florwrates of 1 to 3 percent.
6. Nozzle C! was noticeably lower with 5 percent sacondary

flow than with the otherflemates testedo
7, Vben the nozzle efficiency is referenced to prima properties

a decrease in C,,to9 of from 0 to 0.5 percent results at

design pressure ratio with the introduction of from 1 to
3 percent secondary. It should be noted that tits small
decrease in C p still reresents an efficient utilization of

low energy turbine exhauat gases.
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No significant difference in thrust efficiency was noted

for different energ level secondary flors.

9. Nozzle thrust efficiency and base pressure corresponded

quite closely for the cold-flow (074) model and the hot-firing

thrust chamber. This au&gests the use of inexpensive cold-flow

tests with CP4 will provide near quantitatively applicable

design information for hot-firing engines.

Yajor recommendations resulting from this test proram exo

1. For future testing effcrta, special effort should be made

to determine the base thrust contribution from base pressure

measurements. These meaurements can provide an accurate

determination of nozzle efficiency trends and nerve as a

valuable and independent check on efficiency trends determined

" I from measurements of engine thrust, flows, chamber pressure
S. . and throat areas

2. Base configuration and the method of introduction of secondazy

flow appreciably affects performance. Hot-firing tests

should be conduoced to provide performance data, heat transfer

rates, and other design technology with various base configurationse

R. Recent analytical studies indicate that aerospike contours

other than a truncated ideal may provide a significant im-rovement

in low pressure ratio performence. Contcurs an• be designed

d •specifically for the low pressure ratio region and still give

altitude performance close to that of an ideal spike. Analytical

contour design and cold-flow testing of several different

contour designs should be ccnduct,,4 to verify initial anslytical

wvork.
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SE"TION IV

Emma rPw, Epno' oN Aw•.OSPIr p•KR•7O lhc

IIrIRODUCMION

(C) Bmause of interactton which occurs between external and rozzle flows.,

vehicle base flow characteristics encountered in rissile flight differ

* fros those prevalent in quiescent air noztle performance tmestietionm.

These base flow characteristics are of little conaequenoe with conwen-

* • tional noz-lei since the expansion process i.s internal in this case; that

is, the exhaust ,'ues within the nozzle are shielded from the external

flov by the physical expansion .,urface provided 'by the nozzle. &wezwm,

with an aerospike nozzle, the external expansion boundary is formed by a

gas-gas interface, and is influenced by flow interference effects. Since

the posit-on of ths outer boundary in the flow affects aerospike nozzle

Sperformance at low pressure ratios vhere the base pressure follows Cha04es

in ambient pressure ("open wake*), the presence of an external flow can

affect aerospike performance under certain conditions. Previous cold-

- flow testing conducted under contract KAS 8-2654 (Ret. 21 ) establisaed
that the effect of external flow Is mall and Is confinzd to a naftov

range of in-fligbt oper•-tizg conditions. Experimental study of thene

effects was contiUned under contract QF04(611)-SN8. The priuA objectiv&

of this program was to confirm and extend# through hot-flow testing, the

results obtained in the cold-flow slipstream study. A secondery objective

was to evaluatU the effect of base blood flovrate on nozzle still air pezr-

formance. Results of this inestegation are dicuseed in the following

sections.

S(r) A hot-flow test program was conducted to determin the influence of
external flow on in-flight aerospike nozzle perfomance. A hot.-fi

aerospike engre using bhydrogen peroxide propellants ws'i enmlond by an

i. ~ CPU ,[XTAL
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aerodynamic fairing constructed in tl shape of a missile body to ualculzts

an actual flight configuration. ?th engine generated 400 pounds of all I.

tude thrust at a chamber pressure of 200 peia. Ai aerospike nozzle

with an area ratio of 25 &id a length equal to 20 percent of an equivalent

15 degree conical nozzle was utilized to control the expansion of eniner

exhaust gases. The secondary flowrate was 0.8 percent of the primary

flowrate for all tests with external flow. Testing was conducted in the

16-foot transonic and supersonic propulsion wind tunnals at Arnold £ngi-

neering Development Center (ASDc). Installation of the model in the

transonic wind tunnel is shown in Fig. 92.

(C) Forty tests were conducted to obtain still air and slipstreem performance

trends in the transonic and supersonic wind tunnels. In addition, five

teats were ccnducted in the transonic facility to demonstrate engine

performar•ce tr~nds with secondrir flowrate. Results of these tests

confirmed that high quieccent air perforrance (approximately 98 percent
of ideal at des;.gn pressure ratio) can be obtained throughout a

representative range of pressure ratios with a properly designed aercapike

nozzle. The addition of -econdary flow proved beneficial at all precoure

ratios. :t was found that the corroct experimental performance level

and trend with pressure ratio cculd be estimated above pressure ratios
at "l'.ich nozzle recompression occurs using previously developed sei-

empirical base pressure relationships (Ref. 2 ) irt conjunction with a

potxrtial primary flow analysis and viscous drag computatl'ns.a

(c) Nozzle performance was found to be unaffected by external flow in the

"closed wake" pressure ratio region (pressure ratios at which nozzle base

pressure is constant In still air). At low preasur& ratios ("open

wake") performance of the model tested decreased at a rate which was

depene'nt on freo stream Mach number and chamber pressure ratio. When

strong flow interaction effedts occurred, they were found to result in

r184
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relatively high nozule base pressure, which was also shown by previous

cold-flow data (Ref. 21 ). When flow interaction did not influence nozzle

bum presatue, both hot- and cold-flow nozzle performance data correlated

with the *effective" chamber preesure ratio, P /P . On the basis of

this result, it was concluded thats (1) missile bane pressura approaching

ambient pressure will result in nozsle efficiency in slipatream nearly

identical to that obtained in still air, and (2) strong elipatreaa-primary

flow interaction results in relatively high in-flight nozzle performance.

(C) In-flight perforzance estimates generated under severe assumptions
idemonstrated that the time-integrated external flow effects over a typical

tission result in a change in average specific impulse (Y) of leas than

0.2 .ercent. Boat-tailing, mass addition to the missile wake flow, and

"reduction in missile base area are shown to be effective methods of

reducing these effects still further.

SLIPSTREWAm TEST PROGRAM

Preliminary Analynis Rnd Design Studies

(c) The slipstream investigattion was designed to confirm and extend, through

hot-flow testing, the results of previous analytical and cold-flow,

studies into the effects of an external flow on aeros.ike performance.

The engino selected as the test model was a modified version of a

hydrogen reroxide monopropellant engine previously used to verify cold-

flo. aerospike oprformance trends with secondary flowrate (Ref. 15).

This nelection was b•ped on the demonstrazee high performance of the

e•pine, the evrellent decomposition chlracteristics of the H202 protellant

usinr the selected catalyst tack de.tun, Rnd repeatability of test results.
The use of %02 monopropellent allowed a very accurate measurement of combustion

efficiency, resulting in conr'istent and reliable determination of nozzle

efficiency, CT. C* efficiency (ap-iroximately 97.5 percent) was determined

directly from the measured combustion temperature ( 135•oP). Testing was

conducted in the Propulsion Wind Tunnel at A=C beca'.Ae of the

capability of this facility to simulate a wide rangwi of potential

co gI"MFlED
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operating conditions. Pertinent nozzle flowfield and sission operating

characteristics leading to the selection of the model design and simulated

test conditions and the expected nozzle performance and base pressure

trends are discussed in the following paragraphs.

•(C) The external flow studies described in Rf. 21 provided invaluable

insight into the flow process encountered when an aerospike nozzle

operates in the presence of an external flow, and established many guide-

lines for the test program discussed herein. In the cold-flow testing

it was established that, for the conditions investigated, the presence

of an external flow influences aerospike performance only in the

open wake region. In still air, the open wake region

occurs below pressure ratios at which the nozzle base pressure Nust beins

to feel the influence of ambient pressure as the chamber pressure ratio

decreases. The external flow influence at these pressure ratios was

found to alter the compression waves, or envelope shock, in the primary

flow field which induces a change in engine thrust. This phenomena was j
explained on the basis of the still air Wzzle flow field (illustrated

schematically in Fig. 93 ) as Zollows.

(C) Initially, the primary flow undergoes a controlled expansion from the

nozzle throat to the shroud exit. Beyond this point the flou ixpands

freely about the point at the shroud exit to the local ambient pressure,

Psv. The left running expansion waves in the vicinity of the shroud

exit are reflected from the outer free jet boandary as -iompression waves,

which, in some cases, coalesce to fcrm an envelopc shock. The altitude

compensating characteristics of the aerospike under stil!l ±7 .unditions

are directly related to the position of these compression waves in the

flow.

I.
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(C) At very low pressure ratios (large Poo) t-he poeition of the outer free

Jet boundary is such that these compression wuves reflect onto the nozsls

contour and internal free jet boundary as shown in ?i-. 94a . Both the

pressures along the affected portion of the contour surface and the nozzle
base presmu-ra, P1, are subjected to a relatively high recompression pres-

sure (approximately equal to the local ambient pressure) which results

in high nozzle performance at off-design conditions. As the ambient

pressure is decreased the outer free Jet boi'idary moves outward so that

3. the compression waves aove down the nozzle contour. Owce the ambient

pressure reaches a certain low value these recompression waves can no

longer intersect the contour surface and the thrust developed along this

surface remainj unchanged with further decreases in ambient pressure.

The nozzle base pressure, however, remains under the influence of the

local ambient pressure (Fig.94b ) until the position of the outer free

9. jet boundary is such that the recompression waver no longer intersect

the internal free jet boundary (Fig. 94c ). Decreases in the ambient
pressure below this value, which corr'esponds to a pressure ratio that
is usually twenty to x'ifty percent of the nozzle design pressure ratio
depending on the nozzle configurationp have no further effect an the

nozzle base pressure.

(C) These trends with the local ambLent pressure are changed slightly in the
presence of an external flow. In this case there are two interrelated

phenomena which influence the primary flow field. First, the local
ambient pressure to the nozzle, PB,' changes relative to the slipstream

otatic pressure, and in turn changes the initial stru-ture of thet

primar7 flow free jet boundary. Because this missile base pressure, PA.,

is normally lower than ambient (the magnitude of base presmu-e deetreave

depends oin afteiioody geometry and external and primary nozzle flow

conditions), the position of the outer free jet boundary is ioved further
away frog the mossle centerline than in still air. Thus, the compression

* 1W9
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waves omaninatLng from the initial portion of the outer jet boundar7

strike the inner jet boundary farther downstream than for still air

operation as shown rn ng. 95 , This effect it an reduced recom-

pression effects in slipstream with attendant lower nozzle base pressure

than obtained in still air*

Cc) Secondly, the atructuure of the free jet boundary of the primary exhaust

stream 1s further altered dovnstream of the impingement point between the

external and noszle flows (point A in rig. 95 )* Because of the flow

interaction at this point, the compression waves reflecting from the free

Jet boundary downstream of this point, ard the free Jet, boundary its.lf,

are turned inward, as shown in Fig. 98 . Under these conditiques the

comprueaosw wave may intersect the Inner free jet boundary farther up-

stream and wiath a higher' presure than in still air. This causes the

Snozle base pressure to be sensitive to changes in the ambient pressure

for lower values of PM than the corresponding still air case.

(C) The net result of these two effects can be either an increase or decrease

in baso pressure from that obtained in stil air operation, depending

upon the relative strengths of the two compensating processes. The

first effect described above is referred to as the influence of missile

ba3e pressure in all subsequent discussion. To facilitate this distussion

the second effect is referred to. as shock flow interaction, or simply

interacticn, in succeeding sections. However# it xust ao remembered that

"in reality both influences are interrelated, and are the result of inter-

action between exterhal and v-azle A'.ov.

-(C) In the cold-flow test progrdam it was found that missile base pressure

was nearly equal to the free stream static pressure for subsonic external

flow. Under these conditions, the position of the outer free Jet boundar7

191
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in nearly the "ea as in still air at the corresponding pressuro ratio

(Pc/r), as shown in Yig. 9a ). ene, ths iflu*•sce of low missile
base pressure was nearly neg1±itble, and the shock flow interaction I
infir.nce was predominate. As shown by the cold-flow data preented in

Fig. go , the rnszle bmse prer-sures in this case are increased over

those obtained in still air over a short interval in pressure ratio

because of the influence of the relatively high interaction pressure

acting along the affected recompression waves. This increase in base

pressure results in a noszle thrust increase as Indicated in Fig. 98b

( Conversely, relatively low missile base pressures were encounterid in I

the cold-flow evaluation of supersonic external flow. In this case the

position of the outer free jet boundary is as shown in Fig. 97b . Thus,

although the compresaion waves are turned inward by tbe shook flow inter-

action process, as in the subsonic case, the initial portion of the free

jet boundary is such that these waves intersect the internal free Jet

boundary farther downstream than in the still air case. This craises the -

noszle base pressure to remain insensitive to changes in the ambient

pressure, Po, up to higher values of Pco than in still air (Fig.98a ) "

with a subsequent loss in nozzle thrust in tb;Ls region (Fig. 9.8 b).

(C) Since in external flow the primary flow i.. initially expands according

to th3 missile base pressure, Pav, nozzle performance and base pressure

may correlate with PBv depending upon the relative strength of the inter-

action eftect. Therefore, a correlating performance term has been

defined to enable computation of nozzle performance under flight conditions

from still air data. This parameterp 0, is defined by the equation (refer

to Appendix 2 for nomenclature):

(F' ( + /)e' , ,
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and is referred to as a normalized thrus, coefficient in VAbsequent
discussion. When sbock interaction effects do not Influence nozzle

performance, Eq. ( 1 ) reduces to the definition of osr.le efficiency

(compae the above equation with Eq. ( 6 ) of Appendix 2 ), and the

norzlizad thruat coefficient in external flow is identical to that

obtained in still air for c rresponding values of PeOte. Bow•vor, if
; [shook Interaction effects ars strong (Iose. compression waves reflectin

from the outer free jet boundary downstream of the impingement point are

4 'turned inward and intersmet the inner fre jet bouinda y farther upstrem3

, than tf the expansion was gerned oru by the f ic silt base prete ud ) the

testle bise preirs isn higher thi n .ould be expected froe the value of

flo ) o1. Under these conditions, the vwlth of t obtained for niozlcen
S~operation in slipstroca Is higher that that obtained for sunl air"
S~operation at cor=.esponding values of Pa/]Pav.

The nature of the normalized thrust cofficient, ove for the cold-flos
• •test conditions Ins hown in Fig, 99. It can be seen that external

:, flow thrmst coefficient date correl-;te with still air nozzle efficiency

Sat all but the transition pressure ration with subsonic external flov.

i ~The base pressu~re data in Fig. 96a indicate that interaction effects

} ~were praedox.ilnate f•or these conditions* Interact'-on effects resulted In

S~an increasad normalized thrust coefficient over that obtained in still

air through the transition presuure ratios as would be expected on the
SA basis of preceding discussion. The objective of the current program

was to confirm and extend these cold-flow results.

(C) Since external flow effects on asrospike performance are dependent on
"* the nature of both the external and nozsle flows, a trajectory study was

conducted to establish representative operating conditions in terms of

free sa.reaa Mach number and chamber preseure ratio combinations for paup-
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"and preisure-fed booster engines. .a.,Ls study revealed that due to dit-

ferences in operating parameters a wide range of environsental conditions

may arise depending on the application as shown in Fig. 100 # Howvevr

while the natvxe of the external flow and engine operating condition

are determined by the data in Fig. 100J the expansion characteristics of

the nozzle are not reflected by these curves. In order to couple conditions

in the free stream with the flow characteristics or the nozzle used in

each of tbes- applications, the ordinate in Fig. 100 was normalized in

terms of the nozzle design pressure ratio# and the trajectory data were

replotted versus this normalized pressure ratio as shown in Fig. 101 .

The normalized trajectories allow the testing of a single nozzle at a

fixed chamber pressure over a small range of ambient pressures with

valid applioAtion of the d"%ta to other nmzzles with different chamber

pressure, expansion area ratio, and mission Mach number profile.

(U) The operating limits of the test facilities at AEDC (discuised in Rtf. 20 )
are shown in Fig. 102. These data, and the ncrmalized trajectory data

shown in Fig. 101 were used to establish the permissable operating ranges

showr in Fig. 103 for test models with various area ratios ani chamber

pressures. It can be seen that the desired flight conditions can be

simulated with a wide range of model ares ratios by proper selection of

the model chamber pressure (or vice versa).

"(C) The availability of comparable cold-flow dat.- and condensation limits

of the decomposition products of the hydrogen peroxide propellant led to

the selection of a 25:1 nozzle area ratio and a chamber pressure of 200

psia. As shown in Fig. 103 , this allows testing throughout a represen- j
• • tative range of Mach numbers and chamber pressure ratios. L short outer

shroud was utilized which was designed to yield parallel axial flow at

the throat and across a linear control surface drawn from the shroud exit

to the end of the full length ideal spike contour. The spike contour
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was truncated to an axial length which is twenty percent of the axial

length of an equivalent fifteen degree conical nozzle. Ninety percent

concentration hydrogen peroxide which idt-illy decomposes at temperatures

around 1400 degrees F (depending on inlet temperature) was selected as the

propellant 'for both the Primary and secondary flows.

(C) Theoretical performance trends for this engine were determined. The

S�primary flowfield of the nozzle was analyzed using the axially symmetric

method of characteristics (programmed for automatic computation) to

develop velocity and pressure profilesand a boundary layer analysis was

conducted to establish friction losses along the contour. Predicted

primary uozzle wall pressure profiles are illustrated for various I
chamber-to-ambient pressure ratios in Fig. 104. The rise in nozzle wall

pressure at low pressure ratios is caused by the recompression phenomena.
This effect was found to cease at pressure ratios Lbove approximately 63.

These primary nozzle wall pressures were integrated over the nozzle sur-
face area and combined with the pressure and momentum thrust at the throat
to establish ideal primary thrust. This primary thrust value was cor-
rected for drag losses and added to the base thrust established by es-

timated base pressures to obtain total nozzle thrust. Base pressure
estimates were made using the empirical techniques descrited in Ref. 2,

and are shown as a function of chamber pressure ratio for various

secondary flowrates in Fig.105. For these calculations it was assumed
that 17C*s = 9C*p.

(C) Predicted nozzle thrust efficiency with 0.8 percent secondary flow is

shown in Fig. 1061 a function of the chamber pressure ratio. Efficiency

gains with secondary flowrate are evident at all pressure ratios of

interest; optimum secondary flowrate at design pressure ratio (PR :-410)

is approximately one percent of the primary flowrate as shown by the

estimated performance trend with secondary flowrate in Fig. 107.
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(c) H ardyjX Itscription. The engine assembly is shown schematically In

Ptg.1oa. The engine was operated with hydrocan peroxide monupropellant
(90 percen.t concentration) in both the primary end secondary systems.

The peroxide was decomposed in a concentric arrangement of silver
screen catalyst packs located within the engine* Radial outward

J secondary flow injection is effected through sonic orifices located In
the center of a deep base cavity. The secondary flowrate was maintained

S at a constant value of 0.8 percent of the primary flowrate throughout.

the slipstream phase of the test program. Still air tests were coa-
ducted with 0 and 1.7 percent secondary flow at the conclusion of the

program. The engine is fabricated of 347 stainless steel and is Uan-

0i

uooled with a steady state operating temperature of 135007 (combustor
arnd throat regions). Model dimensions were not to achieve a chamber

* ~pressure of 200 psia, design tbxust level of approximately 410 lbs, and an

expansion area ratio of 25 when the steady-statv operating temperature

was reached.

(u) The location ardrinstallation of the test article in the 16 foot tran-

sonic arid supersonic wind tunnels at ABDO is shown In Pigs. l09 tbrou&

112. These wind tunels are continuous flow, closed circuit tunnels

capable of operating over a range of Mach numbers from 0.55 to 1.6 and
1.7 to 3.1. respectivelyn Operating limits of these facilities were

presented earlier in Fig.102s page 202. A detailed facility description

is contained in Rep. 20.

(U) The engine was mounted on a water cooled force balance which was sup-
ported by a strut extending from the floor of the te•t section. In.

order to simulate a typical launch vehicale, the engine and fcrse

balance assembly were enclosed in an aerodyauic fairing constructed in

aote 1eMAnFWEDa
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the shape of a missile body. A dimensional sketch of the model is shown

in Fig. 1.33 and a cross sectional view of the assembly is shown in

Fig.fl4. The exit plane of the model extended approximately two strut

chord lengths downstream of the strut trailing edge to reduce the strut

Interference on the model base to a minimum. In order to obtain nozzle

performance as a function of the pressure which controls the expansion

of primary exhaust gases, a flat, cylindrical missile boat tail was

selected to insure a separated flow over the missile base with an

attendant uniformly distributed missile base pressure. This is not

necessarily typical of future configurations because of the relatively

low missile base pressures characteristic of this geometry. Extensive

testing would be required to cover all possible future boat tail

geometries, and tha flat, cylindrical base was thosen to simplify the

interpretation of test data.

(U) Pressures along the missile base were equalized with the pressure

within the simulated vehicle by providing an annular pa•oag. btween-

the engine and outer ekin which allows a gas flow from. the model base

to the interior of the missile body. This eiables direct measurement

of nozzle thrust referenced to the pressure that controls the nozzle

expansion (i.e.# the missile base pressure) excluaiie of the missile

base and skin drag. Concentricity between the engine and the missile

skin was maintained by means of adjustable set screws located in the

thrust mount. Pressure in%ýAmentation was provided along the forward

face of the engine and on the fore and aft sections of the force

balan-e as a precautionary measure to enable thrust corrections in the

event of an unbalance between the misbile base and internal missile

paessures.
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(u) Engine propellant lines., coolant lines for the force balance, and

instrumecPttion lines were routed to the model assoubly along the strut

and enclosed by aerodynamic fair. nas. Propellants and coolant were

supplied through rigid tubing which was free floating through a right

angle turn down to a fixed cantilever point well within the support

strut. This cantilever point was located such that undesirable tare

forces r.,n the balance system were negligible.

(U) As shown in Fig. 114, peroxide was supplied through four descrete

feed lines to the primary annular catalyst pack from a toroidal die-

tribution manifo.d located on the aft section of the force balance. A

fifth feed line supplied propellant to the central secondary catalyst

pack. Drilled passages in the shell separating the annular and central

catalyst packs allowed communication between primary and secondary

supply oyoatems after peroxide decomposition. A facility flow schematic

for these tests is shown in Fig. U15

"(u) Pressure orifice and thermocouple locations on the H20 engine and
202

model are shown in Fig. 116 . Steady-state pressures were measured with

differ-ential pressure transducers located in the tunnael plenum and
referenced to test section wall static pressure. The rocket engine

chamber pressure and injection pressures were measured with model-mounted,

absolute strain-gage-type tranaducers. The total H2 0 2 flow rate

(primary + secondary) was measured with a turbine-type flowmeter

located outside the tunnel shell. A thermocouple located in the H 0
2 2

supply Jine -just upstream of the flowmeter was used to ccerect the

measured volume flow for the H 0 density. A bench calibration of the

secondary flow discharge orifice was used to calculate the secondary

flow rate.
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(U) t . The teot program was designed to systematically cover

the range of conditions indicated in Fig. 103. The "as tested* operating

parameters are plotted along with the data of Fig. 103 in Pig.*17. As

indicated# both the transonic and nupersonic facilities at AEDC were

used to cover the desired range of operating conditions. It can be

• nseen that', although the testing was conducted over repeated increments

in chamber pressure ratio, most of the data points were taken at con-

Idition which closely approximate those along the trajectories in

(U) During a typical test oequence, the engine was fired after the propellant

asyutem was pressurized and the desired teat conditions of Mach

number and total pressure were established in the test section. The

correct propellant weight flow was maintained throughout the firing by

supplying the run tank with regulated nitrogen flow. The rockot engine,

was operated for approximately 50 seconds at each of the tunnel test

conditions to allow the combustion temperature to reach equilibrium.

Transient data recorders and motion picture cameras were turned on just

prior to the rocket firing; steady-state data points were obtained at

5-sec. intervals throughout the fir'ng in the supersonic facility, and

at 3-seo. intervals in the transonic facility.

(U) A summary of the testing conducted in each faclity is indicated in

Table 11. Forty tests with ii 0.8 percent were conducted to evaluate slip-
stream effects, The remainin fie tests. were con4ucted to establish nozzle

performance trends with secondary flowrate. Reduced data for each test

includes nozzle thrust and specific impulse efficiency based on both

ambient and missile base pressure; wall presb;,e ratios; Pw/PC; average

Pengine and missile base pressure ration, FP and chamber and
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mitalsl base to- ambient pressure ration, %/P,,•o ad V•/Pc J scndr

flowvrate ratios ý,Ap. Data reduction was performed at AEDC using

automatic digital computation equipment. The techniques utilized to

obtain these parameters from the measured data %ro discuased In

Appendix 2 . Meassured parstmstere And redu,:Pd detA for each t--+ ar--

liet~PA ir Trl•le 17 of Appendix 2 and Appendi-- 3, respectively, Engine

i operetin.: characteristics established by these data in still air and in

i slipstream are discussed below.

S(C) -Qisen .~_ As indicated in Fig. 317p extensive testing was conductsed•

under still air conditions to quantitatively establish performance trends

with altitude and secondary flovrate for reference purposes. This

testing confirmed that thrust efficiency values greater than 98 percent

can be gehieved at design pressure ratio with a properly designed

! aerospike nozzle operating %sith secondary flow. It was also established

that off design performance with 0.8 percent secondary flow remains

above 94 percent down to pressure ratios of approximately 10 percent of

design pressure ratio (corresponds to sea level for most engine

ap.plientions; cf .Fig.102) to d.emonstrated by the data presented in

F ig. 118. Altitude compensation is in evidence at all pressure ratios

investigated down to three percent of design pressure ratio; performance

of the aerospike is seen to be considerably above that of.& non-

compDensatine nozzle at all pressure ratios below 140. The non-

compensa',ing efficiency cur•ve was determined Using the standard

equations for conven~ional nozzle performance in conjunction with the

: assumption that design efficiency of the conventional and aerospike

nozzles ware the sawn. It can also be seen in Fig.118 that good data.

' repeatability was obtained between the transonic and supersonic test

facilities at ARDC. Decomposition efficiency was nominally-97.5 per-

cant for these tests. The shaded symbol in F~ig. 118 represents question-

Sable effieiency data and has been exclude -d from the remainder of %he

plots presentee herein*
BD' 1U1 1 M
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'I*1

(C) AeroLike "open waka" porformance trends with altitude can be attributed

di:rectly to the iniluence of ambient preusure on nozzle base and wall

pressures. Average nozle babe pressure ratio, PJ? with 0.8 percent

secondary f low is shown a3 a function k1 chamber pressure ratio in

I Lg.119. For thi nozzle and secondary flowrate, base pressure resains

constant (closed wake conditions) with decreasing ambient pressure for

ill pressure ratios greater than 150, which correoponde to a low point

in tI ! efficiency curve in Fig.l18. Below this pressure ratio, base

pressure is greater than ambient pressure for all of the conditions in-

vestigated. Thus, a positive thrust is deteloped across the engine

base at all pressure ratios. The base thr',t and nozzle recompression

contribution becomes substantial at lov pressure ratios and results in

the high nozzle efficiency indicr.ted for the aero.Apike at low altitudes

(C) The recompression phenomena wk.ich causes base pressure to adjust to

ambient pressure at luw pressure ratios also causes the primary nozzle

wall pressures to increase at vry luw pressure ratinon as shown by the
wall pressure data presented in Fig. 120, As indicated, the wall
pressure trerd with ambient pressure at locatione uaear the end of "the

nozzle is s'W.lar to that predicted theoretically; good agreement

between experim-nt and theory is evident for stations near the end if
the nozzle* However, experimental data deviate from the predicted
trend within the shrouded portion of the nozzle.

(a) ExierimeLtal data that show performance treaxds with secondary flow are

presented in Fig.121. It is readily aeen that the addition of s, oondary

flow is b..neficial to performance at all pressure ratios.
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(a) me experimental base press for seeondu7 flowrates 0, 0, cnd -

L.7 percent %re chown as a fwatiou of chait*or passure ratio In "i..122,

Nossle efficiency computed using the measured bass presrare differential

from base Vresure for 0.8 percent scoondary flow (refer to eq (I0) of
Ap 2 ) ia presented in P.234 Efficiency gains with secondary flowIi
are again evident throughout the range of pressure ratios inmestigted, but
computed efficienoy W-thout secondary flov is nominally one percent above

the mueaured values (compare I'±g.121). Also, computed performance for 1.7

percent econdar flow is nearly identical to that for 0,8 percent flow as

compared to thu substantial loss (- 2 percent) indicated for 1.7 percent

secondary flow in Mg.121. Although no reason could be found for thin dia- m

crepency between the measured and computed magitude of perZormance gain

with socondary flowrate, these hot flow data do establish the expeoted

perfcamance trend in both cases.

(C) A comparison between the theoretical and measured nozzle efficiency in

Pr -saait in rig.i24. (.eac=ued base Pressure (from Ve.122) was utilized

to compute the pz-adict. performance. As indicated, good agreement exiats

between e7periaent and theory.

The efficiency trend with's•oondary flow compated from the measured chanie

in base pressure foLlow3 tha predicted "hend very closely as 2hown in

B&"(C) p pressure est•.&ated using the empirical technique developed in Ref. 2 I
.(Fig.105, %age 206)as fowd. to be slightly higher than that measured for

0.8 percent secondary flow In the "closed wake" and "tTanqition" pres•r•e

ratio regimes as shown in P16.126, A oross-over point belween measured and

estimated base pressure occurs at a pressure ratio of.100. Estimated base

pz s"auree fall sligttly below th.. meavured values st pressure ratios leah .

than I00. The percent deriation ranges from -7 percent at low pressure

230
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CONFi EITAL

ration to +17 percent at a presure ratio of 150 and b"ak to +3 percent Ln

the closed wake regime. Similar results were obtained with zero and 1.7
percent secondary flow an shown in "ig.127.

(C) -tea Flow. Sliptrema testing was conducted over a rams of Mach
numbers ftru 0.55 -to 2.2 and a range of chaeor pressure ratios fr•m 8 to

115 percent of the model design pressure ratio (P1=410). Nozzle efficiency

data (referenced to the static pressure of the free stream as in eq 6 of

Appendix 2 ) obtained under these condit:.ns are presented as a function of

"the chsmber pressur ratio, Pc/Poo, in Pig. 128. Performance is seen to be

unaffected by free stream conditions at all pressure ratios above approx-

imately 150, which closely approximates the pressure ratio of bese closure

as shown by the data in Pig.122. Below this presure ratio, efficiency

decreases at a rate which is dependent on the free stream Mach number;

performance at low pressure ratios is lowest for high (supersonic) Mach

numbers.

(c) These efficiency data are replotted as a function of percent of design

pressure ratio in Fig.329., The flight trajectory data shown in Fig.101,

page 203ý were used to obtain the indicated nozzle efficiency limits for

the most aiverse flight conditions. Typical aerospike booster performance

below the closed-wake pressure ratio (in still air) will lie above the

shaded region and the non-compensating performance curve. For higher

pressure ratios, nozzle performance is unaffected by Xach number.' It can

be seen that nozzle performance is only moderately reduced under typical

flight conditions, Application of the data to a typienl trejeeto7 will be

diecusaad in more detail in a later section.

(M) The indinated decrease in peiformance with increasing free steam Mach

number was found to result directly from a siailar trend in nozzle be

pressures at low pressure ratios. Engine base pressure data measured

236
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C 1

aunder the aforementioned external flow coaditions are indicated In kg. l13

As shown, a closed wake condition oc.ýjrs at lower presmure ratioa in slip-
stream than in atiUl air, and base rvenuma is umaffected by the resence

of external flcw at high pressure ratios. Also, at low pressure ratio*,

base m-euure does not recover to the name value in slipatre=m as'it does.

in still air. The magaitule of baso pressure in the open wake is seew to
be a strong function of free stream Mach number, and forms the basis for the
trend in nozzle efficiency indicated in Fig. 12EL

(() Nozzle wall p.-essures were found to be unaffected by external flow except

at Mach number 0.9 at a pressure ratio of 32 where a slight decreaue
oc•crTed. These data are presented in Fig. 13].

(C) These efficiency and nozzle base pressure trends in slipstream are similar

to tho-e obtained through the cold-flow testing diacussed previously at

pressure ratios above which bass pressure is constant in still air.

fTrends at lov pressure ratios with subsonic external flow differ from those

eatablishod by the cold-flow data, and were found to be the result of lower

missile base 1ressures than those measured in the cold-flow program. The
avarage pressure acting over the missil.e base with the hot-flow model is
shown plotted against the chamber pressere ratio of the engine in Pig,132.

It is r eadily seen that sub-ambient missila base pressures were obtained

for all teats with erternal flow. Missile base pressure ratio decreases with

increasing pressure ratio in subsonic external flow, while the opposite

trend occurs with supersonic slipstream air, A reversal in this trend is

observed at very low pressure ratios with free stream Mach number of 1.2,

indicatJng a probable "opening" of the wake flow downstream of the missile
base (.•i±,33) with corresponding tendency for missile base pz-essare to

approach the free stream static "'ros•s•x.

(c) A croseplot of the curves in Fig.132 was made to show the effect of free

stream velocity, and is presented along with cold-flow data from Ref. 21 in
Fig. 134 As shown, the rate of missile base pz;.•au*e decrease with increasin
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Figure 134. E~ffect of Free Stream Mach Number and Chamber
Pressure Ratio on Missile Base-To-Ambient
Pressure Ratio (Cross ?lot From Fie. 41)
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(a) Mach number is approximately the same in aubaonic flow as in oupersomic flow in

bath cases. A discontinuity occurs for sonic slipst-eam velocity. At this

free stream velocity, a reveraal in trend with chamber preasure ratio also

occurs except at a chamber pressure ratio of 36 (PR/Pfden -- o0. ) whicn in

felt to be an "open wake" condition at the base of the miLisile with the hot-

flow engine. The hot-flow mis.,ile base pressures fall below those obtained

with the cold-flow configwration for subsonic free btream Mach numbers. This is

apparently a consequence of slightly dissizilar gas properties, nozzle contours,

and afterbody configurations between the hot- and cold-flow models.

(C) The open-wake nozzle performance trends in external flow (Fig.128, page238) are

attributable to the combined influence of the reduced missile base shown in

?ig.134, and shock flow interaction effects. It was discusaed previously that

the relative influence of these effects could be distinguished by mans of the

normalized thrust coefficient, i (cf F.q. (7 ), P9ge441)- If the effect of

reduced missile base pressure predominates, this parameter reduces to the

definition of nozzle efficiency, and the thrust coefficient data obtained in

external flow correlates with that obtained in still air when plotted versus

the 0effective" chamber pressure ratio, P./i. . When shock flow interaction

occurs the normalized thrust coefficient is hyfgher than that obtained in -,till.

air for corresponding values of P because of higher nozzle base pressure

under these conditions than would be expected on the basis of P alone. TheB,,
shock interaction effect was defined earlier as an influence on performance

caused ly compression waves emanating from the outer free jet boundary down-

stream of the impingement point (point A in Fig. 96, paeG193) which are turned

inward as a result of strong flow interaction. These compression waws inter-

set.t the inner free jet boundary farther upstream -than if the expansion were

controlled only by the missile base pressure.

(C) Normalized thrust coefficient trends with the chamber-to-missile base pressure

ra, P ,/ p are shown in Fig.l315. The normalized thrust coefficient is

higher %han Tat obtained in, s'till air for MNo 1.2 and 1.4 at affective

pressure ratios of 350 and 410 respectively. For these two tests, the nozzle
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base prmsure was increased through relatively strong flow interaction at

thies effective pressure ratios as ho'wn in Fig.136. The correlations in

Fig's.135 and136 indicats" that the influence of reduced missile base preasare

wds the predominate effect in establishing nozzle parfonuance and basn

pressure trends in Figs.128 andl30 for all of the remaiing hot-flow test

conditions. The absence of flow interaction effects with subwnic external

flow in the transition pressure ratio regime explains the discrepancy

between bat- and cold-flow efficiency trends in this region. The correlating

parameter. ¢, in Fig- 135 can be used to obtain in-flight performance esti-

mates by means of still air performance and known missile base pressure, but

these estimates will be conservative because shock effects are neglected

using this procedure.

(C) The results in Fris. 134 and 136 indicate that both missile base pressure and
interaction effects are dependent on the physical and dynamic properties

of the primary and slipstream flows, and on the missile and nozzle gemetry.

However, more work is needed to establish the relative influence of then

parameters on missile base pressure and interaction effects. Once the

nature of these effects is fully defined, a more detailed study of nozzle

performance trends in external flow can be conduc4ed. It is felt that, for

the most part, these aspects can be evaluated theoretically.

APPLICATION OF TEST RESULTS

SMlejorAnalysis

ct) The nozzle efficiency .data discussed in the previous section is a combined
function of Mach number and pressure ratio. Therefore, a typical booster

trajectory must be examined to assess the overall effect on in-flight

system performance. The correlations presented in Figs. 135 and 176

demonstrate that aerospike nozzle perfoiance and base pressure trends in

slipstream are identical to those in still air (except when slipstream
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inte•xation oocurs) if xepresented as a functio of the local ambient presx3,*
(PB)to the =zsle. Therefore, 3isule prforsanoe trends uch as thea in"

Pig. 128can be established for any engine-vehile configuration through

knoledge of still air perf.orwince and missile ba presaure an a function

cf altitide by means of the normalized thrust coefficient, 4.

(C) For caes without interaction, nozzle performace baoed on the chamber-to-

ambient ressure ratio, Pc/PoO can be obtained by first dotermining PoP.

2hen, engine thrust is obteiried from the still air 1erformance curve for the

nozzle in question through the normalized thrust coefficient, 4, and the

estimated value of Pc/Plh as follows:

(C) Tho tbxuat corresponding to the true ambient pressure, Poo, is then

obtained from:

PC P

where A* is the nozzle exit area. Performance correspoiding to Pois given

by:

(F +

(C) for isoenergetic primary and secondary flows with equal specific heat

ratioe, this procedure can be abbreviated as follove:

Q, Ciot)p -/. (1 -
0 BV~Ro 0 (2)

T O . .. .O - 0--o .( )
".PoptI)CPOO .
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(c) An indicated by the results of this hot-flow program, the occwrm"ce of

external flou interaction effects are difficult to predict without detailed

stWuy of flow processes involvwe in each case. HowtE.ver, o•onaervaati

estimatea of nozzle efficiency in external i'lov can be obtained simply by

ignoring interaction effects (both the hot-flow and cold-flow data indicate

that thaee effects are beneficial to performanco).

(c) In order to obtain a "worst case" estimate for the magnitude of extermal

flow influence over a typical booster mission, it was asaumed that the still

air expansion *hm-acteristics in PiSg..18 (in percent of design press=*

ratio), ztd missile base pressure trends in FI.134 were representative of

an L 2 /LH2 aeroarike engine with area ratio of 80 and obimber pressure of

15cI0 peia. Interaction effects were aessmed to be necligible. The assumed

trajectory corresponds to Case II in Fig.lO1, "a~201 (two-stage vehicle),

which is reproduced in Fig.•37. In order to facilitate performance com-

putations, the nozzle efficiency in slipstream was normalized in terms of

the still air nozzle performance, and plotted versus the free stream Mach

numbers for various values of the percent of the nozzle design pressure

ratio as shown in Fig.138. The interpolation at subsonic Much mnmbers was

accomplished by using the data in Fig. 134in conjunction with eq (2 )

2hese performance estimates are somewhat cdnservativebecause in-flight

missile base pressure can ?robably be made higher than indicated in Fig. 134 an

discussed in a later section.

(C) Application of the generalized efficieny data in Fig.138 leads to an In-

flight specific impulse variation as shown in FiS.59. It can be ee-x?. that

slipstream effects are influential only during approximately 15 perexmt of

the total trajectorxy time. Me overall slipstream effect is to decrease the

time-integrated specific impulse by 0.17 percent.

0
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* • Xeth-3da of Redu.cing Sli'i~tream Effect*

(C) The hot.- and cold-flow data discussed herein have shown that the presence

of an external flow can influence aerospike nozzle performance in two

ways; both are closely coupled with the gas properties and empansion

characteristics of the nozzle. The first effect of slipstream results

from a decrease in vehicle base pressure with increasing free stream Madh

number which causes the nozzle exhaust flow to expand through higher

pressure ratios than in still air. Secondly, nozzle performance is affecte.

i-hen trorng shock interaction between slipstream and nozzle flows is such

that some of the recompression waves emanating from the outer free jet

boundary strike the inner free jet boundary farther upstream than tor

the case where the missile base pressure is the sole factor governing the

nozzle expansion process,

(C) The increased expansion caused by low missile base pressures results in lew

nozzle base pressure relative to that obtained in still air with an

* attendant reduction in performance at low pressure ratios. This is caused

by increased turning of the outer free jet boundary of the aerospike thereby

reducing the effectiveness of recompression waves in the nozzle flow as

"lustrated in Fig. 95, page 192. Thus, one way of increasing in-flight
nozzle performance at low altitudes is to increase the pressure acting

along the outer free jet boundary which controls the expansion process.

Missile base pressures approaching ambient pressure result in negligible

sli6atream effects. Past study has shown that the most effective meansI of obtaining high misnile base pressure is through proper dosign of the

Smissile base geometry and/or through mass addition into the base wake

Ad flow, Afterbod configurations found to result in relatively high afterbod

Sthrust through previous investigation (e. g. Ref. 22 and illustrated in

Fig. 140. Missile base pressures obtained from the ciroular arc boat-tail

configuration (Fig. 140b) are shown in Fig. 141 cmpared to that
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S* ?: obtained from a simple cylindrical boat-tail similar to that tested in this

program. It can be seen that substfnti1l increases In miasile ba3e pressure

are possible through proper efterbody design. The effect of mass addition

into the wake flow downstream of a rearward facing step is illustrated

schematically in Fig. 142 , and is discussed in Ref. 23 • As shown ir. Fig. 142

the baae pressure increases markedly through the addition of a small amount

)of bleed flov.

(C) Results obtained to date have shown that when flow interaction does change the

intrinsic operation of the nozzle, the overall effect is an inerease in base

pressure over that obtained without flow interaction as shown in Fig. 136•

To show the nature of interaction effects, the averarge curve through the

missile base pressure data in Fig. 132, page 243, is shown along with nozzle

base pressure data from Fig. 136 , page 249, in Fig. 143 . The nozzle base

pressure tends to follow changes in the free stream static pressure in the

"open-wake regime just as in still air (also shown by the data in Fig. 130).
In slipstream, communication between tho nozzle flow field and free stream

conditions is achieved directly through the missile base pressure as shown

by the majority of this data, and through flow interaction (Fo - 1.2, 1.4)
at chamber-to-missile ba-se pressure ratios of 300 and 410, respectively.

However, only the portion of the outer free jet boundary of the nozzle

downstream of the point of flow impingement (point A in Fig. 95 , page 192)
is influenced by P 0 in the latter case. Therefore, the base pressure icraeae

is not as pronounced ea, it is for the corresponding case in still air.
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(C) Reducing the portion of the notsle free jet bmo axy exposed to the rela-

tive17 low missile base pressure as asown in Fig. 144 b will alleviate this

situation. Altering the afterbody desien in this manner will allow the free
stream static pressure to act over nearly the entire free jet boar-daI7, e0M

nozzle bane pressure will recover to this pressure rather than the missile

bass pressure, just as in still air. Consequently, nozzle perfomvance in

sp11•tream will be mimilar to that in still air. Actually, if compression
waves in the nozzle flow ur turned inward by the interaction process as

illuistrated in Pig.96 , performance obtained in external flow may be slightly

highbe than that obtained in still air at low pressure ratios. This

apparently was the case in the cold-flow program where relatively high
S ...... •missile bass pressures combiLned with flow interaction resulted in an in-

crease in efficiency with subsonic externl flow. Since the missl e base

pressure is no longer the predcainate influence for -mail base arzeas, the

correlation presented in Pigs.135 and 136will not represent a true indica-

tion of the expansion process. Of course, this afterbody design will also

be beneficial to vehicle base drag charicteristics, since the area subjected

to sub-ambient pressure is minimized.

A recent paper (Ref.24) presented results of an experimental study of the

performance of low wngle plug nozzle performance in slipstream. The ase
interaction effects discussed herein were observed and the use of a slender

bass lip improved performance considerably.

CONCLUSIONS OD RWECY TDATIONS

(C) Analysis of the data presented herein leads to several conclusions re-

garling aerospike performance in still air and with external flow. These

are the followingt
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1) Still air pearlrmaace of a properly designed aarospike thrst I
chamber is approximately 99 percent of ideal at desiL prossure

ratio under the conditions tested in this prog.am. Altitude com-

pensation is obtained at all pressure ratios.

Sa) The addition of secndary flow is beneficial to per-

*• fcrmwce at all pressure ratios. Optin= seconda•y

flow is between 0.8 and 1.7 percent of the primary

flow for the conditions tested,

b) Excellent a~eoment between predicted and experimental
perfor~nce was obtained for anl press=* ratios

greater than 32.

2) Aerospike perfowm=nne is unaffected by external flow in the closed

wake Maet- ,re ratio regLon. In the open wake region, performne

and base I r..e of configurations similar to that tested In

this program decrease at a rate which is Mach number and .press..
ratio dependent. Similar results are obtained through cold-flow

testing except when flow interaction influences performance.

a) For cases without flow interaction, both not- and cold-

flow nozzle perforwmane and base pressuze data tend to

ecxnelate with the chamber-to-missile base pressure

ratio. This indicates that the missile base pressuie,

in most cases, controls the nozzle expansion and can be

used to form the basis for conmervativa in-flight
performance estimates.

b) Hot- and cold-fli ::.esile base pressure and interaotion

Seffects differ Indicating an influence of nozzle gas

properties on slipstream effects,
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3) Wternal flow effects inteprated over a typical mission are

small and can be further reduced by proper afterbody design.

a) Conservative performance estimates based on the missile

base pressure data presented herein indicate that time

integrated specific impulse (iý is reduced by 0.17

percent because of the influence of external flow.

b) Missile base pressure can be increased substantially

through boat-tailing (Fig. 141) and/or mass additicn

to the base wake (Fig. 142 ) thereby increasing wer-

formance in external flow.

c) Communication with free stream static pressure can be

induced at all altitudes by causing flow interactiom

for all conditions throqgh minimization of vehicle

base area. Nozzle performance under these conditions

will be similar to thmt obtained in still air at low

pressure ratios,

(C) Based on theee results, it can be seen that external flow effects are small

ever. under srvere corditions, and can be reduced still further by proper

.fterbody de!Agn. Further aaiayirical studies ctn be conducted to theoretically

determine missile base pressure trends with the following: primary nozzle

geometry, gos properties and flow conditions of the primary flowfield, missile

aftarbody gecnetry, and external flow conditions. These studies should also

attempt to establish the nature of external Pnd nozzle flao*, interaction

effects, and the conditions under which there effects influence performanme.

The results of these studies should be used to devise methods of reducing

adverse alipstream -"ects incurred because of sub-ambient missile base pressure,

and to quantitati uine various means of using flow interaction effects

to ad,;antage. En,ý antal testing should be conducted to verify the results
of the antlytical s"udy.
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SMCION V

AERO•I3P LIQUID fr"JECTI0N TMHRST VECTOR COUITRL nIVESTIGATICO

ITRCDUCTION

(U) Recent advances in rocket engine technolosy have resulted in a need for in-

creased study of means for providing directional thrust control for future

generation rocket vehicles. Socondary injection of fluids into the engine

k: exhaust streams has proven to be an effective and efficient method of thrust

vector control (TVC) in several present applications; and cold-flow testingg

complemented by analytical engine system studies, has shown that this is

also a competitive TYC technique for advanced aerospike engines. One of the

objective of the Advanced Aerodynamic Spike Configurations Program (AP04(611)-

9948) was to wipplement current aerospike TVC technology by providing suffm-

cient hot-flow liquid injection thrust vector control (LITV-) test data to

establish design criteria and enable quantitative performance evaluations

for future high-thrust aerospike engines.

(C) A test program was formulated so that this TVC technique could be studied

using a modified version of the storable propellant 0/UDH,-N Ev50-5)
aerospike thrust chamber tested previously in this program. Chamber pros-

sure selected for the TVC testing was 200 psia with en attendant thrust

level of approximately 5600 pounds at vacuum. Area ratio of the aerospike

nozzle was 25:1, and the axial length was 25 percent of the axial length of

a 15-degree conicil nozzle with equivalent area ratio. Injection of the

TVC flow was effected through orifices located in uncooled contoured flow r

rings which comprJsed the aft section of the nozzle. Testing was conducted

"in an altitude facility at Arnold Engineering Development Center (AEC),

J2 cell. A typical test configuration is illustrated along with the flow

ficld accompanying liquid N204 injection into aerospike mainstream gases in

Fig.L145 . The previous SIVIC analytical and test results leading to the

selection, of teat configurations are described in the following sections,

along with the TVC performance trends thatwere established through this

Stestings
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(U) Thirty-three firibgs of 6 second's duration were conducted at altitude to

establish ergine perforvanc6 without TVC, anr to determire LITVC perforwav:t

trends with variaticnn in the injectinn parameters. Five sea level check-

out tests of from 1/2 to 5 second's durations were conducted at Rocketdyne

prior to the altitude testing. Measured thrust efficiency of the engine

was 95.1percent for W/Wp = 0 and 95.2percent forW = 0.017. Combustion

efficiency ) was nominally 89 percent throughout the program. The
me&9ured nozzle thrust efficiency without secondary flow was 0.8 percent

greater than that estimated theoretically. Because of its magnitude, this

discrepancy was attributwa to effects such as downstream burning which may

result from the relatively low combustion efficiency, and which crxnot be

accounted for theoretically.

(0) The semi-empirical blast-wrave theory of Ref. 1 was utilized in conjunction

with experimental data from various sources to provide a basis for selection

of SITC test configuration&. Testing of these configurations established

that measured LITVC side-force efficiency trends with an aerospike are simi-
lar to those exrpected on the basis of preliminary analysis: injection near

the throat provides higher side-force efficiency than injection near the

nozzle exit, multiple-port injectors are superior to single-port designs,

port spacing and axial port inclination have no influence on LITVC perfor-

rance in the range tested near the nozzle exit, and parallel stream injection

affords higher performance than radial stream injection at both locations

studied. Control moment and nozzle specific impulse efficiency trends were

Sfound to be dependent upon the engine-vehicle geometric relationship. These
# ~efficiencies followed trends established by the side-forco efficiency for

boost vehicles re/h a 0.25), but in some cases optimized differently

f(Ye upper-stage configurations r./h a 1-0).
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(c) Comparison of the sido-thrust efficiency TVC data Obtained in this program
with that obtained from other nozzles revealed that LITrC performance with

an aerospike is equal to or less than with other nozzles, because of the

relatively short length of the aerospike. The level of side thrust effi-

ciency for 1101 injection established through this testing was also found

to be lower than that estimated u-sing the blast wave analyais in conjunction

with an empirical coefficient obtained for gas injection into flov over a

* flat plate. It was necessary to revise this coefficient to obtain quantita-

tive agreement between theory and experimett for the configuration tested&

S..Application of the test data to full-scale engine systems showed that liquid

injection may be competitive vith gas iL*jection under certain conditions.

In general, fuel injection prowides higher in-!light ,engine specific impulse

efficiency but lower density.iqpuse than oxidizer in.ect.ion if vaporization

and reaction do not occur within the nozzle.

(C) On the basis of these results, it is recommended that the relative merits of

liouid injection TVC be investigated through comparative systems analysia

using the conservative performance estimates prenented herein for full-scale

engines. It is also recommended that improved LITVC designs such as a bi-

propellant injection technique be studied, and that the perfoz-iance and

operating characteristics of attractive systems be evaluated through large-

scale environmental hot-flow testing,

TIMMT VTECTOR COI..TR0 STL'DY PROGRAM

Prel1ZkarX Anilysis &nd DesiW Studies

(0) The design of the engine utilized for the TVC testing was basically identical

to that of the 12-percent length engine tested previously in this program.
Modification to the previous test hardware consisted of: an increase in
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length from 12 to 25 percent of the length of an equivalent are a ratio
( C - 25) 15-degree conical nozzli to accommodate the liquid injection ori-
fices in uncooled nozzle exte:sions, and use of a porous base plate flush

with the base exit plane for injection of secondary bleed flow. The engine

was operated wth K2 04 /UDNI2H 4,(50-50)propellants at a mixture ratio of
2.0 and with a chamber pressure of 200 psia. Under these conditions vacuum

thrust of the engine was approximately 5600 pounds. The nozzle contour 's

shown in Pig. 146.

(c) This modified enrine was analyzed for constant Y expmnsion using the axially

symmetric method of characteristics to describe the inviscid portion of the
primary flow field from which the intrinsic primary thrust is determined,
a boundary layer analysis to establish thrust corrections for viscosity

effects, and a Bray analysis to determine thrust corrections for reaction

kinetics. The total primary thrust coefficient, CF , is derived from the

summation of these contributions by the exaression fRefer to Nomenclature):

whereF CC is thKulsitn d

where Cp is the full shftfing one-dimensional ideal thrust coefficient

V

"at vacuum for E = 25. The Derformance contributions from these analyses

for a thrust c.hamber mixture ratio of .2.0 are as follows:

C 1.7364

S?D 0.0245

O.C4
rid v
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PIP 04•. ( The• notle b~se presu-e# YB, was obtained by meams of the setemplirioal
¾ techniques outlined in 1Wf. 2 and utilized to obtain a base thrust eoef-

f ifcierit through the relations

F FS

(U) Thus, the wzule thrust coefficient at any pressure ratto is given bys
CF CFP + CFB - i/PR

and the no slap~aoifio impulse and thrust efficiority are obtained from
Eq. (1) -ad (2) below.

csooto 1

CT (2)

C (I +-22.C 1Bopts9)
CroptP (1 C + S-p G; 0 p ,

(C) The variation in ki".tia efficiency with engine mixture ratio is shown in
Fig.147 for 12- and 25-precent length nozzles with chamber pressure of 200
psia. A theorotical wall pressure profile for vacuua expansion is shown in

r ig.148. The base pressure trend with secondary flowrato was estimated
uoing the mepirical design procedure discussed in Ref. 2 , and is shown in
iFg.149. These data were used in conjunction with the, theoretical primary

nozzle thrust contribution to develop se xew.pirical nozzle performance

estimates as a funltion of secondary flowrnto. These estimates are shown
in Fig. 150. Values. used for n and r•r w•re 0.89 and 0.60, respectively,I on the basis of previous testing. Reference performance data vwee obtained
both with a"d vithout secondary flow. Reference data for thi TVC testing

were obtained with a nominal secondary flowrate which was 1.6 percent of
the primary flowrate. As shown in Flg.l•5a, this corresponds to the peak

Svalue Of nOt-.e thrust effidie"y, CT*

.271
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(u) To establish guidelines for the TC testing, a literature review was car-

ducted to determine high-performing TVC injector designs and performane

trendr with the system variables. This preliminary study revealed that the

efficiency of this VIC technique is a function of parameters such as the

physical and chemical properties of the injectant, orientation aid location

of the injector, injection velocity and flow characteristics, etc. Tb.

secondary injectant may be an inert or reactive eas or liquid, giving rise

t., complex fluid dynamics and chemical kinetic interference with the super-

sonic mainstream flow.

(C) Theoretical interprPtation of this flow process is desirable since it enables 4
comparisons on a common basis, facilitates isolated study of influential

parameters, and provides a basis for design selections. Because of the cook-

plex interferouce phenomena induced by secondary fluid injection, a rigorous

solution is intractable. Nevertheless, flow vimUlization such as that re-

ported in Ref. 3 and 4 have provided a basis for forulating a simplified

model of fluid injection which is amenable to practical analysis. The data

presented in these references irdicate that the TVC flcw remains essentially

intact after injection, erd forms an effective body downstream of the injeo-

tion port which provides an obstruction to the mainstream flow (i.e., very

little mixing occurs between the two streams for some distance downstreaa

c.f the injection port). Based upon this result, an idealized flow model

can be constructed as illustrated in Fig. 151.

(C) A variety of approaches used in the analysis of this flov model are reported

in th4. general literature. Several of these have been evaluated a,-l it bas

been found that, of the techniques investigated, the semi-empirical blast

wAve theory developed in Ref. 1 provided the most accurate representation

of the flow process illustrated in Fig. 151. This theory was use.' to establiah
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qualitative liquid injection TVC performance trends with the injection pera-

meterse to select meaningful test conditions. Uxperimontal data and results
of sixilar analytical studies obtained from various sources were used to

support the theoretical trends where neceesary# and to provide the basis for

design selections for parameters whose Influernes i not predictable by the

theory (e.g., interaction losses betwien ports in multiport configurations).

*' (C) The blast wave theory is based upon the si•LLltrity that exists between the

effective body formed by the injectant in the mainstream flow and a linear

* explosion in the plane of the wall and parallel to the mainstream, vhich, on

detonation, supplies a uniform energy per unit length of charge to the our-

roundings. The energy supplied to the mainstream is derived through consid-

oration of the wrk that is done on portions of the primary fluid by the

secondary injectant through various theroodynamic processes, and through

* consideration of certain modifications required to satisfy the boundary

conditions specified in the original blast wave theory of Ref. 6 and 7

(used to c'}mpute the flow field surrounding the charge). The trcttaent in

Refs 1 results in the following approximate expression for the it"teraction

force induced by secondary injection through single circular ports. (Refer

to Nomenclature)s

that to obtain agreement Mith the experintal data, Eqo (3) st be prefixed )

by a fo.readtnf correction denoted by 0 un Eq. (3) which empiricall was round

to depeni upon the distance between the TVC port and the nozzle exit. The

fon-, of this correction for gas injection into conical nozzles is illustrated

in Fig. 152. The quantityJ 2 in Eq. (3) is rolated to the charge energy

per unit mass of

CONFIDENTIAL
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cbaharge which Is in turn related to the energy of the secondary injoctant.

It is pointed out in Hof. 9 that this quantity can be represented in Ve

following manner for both gas~ous and liquid injection:

. .here T.J C is the effective molar specific heat of all processes occurring
(evaporation, reaction, etc.), and is definod as TAH/Too. This quantity

in dependent upon 'actors such as: mixing efficiency of injectant and main-

stream gas~a, injectant stay time within the nozzle, droplet formation and

vaporisation. Since mixing efficiency is normally low, and injectant stay

times are very short for small-scale nozzles this term has been asumaed

""nellgible in aubeaquout discussion relating to the short length aerospike

tested in this program. Inserting Eq. (4) into Eq. (3) and rearranging

results in the following expression for Fsj;

4/33/

= i Ps (It-J. o4 O ~ JUO 2 co

+ 005co PC. ~
2 uOD 2vi

Te() T geometric parameters appearing in the above equation and in subsequent

equations are illuxtratod in Fig. 153. For the aerospike engine used in

* .'this test progrmj the dimenasonless induced force becomes:

( 0  (Y-i) MJ e+

5 do 2 u
•,,O'+ -

2M0
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i lp = 23.7

= 2,23
p

*C = 5029 ft/soc (KR 2.0, no* 0.89)

P

(C) Since liquid injection teat data were not available for the aerospike nozsle

prior to this program, a constant value of 0.7 (flat plate from Ref. 8
used for the empirical sprvadinZ coefficient, G . Thus, the form of the

expression for the side thrust amplification factor, which Is a MeaWurV of

LIVO efficiency relative to main engine performance as discussed in Appen-

dix 4, is as follows:

Is a

Wv //we
=(0.521) ccao !Lcg%

(I )M2_ k '+ (1'l°s)(•-°') Vj sin (vc+ •) (6)

where

I N
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(C) For sultiport injections it. was auuwed that flow Interaction losses
between ports are •all if the proper port spacing o mainltained.. Under

this ass pti.on, the amplification factorjK,, can be ezprseod ass

nI

for odd port g.oupinga ands

n~ I A's)=1kI 4 ~~I

for even port groupings.

! (c) It in demonstrated by Eq. (6, 7, and 8) that the performance of liquid

injection TVC systems Is eensitive to a wide range of operating variables.

J Th•te variabies include: injection flowrate and velocity, injector location,

Y"-. knber of ports and port 4pacing, axial and radial port inclination, and

injectant properties. The influeoce of injection fiovrate and velocity is

illustrated graphically in Fig. 154 for upstream injection thLough a single

port located near the nozzle throat. The TVC flowrate in seen to have a

stroug influence upon the efficiency of this secondary injection system;

ID
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S*• performance decreases sharply with Increasing flowrate for all injection

velocities. Performance is a weaker function of the in-jection velocity,

• and, since (vj,&cO')24c, K mcicates almost linearly with increasing velo-
city, However, .a large expenditure in syetes pressure drop is required to

achieve a relatively amall gain in efficiency as shown by the data in Fig. 155.

(C) tt first glance it would appear that the beat simulation of a full-scale,

high-chamber-pressure engine would be to test with an injection velocity

and pressure drop compatible with the large engine operating conditions;
e.g., vj = 300 ft/sec and Ap = 1800 psis, However, this requires ab-

normally smll TVC orifices for the weight flowrates of the small-scale

test configuration. Prom previous testing with this t7po of co.f guration

(Ref. 11) it has been shown that very low performnce may be encountered

because of breasip and atomization of the injectant stream at the injection

port (experience to date indicates that the best performance is obtained

with a well-collimated fluid str-am at the injection orifice es discussed
in Ref. 12). Thus, an injection velocity of 100 ft/sec was selected for the
majority of the testing conducted in this program. This value results in

an orifice Ap compi tible with the engine chamber pressure as shown in

Fig. 155; that is, similitude between small- a_-. 'rge-scale engines is main-

"talr*4 through the parameter Pi/Pe rather than through the absolute massl-

tuds of the injection velocity. Since this study and various experimental

data (e.g., Ref. 12 and 13 ) indicate that the injection velocity is an

influential parameter, the test proCram was designed to evaluate several

injection velocities over a range of TVC flow-ates at two injector locations.

(a) The theoretical performance trend with floerate at various injector locations,

and with injector location for various TVC flowrates is shnwr in1 •-P. 156.

Both parameters Pre seer. to have P stronw. influerce on performance, end the

performance trend with flowrates noted earlier for constant velocity inJec-

tion near the nozzle throat persists for in~ection near the end of the

M85
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the type of optimization irdicated in Fig.157and discussed in detail in

SRef. 12, Data for conical nozzles compiled in Ref.10 indicate that near-

optimu .erfomance is obtained for ports radially apaced approximately 15

degrees apart around the nozzle circumference as shown in 1Ug. 158. Assuming

that interaction effects are negligible for this port spacing, theoretical

LITVC performance varies with the number of ports as shown in Pig. 159o.

odd port groupings anC as shown in Fig.I=0 for even port groupings. Substan-
tial performance increases are realized by increasing the number of ports

w' from one to five (or six), which is near optimum for ports spaced 15 degrees

apart.

M() Identical results are obtained for both odd and even port groupings, so

odd groupings were arbitrarily chosen for evaluation in this program.

Because spreading and interaction losses are dependent upon the in.lector

location, provision was made to test three- and five-port configurations

at each of the three selected injector locations. The ports weire spaced'1 1 15 degrees apart in all cases. A single port configuration was incorporated
into a flow ring at X/.4 0.25 to provide reference data. A three-port cm-

S'.figuration with 30 dogrees between ports was included in the flow ring at

Sxlx = 0,7 to allow evaluation of flow interference effects at this location.

The nominal flowrate selected for t.is testing was 8 percent for n - 1 and
4 3, and 13 percent for n = 5. Provisions were also made to confirm the theor-

etical performance trend with flowrate at constant velocity by testing, various

port sizes at X/. = 0.25 with the flowrates indicated in Pig. 159 and with
flowrates of 4 and 8 percent ( ni= 3) and. 7 and 13 percent

( n� 5) at x•A.0.4.

(C) )or the nominal injection velocity of 100 ft/sec selected for the majority
of this teating, it was fodud theoretically (Eq. 6 ) that the effect of

the injector axial inclination is nearly negl:ible as shown in Fig. 161.

Similar results have been obtained experimentally for moderate variations in

W89'+ CON+FIDENTIAL
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io as ahown by the data frou Ref. 10 presented in Pig. 162. Thus, this

parameter was not e•:phaziwd in this prograw. An axial inclination of 45

degrees measured with respect to the contour as shown in Fig.153 wa2 chosen

as the nominal vwllue to prolong the "inJectant stay time within the nozzle.

To verify the indicated trend for the aerospike, t•lree arA five port con-

fieurations with an axial inclination of 60 degrees were provided at x/= 0.4

and x/, = 0.7.

(C) Because of the variable influence of flow inter.erence Effects with IuJti-

port injection and asymmetric flow field surrounding radially inclined

torts, the effect of the radial incliration of ports is not predictable

theoretically. However, ex-perimental data such as those Vresented in Fic. 16.1

(from Ref. 13) indicate that this may be an influential parameter for cer-

.... llel ports resi:ltad in a performance loss as compared with radial injec-

Stion. This can be attributed to an unfavorable spread of the pressure field

S surrounding the parallel injectors in a conical nozzle which increases cosine

losses to a point where they more than offset the gain in side th-rust pro-

duced. by the increased injection momentum in the lateral d.rection. Because

of a reversal in nozzle geometry, including the ports in an aerospike such

that all of the TVC flow streams are parallel or convergent may tend to con-
S centrate the presere field in a more favorable manner if the ports are

spaced far enough apart to avoid severe interaction losses. Therefore, caps-

bility was incorporated into the LITVC system design to test parallel stream
S•injectors at each of the three selected injector locations with a and 13

percent flom for n = 3 and n = 5 respectively. Additionally,. capa.bility for

testing a parallel stream injector with 4 " percent (n = 3) and 6 ( nm

5) percent flow and a converging stream injector with 8 (n = 3) and 13

4(n 5) percent flow wac included at x/9 = 0.25. All of the remaining pa-

rameters were investigated with radial injection orifices.
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(a) Past testing ,'ith various nozzles has shown that, in addition to tht injector I
and flow characteristics discussed above, injectant properties exert a atrcong
influence on the performance of the TVC systems. ParwoetriO studies conducted

in conj.rction with the Lance engine optimization study (Ref. 16) indicate

that side force tends to correlate with the volume flowrate of injectant for

system, with equal pressure drop as shown in Fig. 164. This correlation, if
valid for the aerospike, ret'ults in the LITVC perform•nce comparison between

N20 and, UMM-NU 4 (50-50) ahown in Fig. 165a. The accomspanlying data inFi4. 165b iepresent the trend estimated theoretically by using Eq. (6) and

neglecting tha energy release caused by vaporization, decompositiUon, and

reaction. The estimated influence of injectant properties in weaker using

the latter method, but the trend is the same in both cases. In view of the

apýarent performance advantage of UDVA-N 2 H4 (50-50) over X2 04 , the test program

%&s arranged to allcw evaluation of UMH-N2h (50-50) s an inJectant with
the injector ds.signs selecte4 at /A/fr 0.25 and 4(./,, 0.4.

(C) Nozzle recompres-ion a+ low altitudaa strongly s.ýects the tmdisturbed noz-

zle pressure profile indicating that the ambient pressure may have a strong

influence on LITVC performarce at lcw pressue ratios. Therefore, provis.ions

were incorporated lurto twhe teat program to rtndy this influence by testing I
at lcw altitrjes witu the flow r.;ng at yjlt- 0.4.

I

(U) To suwaaarize, ths engiinr was designed to enable experimental study of:

(1) constar t-velocity flowrate v-riation, and radial, parellel and conver-

Sge.nt stream injection with three-and f ive-port conftfrations at ,#,.iL' 0.25,

* and single port injection at 4t 0M25; (2) conatant-velocity flowrate var-
iation, radial and parallel stroam injection mnd %-sriable axial inclination

wi th thuea-axnd five-port configurations at g./j• . 0.4; (3) radial andIparallel stream injaction and variable axial inclination for th-ee- end
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five-port. cer.fipurations alorz. with variable port spacing for a thre-port

L, corfiPuration at Xoc= 0.7. VC .low rings desirned to incorporate these

feature3 are illustrated schematically in Figs. 166and 167. It is readily

seer from the celeeted desipX.s that the intent of the proerm was to deter-

mine the wri.neters which exe-'t the stror.pest influence on LITVC Derformence

with an aerospie and to establish the relative Naunitude of this irfluenroe,

rather t--n to opti-Ize each of the many variables for one iArticular test
• ~confi.-uratior,.

;•' ~Test. Pror'ram.

t :
cr(U) lardware Decriat io. The aerospike thrust chamber tested in the TWC phase

of the Advarced Aerodynamic Spike Configuration Program is shown in Fig. 168.

The TYC hardware assembly is iertical to the 12-percent length nozzle tested

previously in the program with the exce-ption that a new inner throat and

nozzle section with liquid injection thrust vector control capability was

utilized. The inner contour is 25 percent of the axial length of an equ±-

valent 15-depee conical nozzle with an area ratio of 25. Secondary gas
is sutplied f-:om a gas generator mounted directly with!n the center of the

rinner nozzle. The secondary gas is diffused t!hrougo a porous base plate

imounted at the nozzle exit. Fluid systems consist of the primary propellant

(:i~o/un1.,I2j 4 , 50-50), secondary pro rellpnt (IT20/p~?~ 4  05) ;
fluid (IT 0 PRnd UDD1t-11NE 50-.50)6

u) The thrust chazter contains the following basic coaponents: the injector,

a removable water cooled comfbustion chamber, a water cooled throat and inner

rozzle section, and removable uncooled nozzle exter.sions which cor,.din the

VIC injection orifices. Each of these components, except for the nozzle

extensions, was discussed in detril previously, but is reviewed below to

show the relationship between the hardware assemblies.
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Figure 166a, Nominal Geometry, Ring A A = 0: Radial St.reans

A = A: Converging Streams

S= fl: Parallel Streams

Qimdrant(% " 1

1 8 045 0

2+ 0 2 Ut13 30,60 45 A
3 8,13 30,60 45 II

4 4, 7 30,60 45 II
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Figure 164b, Parallel and Conve:.ging Porte , Ring B

Figure 166, Test Configurations at x/t 0.25
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Figur 167A, ,/ 0.4, Ring C

I @ = 0: Radial Streams

i @=11: Parallel Streams.

Quadranit w~) 'p -

p

1 8,13 6o,60 60 0

/ 2 8,13 30,60 45 0

3 3,13 30,60 45 If

4 8,7 30,60 45 0

Nominal vi 100 FIS

I u 167, Test jo4firations at x14 0.4 and %/1 0.7
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(U) The stainless ateel •ijector face (Fig. 169) containrs three propellant injec-

tant rin•s, the center rir4, (stainnesu steel) has the oxidizer orlf"Les and

is bounded on each side bi fuel rings (copper). A likc-on-like doublet ori-

fice pattern is used. Di3tribution mnsiifolds behind the injector rings ard

eachined into the bocy fnd are fed throuh- a series of drilled holes from

the primary L.-=nifolds. The injector is divided tnto thirteen equal compart-

nents by uncooled copper baffles brazed to the injector face.

(u) The water cooled c.,Ain1,q and throat assomblies are constructed entirely of

oxygen-free, high-conductivity copper. 'ýoolan÷ water enters the thrust chaw-

ber ass,;zbly thrcu h p, *ts in the injector body. Four water inlets and four

water outlets are provided for both the inner and outer sections of the cham-

ber; each section having independent cooling circuits. The straight inner

and outer chamber pieces have eight water rmanifolds at either end betveenI

5/16i.ch ax-.aliy drilled coolant holes, The coolirn circuit in each throat

Aicce consists of eight drilled mnrifolds (four inlets sand four outlets)

from vhjich A saeries of smaller holes lead into circunferentipl passas.

Water et.ýrs tlhese small hcles from the four mwrifolds, passes circumferentially

along a 45-degree arc, and is discharged thraugh adjacent outlet holes.

(U) A gas generator, designed to operate on the same propellants as the main

chamber, supplies the sucondary flow to the base region of the nozzle. It

is de.igned to operate uncooled at a maximum steady-state temperature of

appaoitmately 1800 P, based upon hardware (347 CBES) limitatiors. The low-

flow injector, which supplies secondary flow in the range from 1 to 2 per-

cent of the primary flow, was used for the TVC testing. The injector flow

pattern consists of four fuel streams impinging on one oxidizer stream.

The porous plPte base configuration is shown in Fig. 170.
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(U) The uncooled portion of the nozzle is made up of three in-line rewovable

stainless steel flow rings, two of which (?ig.168) contain TVC injectinn

orifices in all four quandrants. The TVC flow is supplied to short circum-

ferential manifolds in each q~uadrant though discrete feed lines (eight in

all) so that the operation of one quadrant is indepezAent from the other

three. The manifolds serve as a common plenum for the drilled injection

'--.Jfices in each quadrant.

(U) A total of six flow rings, two for each injection location, was fabricated.

The second flow ring at each location was used to servo as a backup in the

event of hardware damage, and to provide a means of extending the range of

parametric variation if necessary. Both rings at x/l= 0.25 contain injec-

tion orifices in each quadrant. At each of the other locations, x/l = 0.4

end 0.7, one blank ring and one ring with TVC injection orifices was employed.

The injection orifice pattern in each operational flow ring is illustrated

(U) As shown in these figures, most of the configurations contain five injection

I ~orifices in each quadrant and make up the five-port geometries-discussed pro-

viously. During the testing, the ports indicated by the darkened symbols in

these figures, were plugged with steel pins to provide three-port configur•a-

tious. The assemblies that were used in the TVO testing at AE)C are shown

. in Pig, 11, and 172 . Note that by providing the passages in the blank

r ..ng at x/ts 0.4 through to the flow ring at x/lt 0.7, this piece becomes

an integral part of the system design. This procedure is advantageous since

it simplifies the propellant feed system to the flow rings at x/.= 0.4 and

0.7 (both rings are supplied with. TVC flow through the same feed lines);

however, it also required that the operational rings at these locations be

tested separately. A typical set of flow rings used in this testing (BE ser-

lies) is shown in Fig. 173.
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Cooled Inn~er Throat

c (XBOR 925w07-D1)1

Ring A
(XEOR 925W07-i?

-
ix

Figure 171. 77C Nozzltj Bfrg Configuration Number 1
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Cooled •Mer Throat

(XEMR 925007-D11)

(UM 925007-D33.)

Ring 0
(ZEOR 925007-D41)

Ring F
(=•OR 925007-D52)

-igure 172. TVC Nozzle Ring Coodiguration NIber $'
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(U) The thrust chamber was instrumented to provide information regaeirdig pri-

cary and secondary chamber pressure, primary wall pressure, secondary cavity

pressure, primary and secondary injection pressures, and secondary chamber

temperature. The approximate location of this instrumentation is shown in

Fig,. 174 through 177. Facility instrumentation provided: force, veight flow,

tanrk -,.s-u,%, i rn.,•wlI.nt line terre.-ature, v.tter terrr- ture anr cell cres-

sure data. Arproximate ranges for the~se paraneters are indicated in Table 19

of Apoendix 4.

(U) Test Procedure. TVC testing was conducted at design pressure ratio for this

nozzle (PR4290) in an altitude chanber (J-2 cell) at the Rocket Test Facility,

A•C. The operaional characteristics of this facility are discussed in

Ref. 20 . A six-com.oonent load cell arrangement was used to monitor the

forces and moments induced by secondary injection during each test. The

erngine mounting assembly is illustrated schematically in Fig. 178, and a photo

of the test irnstall-.tion is shown in Pig. 179. Only the flow-ring quadrants

situated in the yaw plane were tested in any given "air-on" (test) period.

-" i .L -"%rt configurations were evaluated initially. The outer two ori-

fices were hell plugged (during the "air-on" period whenever possible) and

the3e cuadrants in the yaw plane-were retested to evaluate the three port geom-

etries. After the quadrants initially in the yaw plane were tested, both

flow rings were rotated through an an.tle of 0 degrees and retested to evalu-

ate the parrmeters contained in the remnining two quadrants.

u(U) Durirwg each test, the en.pine was initially operated for 3-1/2 seconds with-

out TIC flow to establish reference data for each r-p.rameter. Nitrogen

- tetroxide was injected for thrust vector control during the last 2-1/2 sec-

onds of each firing. Nitrogen purges were used to clear all propellant lines.

Priwary oxidizer and fuel purges were operative continuously prior to igni-

tion and came on immediately at engine shutdown. Secondary purges were on

Jii

II
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prior to each run sequence, and were performed manually at the conclusion of

the firing. A typical run sequence is illustrated in Fig. 180, and the fa-

cility flow system used for this testing is shown in Figs. 181 and 182.

M The planned altituds teat zchedule is shown in Table 12. Provisions to sup-

ply TVC flow to two qtaarL~nts during each test were incorporated into the
plumbing system, and it was origLially planned to test both TVC quadrants

during 10-second firings as indicated in the table. However, after the pro-

gram was initiated, it was found more desirable to shorten the test duration

to 6 zeconds, and test only one TVC quadrant in each firing. Hardware dif-

ficulties encountered during the checkout testing at Rocketdyne caused a de-

.Lay in the program, so several of the originally planned tests were not

conducted. Only the data in Table 12 denoted by an asterisk were obtained

in the resulting abbreviated program.

Test Results

(U) Thirty-three firings were conducted over a series of five test periods.

Perforuance and thrust vector control data from these firings are presented

in Tablesl3 and 14 respoctively. L sea level data point (5-second duration

test) obtained in the checkout testing conducted at Rocketdyne is included

in Table 13. Four additional short-duration (two at 0.5 seconds and two at

1.5 seconds) checkout tests were conducted at Rocketdyne; however, performance

data were not obtained and these tests are not tabulated. The measurements

indicated in Table 19, Ap.pendix 4 were used to compuite reference nozzle per-

"formance without TVC, side forces and total control moments generated during

TVC operation, and nozzle wall and base pressure profiles for each test.

The meth ls by which these parameters were determined from the measured data

obtained in this test program are discussed in Appendix 4.
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Vacuum Flowrate, flowt. Velocity Preu
Period Tirin• • in• Quadrant percent lb/twe ni •/sae li;

'a I - cuHcHKOVI TM? " " "
2 Dl 2 13.33* 2.67 106 2393 4 8.00* 1.60 105 m5
4 Al 2 20.00* 4.00 105 234

5 4 6.67* 1.33 110 263

lb 6 D2 2 8.00* 1.60 106 259
7 4 8.00* 1.60 105 253
a A2 2 12.00* 2.40 105 249 4 4.0XP 0.80 110 263

10 4 5.65* 1.13 156 559
11 .... 2, 4 11.68*, 4.13 2.34, 0.83 107, 108 249

2a 12 DI 1, 3 12.63* 14.20* 2.53, 2.84 100, 11n3 252
13 Al 3, 1 13.30* 16;10* 2.66, 3.22 106, 109 25

2b 14 D2 1, 3 7.58* 8.51* 1.52, 1.71 100, 113 252
15 A2 3, 1 7.98* 16.10* 1.60, 3.22 106, 109 233
16 3, 1 3.99* 8.10* 0.80, 1.62 53, 55 52
17 3, 1 5.65* 11.40. 1.13, 2.28 75, 77 114
18 3, - 11.27* - 2.26, - 150, - 495
19 D)2 1 11.31* 2.27 170 I000
20 .- -.

RM4OVE BASE PLATE

2c 22 ......
23----

, 24 Bl 4 2 7.0V, 13.29 1.41, 2.60 10, 101 207
_25 Cl 4 2 6.31, 14.20 1.26, 2.84 98, 101 215

Sb 26 B2 $ 2 4.23, 7.98 0.65, 1.56 108, 101 207
27 C2 4 2 3.79, 8.52 0.76, 1.71 93, 101 215
28 4 2 3.79, 8.52 0.76, 1.71 98, 101 215
29 4 2 3.79, 8.52 0.76, 1.71 98, 101 215
30 4 2 3.79, 8.52 0.76, 1.71 98, 101 215
31 4 2 2,68, 6.04 0.54, 1.21 69, 72 105
32 4 2 5.35 12.06 1.08, 2.42 139, 143 439

4a 33 B1 3 1 13.93* 7.70* 2.79, 1.54 1ii, 103 243
34 1 - 3.85, - 0.77, - 57, - 61
35 1 - 5.45, - 1.09, - 73, - 115
36 1 - 10.90, - 2.18, - 146, - 503
37 Cl 1 0 13.22" 3.46 2.65, 270 108, 107 227

4b 38 B2 3 1 8.35, 7.70 1.68, 1.54 111, 103 243
_39 C2 3 I 7.94, 8.06 1.59, 1.62 108, 107 227

5 40 A2 4 2 2.58, 7.30 0.52, 1.46 107, 108 144
41 4 - 3.65, 0.74, - 156, - 349
42 4 2 2.58, 7.30 0.52, 1.46 107, 108 149
43 C2 4 2 2.37, 5.34 0.48, 1.07 98, 101 15444 4 2 1.680 3.78 0.34, 0.76 69, 72 66
45 4 2 3.34, 7.55 0.68, 1.51 139, 143 27 L4

6 46 A2 3 1 4.Q9, 10.07 1.00, 2.01 106, 109 146,
47 3 1 3.53, 7.12 0.71, 1.43 75, 77 71
48 3 - 7.04, 1.41, - 150, - 310
49 C2 3 1 4.96, 5.05 0.99 1.01 108, 107 142

"ow_ _

St i I
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ity ppa-nr mitr 1SI v r pres~txvp Thirationi*

e1 ,b;,?2  I"tio parcont of Ports puOa necons

- 1.8 - 0.65 6
239 1.5 5 f
233

* 2"234
263 i

239 3
* 233

2*34
263559

108 :249 1.6 ..

113 252 1.8 1.5 5 0.65 10
109 233 _ 5, 3
113 252 3
109 233
55 52
77 114

495 6
1000 1.5

* - 0* .
- - 1.5*

* - .1.5 -
• - 0 "-

101 207 1.8 1.5 5 0.65 10
101 215

101 207
101 215
101 215 7.27
101 215 4.85
101 215 3.64

72 105 .65
143 439

103 243 1.8 1.5 5, 1 0.65 10
- 61 1
- 115

7 503
7 227 5

103 243 3, 1
107 227 3
ice 149 1.8 1,5 3 o,65 10- 349
108 149 2.0 TABLE 12
101 134 1.8
"72 66 PLUI.a D TVQ' TT SCHDULZ
143 274 .
109 146 1.8 1.5 3 0.65 10 Note: Orly those tests meake4T7 7 with an asterisk were

310 accompliahed.
107 142 325/326
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(U) PoSt test inslrection of the engine after the B!d test sfaries revea.led that a

sv','-tantial water leakage P.long the contour occurred during thVi tert series,

a"rd, to a fosser de(•ree, du(ing the BA teut series. Threfore, the reference

perf ormance ,Auta listed in Table 13 for these tests is sozewhMt oqiestionable.

* However, ;he TVC perfor.ma.nce date for thesoe tests are consistent with the

trends established by the data obtained in aubseiuent testing after the water

leakage aloni: the contour was eliminated. Thus, the TVC performance data for

the BA and BB test series in Table 14 are felt to be of goo. quality. A

failure in the aft yaw plane load cell which occurred during test -SD22 resulted

in iraccurate side nnd axial thrust data for firin:,s 2!D22 through ?D29, arA

therefore, data f:om these fi•i-ng! have been excluded from Tables 15 and 14.

A lo%: frequency (t 180 cp:-) instability with Reak-to-p-ak ainplitude of ennroxi-

mately 60 poia occurred during teut BE32 which resulted in roderrte hardwaa-e

damage. Post test irspection of the hardware indicated th t portions of the

olhnmber baffles and throat region had been eroded (Fir.183). Hence, the TVC.
data for test BE3i (in Table14) is also considored questionable. Reference

and LIT1VC perfornance trends established by t-o rc.aininC data presented in

Tables 13and 14 are discussed in the folloAng •aragraphs.

"(n) Reference Perfcrmsnce. Except for the sea-level firLne, all of the data

listed in Table13 were obtained from a 0.5-second time slice approximately

3 seconds after the beginn.ing of the ruM. Becouse of the shorter duration

of the sea-level firing (five seconds), TVC flow. was injected disr-ng the

final 2 seconds of the test, and performt.nce data were averaged over a 0.5-

second time interval just prior to actuation of the thrust vector control

iy3tem. Time varial:ions of critical parcneters for a typical eltitude test

without TVC are shown in Fig. 184. It can be seen that all performance

parameters reach essettially stable v,•.2ucs •,.tpr approzimately 2.5 seconds

of test operation, U

33
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(c) Avers~e thrust efficiency of the nozzle in 95.1 percent without secondary

flow from Table 23. This value is 0.8 percent above the predicted nozzle

efficiency without secondary flow as seen by comparison with Fig. 150

pagw 275. The difference could &rise from any of the following factorss

1 Experimental inaccuracies
2) Primary inviscid flow field analysis

3) Boundary layer analysis

"4) Kinetics analysis

'�f5) Base pressure estimate

6) Downstream combustion phenomena

7) Differences in geometry between analytical model and actual

h-dvarv

8) Differences in overall gas properties betuwec? the anal;/tical

model and the actual hardware

(c) Consideration of each of these factors indicated items (7) and (8) to be

tha most probable causes for the difference noted.
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1 (•:) A -=parisJon of the nozzle and s."c~io i.,ul~es efficiencias between the

• ~Rocketdyne sea level test and the AMC %ltitude tests in represented in ths

| table below. A decrease of only 2 percent in nozzle efficiency and 1. percent

' TABLE 15

ICOMPARISON O SEA LEVEL AD ALTITUDE PA ROCLP 0

1 14.4 01897 0,836 0.932 1,54 197.,2
BA01 281 0.891 0,846 0.949 2,10 196*1
V •17 280 0.889 0O.47 0.953 1.99 196.9

(() Ain specific impulse efficiency was experienced with opesratin between 10D

percent and 5 n eercent of design pressure ratio. It should be noted that the

mixture ratio w.a significantly different for the sea level test, and chei-

S~cal reaction effects could be a factor causing a relatively higher nozzle

S~efficiency for the lower mixture ratio. The results clearly show a high

S~degree of altitude compensatibn was obtained*

(C) LTTVC Performance. Liquid. 2204 perormnce dat were ob.,,, ed fom a 0.5-
•'•l ,.second average time slice near the end of the firing• after all critica~l p&-

i } •rameters were es~entially stabl11zed. Time variations of these parameters
S •' '•during a typical test with TVC ame abeam in Fig.185. As seen$ these data

Sstabilized approximately O.5-second after signaling for the Injection of

S~~TVC flow# Basic test results are presented as curves of PO, ON, ard

Smand dis-.weed in Appendix 4 , The off-center force ratio repres).ts the

@"• dimensionless moment about the reference set of axi1s used to define the notdle

C0iRI0N0" C LVE AFlDEATIT AL PRFRHNB

I £"1c14.our.desi0.836 0.932 1.549197.2

BA~l 281 .89 0.86 0.49 .10296.
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(C) Side force increases with the addition of TVC flow tluoughout the range of
" flowratos tested at xA m 0.25 as shown by the data in Vigo 186 o For a even

flowrate, irjecting liquid N204 through multiple orifices resulte in higbsi

V. side force than single-port injection at this location. Parallel stream

* injection (0 8 It.) also yields hidgher side force than radial stream injec-

tion (0 = 0) with five injectLion ports alb x/tu. 0.25. Simifls results vere

* I obtained at x/-- 0.7 with both three- and Five-port configurations as shown

in Fig. 187 . However, port apacing and axial inclination did not appear to
influence the induced side force significently at the latter location.

(C) Both positive and negative off-center forces were generated during this test-

ing as shown by the data in Fig. 18aarld 189. The trends at x/= 0.25 imply

that at low flows, the side force vector effectively acts near the injection

ports, -thereby producLig a subtractive moment about the throat plane. As the

TVC flowrate is increased this vector moves down the contour causing the

C - throat mome't to become positive. The relationship between side-force loca-
tion and throat moment derived and discussed in Appendix 4 is illustrated in

Pig. 192 . It can be seen that to obtain additive moments, the effective

side-force vector must be located along the aft portion of the nozzle. Five
.port injection results in lower throat plane moments than three-port injec-
tion because of a higher concentration of side force (Piq. 186) near the

nozzle throat. Off-center forces are unaeratandnbly %!I!'htly higher for

injection near the nozzle exit (Pig. 189) simply becaume of thi more favor-

able port location as shown by the curve in Fig. 192.

SThe axial thrust data in Fig. 190 and 191 reflect trends that are similar to

Sthose established by the sidt force data in Ft'. 186 and 1 7 as would be ex-

pected if the Affective TVC forces are normal to the contour. However,
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-ecau~e of the small magnitude of the axial thrust differences it is not
} possible to distinguish trends in the change in axial thrust with variations

¶ in the injection parameters.

(a) The chane-e in nozzle wall pressure during TVC is illustrated by the data in

Fig. 393. It can be seen that pre.sure is increesed both upstream and down-

stream of the TVC port, and remains above the undisturbed wall pressure for

some distance downstream of the injector. The test-to-test base pressure

variation noted earlier during the referN:nce performance testing persisted

tbroughout the TVC testing. In general, it appeared that nozzle base pres-

sure remained constant or decreased slightly during liquid injection, but

definite trends with the injection parateters could not be determined from

the measured data.

(c) The basic data presented in Pig. 186 and 187 were used to develop side thrust

amplification factors to provide LITVC efficiency comparisons for N2 04 injec-

tion with this aerospike nozzle. The constant velocity SITVC performance

. trend with flcwrate established for three- and five-port injection at XA V

0.25 is similar to the expected trend (Fig. 159 as shvwn by the data in Fig.

194. Performance decreases with increasing flowrate, and five-port injection

provides the ,U-hest performance in the ranýe tested. Parallel-stream injec-

* tioa affords slightly higher performance than radial-stream injection for the

five-port configuration, indicating that a more concentrated injection

* pattern such as that provided by radial streams in a conical nozzle (Fig. 163)

is superior to a divergent flow pattern. The magnitude of performance bene-

fit is expected to be a function of factors such as: port spacing, exposed

I:: L..ývea downstream of the port, axial ;inclination, and iajectant properties.

(C) Parallel-stream injection also afferda higr.er side thrust efficiency than

radial iUJection with both throe- and ftve-port co7nfigurations at x/1= 0.7
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as shown in Fig. 195. However, the absolute performance level at this loca-

tion is lower than at A.Ie= 0.25 as can be seen by comparison with the

nominal pcrformance trend for three- and five-po-t injection at A.11= 0.25

(.row Fig. 194). The indicated performance insensitivity to the port

spacing may not hold true for injection nearer the throat because interfer-

ence !osaes are a direct function of the Lifluenced expa downstream of the

injection port. That is, the parameter, A4 1 , may optimize differently for

different stations along the nozzle.

(C) As expected, th3 axial inclination of the TVC ports did not significnntly

influence performance with the variation investigated at 41tI= 0.7. Al-

though the data for injection at ,z/4= 0.4 is somewhat queestionable (Test

BE33), the performance level established with the five-port configuration

at this location is consistent with the data obtained at the other locationsS~tested.

(C) A parameter similar to the side tta-LSt amplification factor was used to

represent off-conter thrust efficiency' for the vo-io.iz injection techniques.

This parameter, which is termed the off-center thrust amplification factor,

X. (aefined and discussed in Appendix 4) is shown for 14204 injection at

oe.I= 0.25 in Fig. 196. At low flows, negative off-center thrust amplifi-

cation factors were obtained because the effective side force vector is

apparently located near the injection port as discussed previously. The

off-center thrust amplification factor increases with flowrate throughout

-the range of flowrateo. Except for the data points that denote variations

in injection velocity, those conditions that yield high side force amplifi-

cation (Fig. 194) also yield relatively low off-center thrust amplification

at this locaticn.
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(0) Off-center thrust performance data for injection at x/1= 0.4 and X/&= 0.7

are shown along with the nominal trends at X/Lu 0.25 (from Fig. 196 ) in

Fig.197. It can be seen that for locations near the end of the nozzle, the

off-center thrust officiet;cy is higher than for injection near the nozzle

throat, and tends to follow side thiust efficiency trnnds more closely than
in the latter case. No reason could be found for the reletlvely low off-

center thrust efficiency displayed for the configuration withAy = 30 degrees

•\at 4= 0.7 and with A = 60 degrees at X/I= 0.4; these data points are con-
* ?idered questioviabl. in view of the performince level established by tia

cther data d the relationship required between side and off-center thrust

indicated by the curve in Fig. 192,

(c) To provide a basis for more meaningful comparison of injection techniques,

the side and off-center thrust amplification iactors in Fig.191throush197

were combined to form a control moment performance factor, K, which reflects
' the influence of both quantities. Since V is indicative of the total control

moment about the vehicle center of gravity, a geometric ielationship between

the engine and vehicle must be assumed to compl-Ately determine this quantity.

As discussed in Appendix 4, this is accomplish'.d by means of the parameter

e A/h where r is the engins radius and h is the dititance from the refer-

ence gimbal plane to the vehicle center of gravity.

(C) Reauits are presented for N 204 injection at x/L_ = 0.25 and for r*/h values
of 0.25 (typical boost vehicle) and 1.0 (typical upper stage vehicle)

in Fig. 198a and 198b, respectively. Overall TVC performance trends with

flowrate are nearly identical to side-force efficiency trends for re/h -

0.25, because of the relatively weak influerce of the quantity, N. HOw-

ever, performance trends with flowrate and configuration are changed for

r/h - 1.0 indicating that the vehicla geometry may have an influence on

-the selection of an LITVO injector design wider certain conditions.

Similar results were obtained for injection at x//l 0.7 as shown
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by the data in ig. 1S9•9 The nwetnal trendis estblished for three- and five-

port injection at xA. 0.25 are included in Fig.•99 for comparison. Control

moment efficiency is seen to be higher when the TVC flow is injected near

the nozzle throat ifre/h = 0.Z5, while the opp !te is true ifre/h . 1.0.

(c) The moent, efficiency data in Fig.193and 19 were used in conjunction with

the axcial tiu-jst data in Fig.19Oan0 191to establish the change ir engine

specific impulse as a function of the equivalent gimbal angle, 4P, developed

durirg liquid injection tl=ust vector control. The relative chonge in engine

seecific imnulse was obtained from the relation:S+ p A / V
1+

and the equivalent gimbal angje is defined as (from Appendix 4):

-arcsin,

(C) These results are presented for N2 04 injection at x/19 = 0.25 and xVZ 0.4,

0.7 in Fig. 200and 201, respectively. Reference to Fig. 200shows that engine

specific impulse decreases sharply with increases in zhe control rcqairements.

The rate of decrease is dspendent upon the number of injection ports and the

enrgie-vehicle similarity parameter, grh * Five-port inJectior, provides

the highest engine performance for re/h = C.25, while three-port injection

appeari to be optimum for re/h 1.0 (at least. for the port spacing utilized

in thir. program). Engine perforan..• during TM for injection at X/"-= 0.7

is nearly identical to that obtained at x 4l= 0.25 fore-/h = 0.25 as shown

in Fig. 201 a. Hovever, if r /h = 1.0 the data in rig. 201b indicate that
ergine perýCormartce is higher for injection of TVC flow rear the e&d of the

nozzle than for injection near the throat.
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(C) In gweral, these trends in enaIne perforxaece during T.C a"e idizmtical

to those exhibited by the control moment cozfficiue"t K, witi variUtions

in TVC flosrate r,,tio (or with variations iu the equivalent imbal

angle since thase qcatities are proportional). This indicates that the

TVC injector designs that result in high aida force and maent efficiency

will alo re•ult in high onginw perfonaance during liquid injection TVC,

which is a result that is not necessarily true of gaseous injection TV

systems am shown by the data presented. ia Ref. 15.

SA-DRleation !2f IM.• Te.-d Pgaults

(C•) Compaieon with LITVC Perfogmance Data for 0ther Nozzles. Previous test

* programs conducted by Rocketdyne have established performance trends for

liquid oxidizer injection into high area ratio bell and H-F nozzles

S(Ref. 14) and a low area ratio annular bell nozzle (Ref. 16).

The LITVC design utilized for the high-area-ratio testing incorporated

multiple, closely spaced porte that were inclined 30 degrees upstream

with respect to *the engine centerline. Testing was conducted over a range

of axial locations and TOC flowrates with bo'.h engines. Vac=m thrust

and chamber pressure of these engines were 10,000 pounds and 225 p8ia

respectively. Propellants were N2 04 AM'-N 4 , 50-50 for the bell nozzle, and

N 04/UM for the P-H nozzle.

(C) The Lance annular bell nozzle ( E = 5.6) utilizes single-port Jnjection at

a location near the throat, The TVC flow is injected into the nozzle at.

an angle of ninety degrees with respect to the engine centerline. Plow

modulation is accomplished by ueans of a variable-area pintle valve.

Experimental evaluation of th•is LITVC design was conducted with a 90-degree

segmnent of the full-scale Lance engine, which operates with IWfNWA/UU
propellants at a chamber pressure of approximately 900 psia. Thrust

level of the segment is approximately 10,000 pounds under these conditions.'4
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(o) Tyica~~l SITYC p urforonce reaulta from thes prga r ho4i i.2

along with aerospike LITIC aide-force efficiency data frcs Fig. 194.

Since the injection ports were closely spaced in the high-area-ratic

, nozzles, the trends displayeJ. :or these configurations are iaoiv representative

of single- than multiple-port injection as shown by the data in Ref. 10.

V• It can be seen that the purformance level of liquid injection with an

aeroopike nozzle is somewhat lower than with high-area-ratio bell and

3-7 nozzles. This can be attributed to the much 'thorter length of the

lower area ratio aerospike nozzle (even ac the same area ratio, axiai

A; length of the aerospike nozzle is only 30 percent of the bell and

60 percent of the H-F nozzles). Similar results can be expected at higher

thrust levels, but if scale effects exist, they are expected t, be

slightly more influential with an a-rospike because of its shorter
length. Thrust vector control demands for the Lance engine are rel-tively

small so testing was conducted over a limited range of low flowrates.

Comparison with aerospike side force efficiency under these conditions

is difficult because of the rapidly changing slope of the side force

efficiency curve at low flows. However, the level of afirospike side

force efficiency does appear to be consistent with tbau obtained with the

annular bell configuration at low flows.

(C) Cp~rion with Se. Di'L •Yical LITVC Perfo zw ce Bstimatea, The aide

force efficiency data presonted in Fig.194 and 195have established prfom•unce

"trends with injection variables, that are in qualitative agreeam ; with

+he estimated performance trends presented earlier. However, the measured

performance level in lower than that estimated theoretically as shown

in FAg# 203.
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(C) To obtain agraeomnt with the teat data the niproading coofficient, 0,
was revised to match the single port data at x/L - 0.25 and the three
port data with AV = 30 degreas at a/A a0. (interference eiffecte are
minimal with the~ latter configuration), Brveuse it wan derived from
experimental data* this revised spreading coeff±icient, G, which is presented

ink Fig. 204# includes: (1) corrections for nonivniforn nozzle tlow similar

to the coefficient for gas injoction into flow over a flat plute used in
previous analysis, (2) correutions for va~riable wal' angle rtd spreading

(cocsine ') loocos with length#-and (3) corrections for the effec-cs of injeotant

vaporization and reaction. While the data in Fig. 204 applies
quautitatively only to the swsrospike tnozzle geometry teated in this progrpn,
its use to estimate LITVU performasnce trends for larger engines than that
teste-.d should yield conservetivo results. The correlation shown in Fig. 205

indicates, that once the performance level ise established, correct trends
with xhe injection parameters are predictod by the blast wave theory. The
deviation in Fig205a emn be attribute6 to flow interference effects (which

a~re apparently small) and/or to slight inaccuracy in the blast wave represent-

ation of the influenge of the injactant flowrate (the blast-wal-e th~emr
indicates th-Att which wsa not be exactly truo for the aperonpike).

(eo) A4,t -Lni-and Gna XIT-oction Perogmance. Cold-

flow testing conducted during the Aerodynamic ~ozr.±e Study (Ref. 15)
established the like-intc-li]ke gaseous injection porformance cheracteriastics

to be expected from an aerospiko nozzle. Injection parameters studied

include:t TVO J ..jection location and axial inclinatiun, TVC flowrate

and injection velocity, and the nozzle chamber to ambient presoure ratioe
Area ratio of the aerospiko nozzle tested was 25sl and its length vas
16 percent of a conical nozzle with equivalent area ratio and throat area.

~Typical results of this investigation are shown in P2ig. 206.
comparable LITVC data obtainsd for five-port 1* 04 injeocion at XIA a 0.25.2
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(C) Referen.ce to Fig. 206a eveals that m•,ch lober flogs are required to

produce the same aide force if liquid N204 is replaced by a hi

eneri gaseous fluid. As indicated, performance trends with the injection

variables are more pronounced with gaseous injection than with liquid

injection; it was found in the cold-flow tasting that those injector

designs which provide high control monent efficiency for gas injection

also result in relatively low nozzle performance at the corresponding

TVC flowrate. This characteriatic resulted in nearly identical nozzle

performance during TVC from all of the configurations tested in the cold-

v," flow proga m as indicated in Fig. 206b. The nozzle performance level

established by this cold-flow data (Fig. 206b) is significantly

higher than that obtained with liquid N 0 injection, because of the lower
flows needed to produce equivalent control moments. The high-area-ratio

bell and H-F nozzle TVC data presented in Ref. 14 indicate that similar

comparisons can be expected from hot-flew gaseous injection TVC systems.

(C) Estimat•cd SITVC Performnnce For, Full Scale hnuines. To make a mor

meaningful comparison between inJectants and to provide a basis for future

systems analysis, the data obtained in this program were used to generate

performaiuce estimates subject to the operating requirements expected

of future aerospike engine applications. Two methods were used to estiate

LITMC performance to ensure that realistic efficiencies were obtained.

The first method involved direct scaling of the LITVC control moment and

nozzle efficiency data obtained for five-port injection at x/t = 0.25

Q(ig. 198 and 200 ) b'/ means of the volumetric flowrate correlation

discussed earlier. With the other method, performance was estimated

theoretically using the blast wave analysis and corrected for spreading

losses by means of the revised spreading coefficient obtained for the

aerospike nozzle tested in this program (Fig. 204). Both methods

of estimating 3Iquid injection performance should tend towards conaervatiin

since the influence of injectant vaporization and ieaction is assumed
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S.constant and in believed to be negligible fur the nozzle aize t"oste
In reality, these effects become more pronounced as the eqgine thrust

level and size i.c"eaz•. Like-into-like gas injection performance

wan obtained through direct scaling of the cold-flow data in ?iU. 204.

Performance of low-eneray gas injection was estimated by means of the

characteristic velockty correlation discussed in Ref. 15.

(C) High- aud low-energy gas injection performance was compared with that of

liquid fuel and oxidizer injection for t-io potential aerospike booster

engine applications, and an uprper-stage engine eystem. The first of

these boost applications utilizes a 1.8-million-pound thrust eneine

(sea level)vith 204 /50-50 propellants. Chamber pressure of the engine

• b is 20C) psia, and the area ratio of the aerospike nozzle is 55. The

other booster engine also operates with a chamber pressure of 2000 psia.
Propellants in the latter case are LW/L 2 , sea-level thrust is 24 million

pounds, vjU the area ratio of the nozzle is 78. Vacwum thruat of the

upper stage engine is 25(C; area ratio of the aerospike nozzle In ?8.

This engine operates with L0 H propellants at a chamber pressure ofZ -2

1500 psia. Thrust vector control requirements expected of these engines

are shown in Pig. 207.

(C) Results of this ara'ylis are presented in Fig. 208 through 210. Reference

to Fig.208 reveals that in-flight engine performance with liquid injection

STVC is considerably lower than when gas ;iujectim is used for TVC in

typical sturable propellant booster engine applications. Comparison

between Fig. 208a and Pig. 208b shows that similar results are obtained

for both methods of LITVC performance prediction, but the influence of liquid

injectant properties is more pronounced for performance data. generated

using the volumetric flowpate correlation. Liquid hydrogen injection

acn be expected to orovide in-flight performance comparable to low-energy

"gas injection TVC in a typical L o/H2  oster engine system as shown in

3ig. 209. The data in FP.g210 indicate that similar results are

,oAtained from ul;pelr.etage =/H 2 engin&•s,Ii 367CONFIDENTIAL
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(C) It can be seen that in all cases liquid fuel injection affords bigher engine

specific impulse efficiency than liquid oxidizer injection. However,

liquid fuel injection also results in much lower density immnulse than

obtained with liquid oxidizer injectants. For example, the tank mixture

ratio for the L•/H 2 booster engine (engine MR without TVC is 6.0) with

liquid fuel injection (Fig. 209 ) ii approximately 5.6 for the mission shown

in Fig20M as opposed to the more favorable aixture ratio of 6.7 if liquid

oxygen is utilized for thrust vector control. A detailed systems study

is required to determine the overall merits including total system weight,

of each injectant. The data in Fig. 209 indicate that liquid injection

with N2 04 or UDM-N 2 H4 (50-50) is not competitive with practical (low

energy) gaseous injection VC systems. However, CW/H 2 engineL. utilizing

either liquid fuel or oxidizer as the TV0 injectant may be competitive since

both fluids are expected to exhibit much more favorable vaporization and

reaction characteristics than the N204 date which was used as the basis

for the above analysis.

CONCLUSIONS AND RECOMNDATIONS

(C) The performance data obtained in the hot-flow test program dipaussed above

lead to s'ýveral conclusions rzgarding engine efficiency and liquid

injection thrust vector control with an a~rospike nozzle. These conclusions

are as follows$

1. Measured thrust efficiency (without TVC flow) at design pressure

ratio of the aerospike engine tested in this program was 95.1

percent without secondary flow and 95.2 percent with secondary flow*

The measured thri.st efficiency without secondary flow was 0.8

percent above the theoretical estimate. The difference is

probably attributable to variations between the theoretical and

actual geometries and gas properties.
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2. Test data indicate that a large degree of altitude compeasation
was obtained with this aerospike a-4enina in the ranno fro 100

•. to 5 19rcent of desieu pressure ratio.

3. SITVC side-force ef 'iciency trends were as expected for the most

part, indicating that the effects of the injection variables can

be qualitiatively determined through analysis.

a. Multiport injection is superior to single-port injection;

five-port injection provided the highest side-force efficiency

of the configurations tested.

b. Parallel-stream injection affords higher performance than radial-

stream injection. The axial port inclination did not influence

performance in the range tested.

c. Port spacing did not influence performance at x/A. = 0.7,

rzbut the influence of this parameter is expected to be variable

with axial location.

d. Side-force efficiency is higher if the TVC flow is injected

near the throat than if injection is affected near the nozzle

exit.

4. Control moment and nozzle performance trends with the injection

variables are dependent upon the vehicle application.

a. -For reh = 0.25, (typical boost vehicle) control moment and

nozzle performance trends duplicate side force efficiency trends

with variations in the Injection parameters.

b. If re/h = 1.0 (typical upper stage) three port injection appears

to be optimu at x/A. 0.25; al'so, ,altiport injection near

the nozzle exit provides higher performance than injection
near the thx,.at,

CONFIDENTIAL



5. IZTVO performance with an roespike nozzle is generlly les

than that obtained with other nozzles because of the relatively

ahort lecgth of the aerospike.

6. Empirical co#fficients utilized in the blast wave analysis of

secondary injection flow phtomeaa must be revised to obtain

quantitative agreement beoteen experimental and theoretical

performanc.e for the configuratian tested.

7. Application of the test results to typical advanced engine-

vehicle, coafigurations shows that N10 liquid injection

TVC systems arp not ccmpetit.ve with

gas injection L stems from ,he standpoint of in-flight engine

performance with TVC. However, this TVC technique may be

attractive for application to I/LEL oengine systems.

Cc) iU the relatively low VWO periormance oluLiiated in this pojam is

the result of negligible vaporization and reaction within the nozzle,

then performance may be improved through bipropellant injection. However,

.ince mawimrm inAjectent collimation and penetration is desirable at

tte injection port (Ref. 12), the second fluid (fuel or oxidizer) should.

be injected downstream of main port as shown in Fig. 211 to ensure t*at

the initial structure of the injec';nt stream is not Impeired. Injectant

stay time should be increased, and mixing and atomization efficiencies

ehouui also be imprwed downstream of the injection port. An attractiv

* source for the secondary TVC flow is the high-temperature, fuel-rich

flow available in the form of excess turbine exhaust gases.
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S(C) The test results presented hirein have established the level of SITVC
performance to be expected for N204 injection with an aorospike nozzle#

and have verified expectations regardinj, the influence of the Injectico
parameters. While the perfor,.e-csc of liquid N204 injection was relatively
low with the engine tested, several techniques not investigated may

prove attractive pending further study. Liquid Uri(/"2 4 (05)hol
provide higher performance in storable propellant eng, ines, particularly

Sif exothermic decomposition occurs within the nozzle. Both LO2 and

2 are expected to yield higher performance than that obtained in this
program because of their more favorable reactivity and vaporization

characteristics. Bipropellant injection techniques such as that
suggested above are attractive because of their potential for chemical

reaction without havine to rely on mixing with mainstream gases.
Tertiary LITVC propellants such as perclorate solutions or hydrogen

peroxide may bp advantageous as indicated by the high performance shown

for these fluids in Refs. 10 and 17 . Gaseous injection TVC also yields
relatively hi.!h performance as shown by the cold-flow data in Fig. 206 ,but

further work is needed to quantitatively establish the performance of
low energy gas injection systems. It -s therefore recommended that

studies be initiated to more fully investigate these possibilities.
Complete evaluation of the SITVC concepts described above would entail

the following: (1) compa-ative systems analysis of operational engine

systems that utilize all of the forms of SITVO mentioned above, (2) develop-.
ment and/or refinement of theoretical SITVC performance and design

analysis for both liquid and gaseous injection with emphasis on aerosplke
nozzle geo•,try, and (3) further hot- and cold-flow experimental study
of ver..ous liquid and gaseous injectants.
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(C) The system design studies should include eval ration of erine weights,

cost, controls, and reliability as well as performance. Stress and heat

transfer analysis should be performed to establish application restrictions,

if any.

(C) The theoretical studies should be conducted to establish a basis for

accurately determining induced pressure profiles and side forces for
fluid injection TVC This theory should incorporate provisions to

' iestablish the influence of injectant reaction (and vaporization if the

I' inj•ectant is a liquid) and to determine if injectant stay time and

mixing is such that reaction will occur. For liquid injecticn, the theo-
S~retical models used in this program could be refined as propoved in

SRef. 18 sand 19 The primE-y objective of the theoretical

study should be to determine attractive injectants, both inert and reacti e,

and establish performance ard design criteria for their use in advanced
A"

4 s aerawpike SITVC systems.

* - (U) Experizmental studies should be conducted to support the theoretical analysis

S.where necessary, and to provide required information in areas not covered

by analysis.

I'I
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APf•iDIX I

TWELVE PERCEN~T LENGTH AR0(S'PIKI DATA SUIWARY

(U) A coaopilation of hot-firing data obtained wiith the twelve percent length
water cooled aerospike is presented. Performance parameters thruzt. Is,

is'C I ~ I~ C~ C, (t / 1 )ps~ have heat lose andF1 3s Is, top CTto' C ilp
to

water content factors applied to them. The values of the factors applied

are presented in Table

(U) Performanca parameters are presented vs. time for each test. For the sea

level tests (RD d~signmtion), TIN = 0.00 corresponds to ignition. For the

AA test reries, TIMh = 4.70 is thrust chamber ignition. For the AB and AC
series, TIME = 3.94 is ignition. Peak thrust occurs within approximately 90

milliseconds for all tests.

(U) An explanation of the aeadings in the data summary is given below.

IME - Arbitrary reference time during firing, seconds

SLAFDAP - P /P , primary nozzle 'stagnation pressure to ambient pressure ratio

PA - Pa' ambient pressurepsia
PC - Poa primary nozzle stagnation pressure, psia

Pcs - P , G.G. stagnmtion pressure, pi.a (PCs = 0.0 designates GG is notSfiring.) (P is actually ap;roximately equal to PB at this time.)

P- B' Average nozzle-base pressure, psia

F - Measured thrust adjusted for heat loss, pounds

'.is/WP - s/v, Secondary to primary flowrate ratio

ws/ý'E - ar/rp)(CSp) Effective Secondary flowrate ratio
WT - ,Tr Total engine propellant flowrate, pounds/see.
M.PP - V3 Primary thrust chamber propellant mixture ratio

pi
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Y - �PP, G.G. propellant mixture ratio

is - Is: F'/4T, Engie .pucific impulsl, sec.

A* - A* p = .9,93 Primary nozzle aerodynamic throat area, sq.in.

S1PB/PC - VB'P,

PB/PA, -F.P

C'rS - CO, G.G. characteristic velocity, ft./see.
* C*P - C_,. Primary thrust camlber charracteristic 'velocity (adjusted for heat

loss) ft./aec.
rc.P - f ( C*p/C*p,th), Primary thruat chamber chrcteritic velocit,

p. efficiency (C adusted for water coolant),
ft./sec.

11C. - ~ mC. hC th.'G*. characteristic velocity efficiency, ft./sec.

HIS - )1 =- F/(FT. Lt , + P, ft7 'giuo specific impulse efficiency referenced
a ' to theoretical primary and theoretical

secondary propellant propertieo.

* I'ISiTOP - F p hO + %/Y7 Engin specific impulse efficiency
stop referenced to theoretical primary

propellant properties.

T - CT ftF Nozzle thrust efficiency referenced
C* •s a otertclpimr n eodr

propellant peroperties.

CTTOP - c T t IP/I COP ,th( + '/+,1.. )o7, zzle thrust efficiency
referenced to theoretical primary
propellant properties.

Tab(•ulated values of-p- were nmpakted from measured base pressures and

"cthe avereati equation (po lT). Ana.lysis of the last two seconds of

"eah test during which the GG was shut off indicated that base thrust was
higher than that camputed by the average base pressure method for the

AC teat sari.es. i",. t herefore reo,=o ,ded that ?/jP_ values for thin

seri•s be increased by the following amounts s

AC 14#16 . .00062

AO 19,20 .00044

A l 3t,15,17,18,21 .00048

COM IDENTIAL ________
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APPENDIX I (Cont'd)

TABIZ 16

f ~ ~ HFIV LOSS Afl. ATE COITENT FACTIOiS jJ'PLIF.D TO MEAZURED ANJD THMORETICAL

¶°(PJNY OoY) DATAC o

Test AI R bee. sec""IL H.L. at.

FD69 +6.27 .9,02 -0. 3o .9987
71 +6.05 .9906 -0.30 .9987
01 +6.16 .9904 -o.3o .9987
02 +7.65 .9878 -0.30 .9987
03 +8.25 .9872 -0.30 .9987
05 +9.23 .9856 -0.20 .9994
06 +9.00 .9860 -0.20 .9994
08 +9.12 .9858 -0.20 .9994
09 +9.33 .9853 -0.20 .9994

AAOl +6.90 .9891 -0.26 .99915
32 +6.70 .9896 -0.26 .99915
03 +7.16 .9888 -0.26 .99915

AB08 +7.37 .9884 -0.21 •.99937
09 +7.37 .9884 -0.21 .99937
10 +7.56 .9881 -0.21 .99937
11 +7.79 .9878 -0.21 .99937
12 +7.94 .9875 -0.21 .99937

AC13 +7.88 .9874 -O.19 .99943
S14 +7.54 .9883 -0.19 .99943
15 +8.29 .9869 -0.19 .99943
16 +8.26 .6867 -0.19 .99943
"17 +8.13 .9871 -0.19 .99943
18 +8.036 .9874 -0.19 .99943
19 +7.91 .9876 -0.19 .999d3
20 +8.20 .9872. -o.19 .99943
21 +7.91 .9876 -0.19 .945
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APPMkDIX 2

DATA REDUCTION PROCEDURE USED IN THE IXTENAIL FLOW INVESTIGATION

(U) The basic data measured during each tast are listed in Table 17 . The

relations utilized to convert these data to parameters representqttive

of still air and slipstream perforn-ince are discussed below.

(U) Average pressures acting across the forward face of the engine, the

base of the missile body, and the engine base were obtained from the

neasured pressure and area data (see Figs. .116 and 212 ) by means of

the following ielationt

A A(i

Tu) ,hese average pressures were used in conjunction with chamber pressure
(corrected for Pas velocity in the chamber) and cell pressure to form

the ratios; F'd•' •/P> . ,/B . and F A>. Measured thrust was

corrected for initial readings before each test. A thrust correction

was also made for cases in which a pressure unbalance occurred between

average engine and missile base pressure using the relation:

x 7 A AT (PEP-3 (2)

(U) Specific impulse efficiency based on free stream conditions is defined

asS

r CB.- P0 ) Aa. 1a> 7pi + ,ri,.) P d,<,>
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T'JABLE 17

DATA 14EASUR,:ENTS

Para•nater Location Amplitude

(Refer to
ru iFig. 116)

.Thrust, Axial Facility 410

Primary Chn. Preos. P9 200

•Primary Cha. Press. P8 200

Primary Cha. Press. PIO 200

.Secondti- Cha. Press. P3 200

Primary Inj. Press. P2 225

Secondary Inj. Press. P1 225

Nozzle Base Pressure F4 Variable

Nozzle Base Pressure P5 Variable

Nozzle Base Pressure P6 Variable

Nozzle Base Pressure P7 Variable

iNonzle Wall Pressure P16 50.

Nozzle Wall Pressure P19 .5
Kissilp Base Pressure P13 Variablhe
FMissile Base Pressure P14 Variable f
Missile Base Pressure P15 Variable

SMissile Base Presoure P26 Variable

Missile Skin Pressure P27 Variable
Enrine Face Pressure P22 Variable

Engine Pace Pressure P12 Variable

Engine Pace Pressure P23 Variable

Lngine Face Pressure P24 Variable
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I.

TAML 17

(Continued)

DATA MEaURdNTS

Parameter LocatIon Amplitude

(Refer to
Fig. 116)

Engine Face Pressure P11 Variable

Engine Face Pressure P25 Variable

Balance Pressure P17 Variable

Balance Prcsa~v PIS Variable

Balance Pressure P21 Variable

Balance Pressure P28 Variable

PBalary Cha. Temp. T2 1400

Primary Cha. Temp. T3 1400

Secondary Cha. Temp. 71 1400

Base Temperature A C4 1400

Primary Flowmeter Facility 2.460

Secondary Flowmeter Facility 0.025

Peroxide Tank Pressure Facility 300

Cell Press. (Static) Facility Variable

Cell Temperature Facility Variable

Cell Press. (Total) Facility Variable

Slot Pressure P20 Variable

I4



pI
p 2

Ip

PAi

(r ("ia + rj'-+
A- 4

?±gure 212. Integrated-Avveage Pressure Method
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(u)W~= rfe cuedto taia mistiile i~jpresaure *din relation becomest

-~d~ id c 1
0 ~ ) The quantities Pid and Fi6are obtained fromn the following relaition*

id.

S Cr)(

p , Fc P c/

where flowrate corresponds to the measurer value for each test and the

ideal thrust coefficient C, and characteristic velocity C* are obtained

from computpd ideal perfor3lce of the decompcoition products of hytr^5en

peroxide at the corre',t concentration aua inlet temperature. Thrust

effio.ency 0T is obtained from eqs ( 3 ) and C 5 ) by correcting the ideal

tbru"s in. these rlatioas for the measured decomposition temperature of

the primary and secondary gas flows which is esseatially a d.aracteri.tic

velocity afficiency correction. 04.a results in the following relations

for tb--ust efficiency:

CBV -- (

440
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S~and

-(7

)

Id i

'IV

9 (U) Note that since this is essentially a topping cycle efficiency

for the results in this program. Aerodynamic throat area was computed from

measured chi-.ber pressure, prims=. flowrate, and chamber tomperature in

ccjunctlon with ideal properties as follows:

and t'.ed to form the expannion area ratio, where:

!: •= As/A ( 9

S•=,,-" u(U). The €chjnge in nozzle efficiency with the addition of secondzry flow wats

S• comr-uted from ÷,h& measured cbanee in base pressure as follows:

Cý) + A

? C

I0

i44



(U) Mission pi•p wtera applicablo to the tjector±ia. in ipg. 100 and 101 ar*

listed in Table 18. Pertinent portamance and preasure data obtained

using the aboie rpocedure a inuted fodr each test in Appendf. 3.
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APPENDIX 3

SLIPSTRFW TEST DATA
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A.PPDIX 4
DATA REDUCTION AIM ANALYSIS PROCEDjRE FOR TYC PROGRAM

(U) The basic parameters measured during each test are listed in Table 19.

The measurements were used to compute nozzle performance with and without

TVC, and side forces and total control moments generated durirg TVC

o',4-ation. The methods by which these parameters were dW!;'ncined in this

test program are discuseed in the folio ing paragraphs.

BASIC ENGINY PERPORXA±CE

(U) Nozzle performance was computed as it was for. the 12-percent lergth nozzle.

Heat loss and propellant impurity corrections were obtained from the

theoretical data presented previously after computing the heat lous Ond

propellant water content as follows:

W H0 (&TH2 0 ) +. (450)
= ý ( ) (205. 1)

pI

Percent H2 0= (Percent H 20 in oxidizer(M. .. ( Pe.:ent H-0 in fuel)
1+7 l

(U) The constants in the heat loss relatlo, vere adjusted from those obtained
for the 12-percent length nozzle to acc•imt for the revised hardware

geometry and operating conditions. Specific im-ulse corrections, A I .
"al.L.

ad and the characteristic velocity correction. . and
ORa

20
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TABLE 19

PAiRAflET .SYBOL tOCATION VLZRG

SForce, poundsAxisklI Facility 5600 0-10,,=3

Fore Yaw F' Facility 0-10 0-1000
Fore Pitch FF Vacility 0-10 .30-1000

S.Aft Yaw FPA Facility 0-100 0-1000
YA

Aft Pitch p Facility 0-10 0-1000
Roll vP FAciility 0-20 0-1000

R

tr Primary Chamber
Preasure, Psia PC-1 P3 200 0-300

Pl>-2 N 200 0-300

APC-3 
PA 200 0-300

Primary Injection

• Fuel PFJ P2 360 0-5w0

A2 Secondary Chamber
Pressure, Psia PCG-1 P8 100 0-100POG• •--2 • 9 1 0 0 0 - 10 0

PC-G-3 PNO 100 0-100

Secondar• Iniection
Pressure, Psia

Oxidizer POJG P6 I .145 0-500
Fuel PPJG P7 150 0-500

S Oxidizer AjT-!l Facility 200 0-500
S Fuel PFJ?-I acility ¶75 0-500

Base Pressure, Psia PBI P22 1 0-25
MB P23 1 0-25

PB3 P2A 1 0-25

453
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TABLE 19
TVC V011,. LAOM ,U•,:T

- NOMINAL TRiuiw'rý1
PAL I SYMBOL LOCAT1ON VAUJ RAG

AUial . Facility 560W -
fore Taw Facility 0-10 0-1000
Fore Pitch Fr Facility 0-10 0-1000
Att Yav _FA Facility 0-100 1-00kft ?itch PY Facil ity 0-10 5- .1 rAY)

Roll jA Facility 0-20 0-1P

Primary dhzber
Pressur-, Pa PC-I P3 ¶00 O--10

PC-2 PA 200 0-310
PC-3 PS 200 0-100

Primary Injection•
Pressure, Psia

Oxidizer PJ3G Pl 140 0-500
Fuel ?JG P2 160 0-500

Seconedary Chcm2er
Pressure, Paia PC1-I P2 100 0-2w

PBG-2 P9 100 10-207C,--3 PIG 100 0-100
Secon~dary Tnjectioii rz

Pressure , Psi&
Oxidizer PYOJG PrI 145 0-1500

FFelP•JG F7 150 C•50
•O-xieizer PO..r,-.L ?acllity 200 0-500
Fuel ;ý?JG-I Facility 175 0-500

Base Pressure, P,,.ia PBI P22 1 0-25
PB2 v,1 0-25
PB3 724 0-25

PB4 P29 1 0-25
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TA•I• 19

NONA(CoSntinued) I ] I N$TR NT

PA.RAXE S'BOL ULCATION VALU RANG

Nozr.le Skirt Preeaure,
Paia YNS-1 P25 3 0-25

.NS-2 P26 3 0-25
PVS-3 P27 3 0-25
PVý;-4 P26 3 0-25

Outer Nozzle Prets.-ure,
Pasa T1I- P15 Ambient 0-25

IV-2 P16 Ambient 0-25
04-3 P17 Ambient 0-25
PN-4 Pis Abmient 0-25
FI-5 Pi9 Ambient C-25

Secondary Crom'ýerTemper ture, I TCG-I T3 1600 0-2000

TCG-2 T4 1600 0-2000

Water Temperature, 7
Inlet Tdi Facility Ambient 0-150
Oitlet TWO Facility 160 0-250

Primary Flow, lb/sec
Oxidizer ZO? Facility 12.5 0-23
Fuel WFP Facility 7.5 0-8

Secondary Flow, lb/cec
Oxidizer WOS Facility 0.03 System AP
Fuel W'S Facility 0.30 System AP

TVC Plow, lb/sec MTVC Facility 0-6 0-6

Coolant Water Plow,
lb/sec VCV Facility 60 0-120

Primary Tank Pressuro
Oxidizer PTOP Facility - -
Fuel PT?? Paciliwy -
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TABLE 19

(Contirued)

NOMINAL INSTRUMENT

PAk.RAMET9R SYMBOL LOCATION VALUEh RANGE~

Secondary Tank Pressure
Oxidizer PTOS Facility - -

[: Fnel PTFS Facility - -

TVC Tank Pressure

TVC Purge Pressure
(Line), Psai PPLT Facility Variable 0-500

Pr~mai'y Line Temp., ?
Oxidizer TLOP Facility Ambient 0-60
Fuel TLFP Facility Ambient 0-60

Secondary Line TempO FSOxidizer TLC$ Facility Ambient 0-60
F uel TLFS Fao~ility Ambient 0-60

TVC Line Temp., F Facility Ambient 0-60

Wateorpressure (Itr),• Psia

Pai nlet PWII Inlet Tee 730 0-1500
Outlet rwO I Outlet Tee 160 0-1000

Water Pressure (outer)
Ps•is Inlet P'ilO Inlet Tee 520 0-1s00

SOutlet PW00 Outlet Toe 220 0-1000

Cell Pressure, Psia P Facili.ty 0.7 0-15
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ICWHVO, are given A6 funct.ions of Q and percent H2 0 In a previous saction.

Values cf thaza factors applied to each test are given in Table 20.

S,.ecific impuale efficiency was ubteaied from

a Opt opt

FI messu* axial thrust corrected for impurities and heat loss
AC

opt " a opt -A n 2p pp 120

opt o I o j for toping cycle specific impulse efficiency)

where I a theoretical shifting equilibriua specific impulse atI ~Sopt 
,

Pop', (Fig. 213 and 214).

(U) The thrust w4 efficiency data in Tables 13 and 14 are measured values

corrected to P5 i 0.7 psia. Characteristic velocit7 (0*) efficiency is

defined as:

P A* Dg

? th Pp p "%

Cth.s
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TABLE 20

1IEAT LOSS FACTORS APPLTrD TO MEASURED TVC DATA*

CONFIDENTIAL

Tes n C HA. L. A .L (See)

0.990 
6.0

Bkoi o0.991 5.7
BA02 0.991 5.6
BA03 0.990 6.0
BA04 0.990 6.0
BA05 0.990 6.0

BB06 0.990 59
BBO7 0.991 5.6
BBOB 0.991 5.8
BBo9 0.991 5.6
EBBI0 0.991 5.5
BBI1 0.991 5.6

SBC12 0.991 5.6

BCI 
0.991 5.9

BC14 0.991 5.9

BC15 0.991 5.9

BC16 0.991 5.9

BCC17 0.991 5.9
BC1A 0.990 6.9

BD19 0.990 6.5
-BD20 C.990 6.3
BD21 0.990 6.7

r.4 -1. 00 0 ; Ai 0.0 sec.

/ O 0

* "Rocketdyne Sea-Level Checkout Test. Factorn
were assumed.
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JI
vheze

SCIth C Theoretical shifting equilibriim characteristic velocity (Fig.

215 and 216)
P PC-../lo,98)
A -p 1,01o 35 0D A

where C2is the theoretical throat disaharge coefficient . .9893).

A*S=(O.85) A8 Maas.

(') As ind2icated, the primary throat area was increased by a factor of 1.35 percent

to account for the change in throat area during this test up to the time at

which all reference data were computed. This correction was obtained in the

same manner as for the 12-percent length engine but was constant throutg.out

the TVC testing. The nozzle thrust efficiency exclusive of combustion chamber

effects and combustion efficiency was obtained from:

77cp7 + Fopt a*

Topping cycle thrust efficiency was obtained from:

F c

a p 8Optp a J

LITVC P•EHMMUNCB

(U) The unbalanced forces generated during liquid injection TVC were corrected

for initial thrust misalignment (detertined from average force .data obtained

during the O.5-seccnd period prior to signalling for TVC flow), and used

to compute induced forces and control mcmants about a reference axis in

the throat plane as follows:

FP SYP I),TC;- Pyr)sf

PU =!A)TVC -- YA,)

,, - P +YA+ P
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(U) The dimoenionlesi moment about aa arbittra-y axis a dieta~cci h from the
reference plane (nondimenhionalized in terns Of the reference thrust

without MV and the distance, hx) was found froat

: t
I.r

T rV h

where the dimensionless axial thrust and axial thrust displacement were

combined to form a new quantity designated a the dimensionless off-center
force. This quanzi'cy may be interpreted as a fictitious force aligned in

the axial direction (i.e., parallel to the engine centerline) which

produces a moment about the reference axi• that is equivalent to the
moments produce, by the sacondary injection system as shown schematically

in Pig. 217. Thus,

100

C(U) TeT off-center force is a fictitious quantity in that it contributes

nothing to the axial thrust of the nozzle even though it has been defined

. above as a force vector acting in the axial direction. However, repre-

centing the TVC effectiveness in this fashion enables a more convenient
comparison of injection methods since only two quxintitiee, F. and Foc.
are needed to establish a control moment for a given geometry; also,

nozzle perfornance and TVC effectiveness comparisons can be examined

oeparately.

i
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(u) nErgine .rfomrnce during TVC vas reprtsented in terms of the change in

engine specific impulse with a chane- in 'VC flowrate. This quantity was

computed from:

Al 6  1- ( .+(~'A'')• _
AI + WV/

Wp

where:

and reprevents the charnge in engine thrust (vacuum) during TVC.

(U) A commonly used representation of the moment produced under various in-

Jection SITVW conditions is the equivalent gimbal angle which is defined

as the Angle to which the engine would have to be gimbaled about the

refere,-.e plane to produc- a moment about the vehicle center of gravity

:#hich is equivalent to the mcment generated by fluid injection. This

e('ui-lence is illustrated in the sketch below.

M r i&d mb • " SI TVC

h

4 e
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p

(U) Forth • 1.maed engine,

S !or

KýZArcain P

(U) Thus, for the fluid injection systex:

CO 19[ F,

(M,) ?he qantities. Pys, r'. P , ?e,70o, ?A, ýTV. were computed from the date

obta~ixd during the last 0.5-second time interval during each test, and

were used to form the basis for preaent .ng and comp•ring nozzle performance

durii.4' TVC, and the WVC effectiveness of the various injection techniques.

Comparisons were made in ter=s of quazntities designed to characterize

verlous specific a%pects of fluid tnjection oper,tion. The effrectivea.e.e

with which the SITVC system generates 01 de thrust if often representod in

terms of a side thrust amnlification factor defined as:

V46
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(U) A similar quantity can be useJ to represent the off-center thrust

efficiency and in defined as:

KM

WTC/e

(U) Por the Rerospike, the total efficiency of the systepo must reflc.et the

influence of both forces so that the control moeent efficiency becom-es:

(U). Of interest in the design of engine systems utilizing LITVC is the

location of the resultant induced force vector along the contour. TIf it is
assumed that flow interference effects are negligible and that Inj•etnt '

momentum ia .mall compared to the induced pressure force so that discrete

•,forces normal to the nozzle wall are nroduced downstream of each port, the

effective location of the induced force vector can be azcertained from the

te.st data a.d th.? nozzle geometry (Fig. 218) by considering the followingt
Z- L
2

k 1

3) f is constrained to lie on the curve x f(x) where x ^nd

f(x) are the coordinates of the nozzle contour.

467
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( ? huntn=
S2 2

SMT a[ +2 coB ] - (, f(x)[ +?) oo. kw
'k1l kul

X~ + f(zta e

(U) Since f(x) tan cx is known, the nupntity x can b' obtained through an
iterative so:.tioon of the above equrition using the measured values of Fs

) and Y,,. Unless flow intarference effects are eevere, the above relation
remains qualitatively correct even If thoee phanomenra do occur.
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