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FOREWORD

This report presents the work accomplished on Phase I

of the Advanced Cryogenic Rocket Engine Program, Aero-

spike Nozzle Concept under Air Force Contract AFO4(611)-
11399. The work reported herein was condvcted by Rocketdyne,
A Division of North American Rockwell Corporation, 6633
Canoga Avenue, Canoga Park, California, under the Technical
direction of Capt. Vernon L. Mahugh, Project Engineer,

Air Force Rocket Propulsion laboratory, Edwerds, California.
This report covers the contract period 1 March 1966 through
21 October 1967.

A portion of the design and tooling effert in Task II
represents a joint effort with the Advanced Erngineering
Program, System end Dynamic Investigation (Acrespike),
Contract NAS8-19.

Classified information has been extracted from documents

listed under References.

This report, submitted January 1968, has been assigned
Rocketdyne Report No. R-7168, Volumes I and II.

This technical report has been reviewed and is approved.

Vernon L. Mahugh

Capt, USAF

Project Engineer

Air Force Rocket Propulsion Laboratory

Ernie D. Braunschweig

Capt, USAF

Program Manager

Air Force Rocket Propulsion Laboratory
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ABSTRATT

(U) Technical results obtained at the completion of

the contract effort are described for the Advanced
Cryogenic Rocket Engine Program, Aerospike. This pro-
gram includes analysis and preliminary design of an
advanced rocket engine using an aerospike nozzle and
experimental evaluation of critical technology related
to the aerospike concept. Component and system features,
physical arrangements, design parameters and dotails,
operational characteristics, and performance have been
established for an ~ptimum demonstrator engine. Studies
were made of application of a flight engine to certain
vehicles. Experimental injector performance investigations
and experimental cooling investigations on segment chambers
were conducted, producing the target combustion per-
formance. Various materials were studied far long

life of thrust chamber cooling passages and the target
life was demonstrated. Full-scale, cooled thrust cham-
bers were fabricated and tested for overall combustor
and nozzle performance demonstrations. Injector failure
limited these tests; however, nozzle and comhustor per-
formance were u8 predicted when not influcnced by excess
leakage. Structural and cooling evaluations weie con-
ducted on a segment embodying essential elements of the

Demonstrator chamber design.
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TASK TI: FABRICATION AND TEST

INJECTOR PERFORMANCE INVESTIGATICHW
(2.5K SOLID-WALL SEGMENTS)

Objectives and Requiremrents

(C) The requirements of this subtask were to evaluate promising injector
designs in solid-wall 2.5K chamber segwents and select the injector con-
figuration to be used in the 2.5K and 20K tube~wall segments and in the
full-scale (250K) workhorse thrust chambers. The =zelected injector was
tohave demonstrated stable, high-nerfermance combustion over a mixture
ratio range from 5:1 to 7:1 and throttled operation (100 to 200 percent).
During these segment tests, the dimensions of the combustion chamber also
were to be varied to evaluate the effects on combustion efficiency. In
this manner, the selection of chamber dimensions, rwade during the design

and analysis effort, was to be confirmed.

(C) The 2.5K segment injector investigation effort was designed to utilize
the segmentation potential of the aerospike thrust chamber for the develop-
men£ of candidate injector patterns fo¥ the 250K injector. The experimental
objectives of this task wgre: (1) selecting an injector design that de-
livers characteristic velocity efficiency in excess of 0.96 over the operat-
ing range, (2) determining thrust chamber heat transfer characteristics,
(3) developing a gas tapoff system that yields gases suitable for use as

a turbine working fluid, (%) evaluating injector dvrability, (5) determin-
ing injector stability, and (6) developing injector patterns that would
lend themselves to fakrication of the 250K injector. The segment approach
provided the capability fur rapid turnaround time when major injector
changee were being made, and provided a much larger amount of data within -

the planned program than had originally been anticipated.

(C) Previous effort and analysis indicated that durability at 1500-ps{

chamber pressure would be a major problem, The performance problem would
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manifest itself primarily in the low chawber pressure regions. Heat trans-
fer in arnular combustors has been shown to be primarily a function of
chamber contour; however, injector effects on throat heat transfer have
been experienced and were expected on this effort. Fabricability of the
selected patterns restricted the choice of candidate injectors to those

that could be readily produced for the 250K injector.

(c) Stability of the patterns also was considered to be important; how-
ever, it was recognized that the 2.5K segments, representing approximately
one-half of a 250K compartment, will probably not support any acoustic
modes, the nearest mode being the first longitudinal at approximately

5500 cps, however. The posasibility of lew-frequency buzzing could not be

discounted, however.

Summary of Work Accomplished

(C) A total of 128 tests was made duriug this phase of the program, and

31 injector modifications were utilized in the testing. Tests were con-
ducted at chamber pressures ranging from 274 to 1614 psia and mixture ratios
from 3.90 to 9.71. Three injection patterns, the triplet, LO2 fan, and
reverge flow, were utilized in 123 vests. All three patterns exhibited

high perforwance, i.e., characteristic velocity efficiency in excess of

95 percent of theoretical shifting equilibrium characteristic velocity.

On the basis of these tests, the triplet injection pattern was selected

as the 250K candidate injector because this pattern yielded high character-
istic velocity efficiency over the chamber pressure range of 500 to 15C0

psia, and for aixture matics from 4.5 4o 7.5, it exhibited good durahility

and was not sukbject to cowbustion instability.

(c) Feasibility of hot-gas tapoff was demonstrated, and it waz shcwn that
the tapoff was fuel rich by observing the drop in tapoff gas temperature
when ambient temperature fuel was added to the tapoff gas downstrcam of
the thrust chamber tapoff ports. Tapoif terperatures ranged from 1400 to
1600 F over the chamber pressure range of 400 to 1500 psia.
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(C) Heat transfer data were obtained up to 900 psia chamber pressure by
the calorimetric method. The data obtained between 300 and 900 psia were
extrapolated to 1500 psia, and the predicted peak throat heat flux at 1500

psia vas 58 Btu/in?—sec.

(U) The bulk of the 2.5K segment testing was accomplished by using a
hvpergol ignition system, The majority of tests utilized C1F3, but a few !
tests were made using triethylaluminum-triethylboron(TEA-TEB). In addi- !

tion, hot-gas ignition tests were accomplished. ) !

(U) A1l the objectives of the 2.5K cegment thrust chamber testing portion
of the aerospike program were successfuily met or exceeded. The segment
testing was useful in that small-scale hardware which could be fabricated
at a reasonably low cost was used, and the segment was ideal for achieving
rapid turnaround time for testing so that many inje~tor modifications
could be tested.

(U) Resvlts from the segment tests were directly applicable to the design
end fabrication of the 250K injector. Factors that were applied were:

(1) utilization of small injection strips as building blocks for the 250K
injector, (2) the triplet injection pattern was fixed on the basis of
results from segment tests, (3) tapoff geometry and injection strip modi-
fication a#t the tapoff point was directly applied, and (4) fuel bias was
established in the segment tests.

Description of Hardw>-e and Fabrication

(U) Theoretical Basis and Background for Injector Designs. The injector

segrent work conducted under Contract NAS8-19 provided the background for
tie injector designs advanced to the aerospike effort. The resuits of that

program showed that the attainmeet of high performance with LO2 and H2
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propellants in short, toroidal chambers was solely dependent on achieving l )
maximum atomization through use of the potential energy of both the LO2

and the H2. The best performing injector of that study was & LO2 fan

pattern., In this design, the LO, impinged on itself as a doublet on both

sides of a seriee of hydrogen or;fices. Primary atomization was accom-

plished through this process, The atomized L02fans were then further

atomized through passing into the path of the hydrogen gas.

(U) Theoretical analysis shows that the same effect of a seif-impinging
doublet can be attained through control of the lignid jet length before
impingement. For a given jet momentum, the jet has a length.at wkich
surface instabilities will appear which lvad to atomization. This char-

acteristic was designed into the basic triplet element.

(U) Theoretical analysis shows that the primary atomization produces mean
drop sizes on the order cf 150 microns. Secondary atomizavion by the hy-
drogen under proper impingement produces mean drop sizes on the order of
50 microns. However, the attainment of this small drop size reguires
careful control of the hydirogen jet dynamics. Cold-flow studies reveeled
that the jet diesipates rapidly and, if th: point oi‘LU2 impingemasnt is

too far away, the H, escapes around the combustion field. If the jet is

too close to the po?nt of impingemeant, the 32 spreads the L02fans (or
jets) apart and never mixes. Best atomization ozcurs when the H2 jet to
LO2 impingemert distance is approximately 2 to 4 jet diameters, This re-
gults in an implingement distance of approximately 0.150 inch. This is
the distance designed into the injectors. The use of this distance and
matching the AP to peak perfcrumance has resulted in a nominal 1-1/2- to
2-percent improvewment over the performance results obtained in the NAS8-19

program.

{C) The NAS8-19 program was conducted at approximately 650-psia chember
pressare, and no injector heat transfer problem was encountered. It was
expected that injector heat transfer at 1500-psia cliamber pressufe migit
be a major problem because of the high recirculation potential of the

GH2/L02 designa, Jet dynamic calculations show that as much as 83 percent

396
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of the total propellant flow through the injector will be recirculated at
1500~psia chamber pressure for the proposed injector desi ns. Such high
recirculation provides ar added basis for high performance but, also, it
presents a potential face heat transfer prsblem. The basic approaches to
the face heat transfer problem considered were: (1) use of a raised fuel
post to prevent face gas recirculation and, also, control impingement dis-
tance, and (2) uge of a face patterr. with predominant hydrogen face cool-
ing. The basic triplet patterns use the raised face, while the reverse-

flow pattern provides for maximum hyd.ogen face cooling.

(c) Thermochemical calculations on the LO2 drops show that below approxi-
mately 1100 psi, the drops actually exist as liquid droplets throughout
their consumption. Above 1100 psi, the drops rapidly rise to and exceed
their critical temperature. Becauge of the high contraction ratio of the
aerospike engine, combustion-induced turbulence (along with GH2 jet tur-
bulence) is high and persists. This turbulence above 1100 psi results in
rapid eddy diffusive mixing of the LO2 vapor and, therefore, once fine

atomization is achieved, near theoretical performance can be expected.

Candidate Patterns.

C) 60-Degree L0, Impinging Triplet Pattern. The basic triplet pat-
) £ p p P

tern consists of a showerhead fuel stream {from . raised fuel strip) im-
pinging on a 60-degree LO2 doublet (Fig. 165 . The purpose of the raised
fuel post is to place the fuel sircam exit point close to the poirt of

LO2 impingement to obtain good primary propellant atomization. The post

also acts to prevent recirculation from causing high face heat transfer.

(U) The injector stripsare oriented perpendicular to the chamber circum-

ference with eight prepeilant elements per strip, Modificatione to the

397
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basic triplet pattern consisted of:

1. Addition of fuel bias at fuel strip ends {incorporated into 250K

injector pattern)

12

Extending raised fuel strips te chamber wall (square ends);

incorporated into 250K injector pattern

3. Beveling LO2 strip ends (found to be unnecessary with square-=nd

fuel strips)
k., 1Introduction of fael bias along sides of injector

5. Enlarging fuel orifices to lower injection pressure drop (found

to be ununecessary)

{¢) 10,

rnised fuel strip also was considered as & candidate for the 250K injec-

Fan Pattern With Fuel Post. The L02 fan pattern with a

tor pattern. Satisfactory performance and durability were demonstrated
with this pattern; however, the chamiuer tkroat heat flux was found to be
slightly higher with the LO2 fan pattern than with the triplet. The hot-
gas tapoff temperature was considerably lower than the tapoff temperature

using the triplet injector pattern.

I
i

i An element of the LO2 fan pattern consists of two pairs of L02 doub-
lets forming doublet fans impinging at 60 degrees above a raised fuel
strip (Fig. 166). Four showerhead fuel streams were directed at “he line
of impingement of the doubiet fans. Each set of strips contained six

propellant elements,

(U) Medificotion of the basic pattern consisted of enlarging the fuel
orifices and providing fvel bias of the main orifices at the fuel strip

ends,

399
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(C) The LO, fan pattern with the raised fuel strip was an improved version
of the L02 fan concept tested during the first guarter which featured 90-
degree L02 impinging fans and no raised fuel strip. Severe burning of the

L02 strips was susteined ir these tests.

(C) Reversed Pattern. Tire reversed pattern (Fig.168) was so named

tc indicate that the point of introductien of propellants was reversed
from that of the other patterns tested (fuel on the outside and L02 in
the center of an element of the reversed pattern). The reversed pa“tern
element consisted of a L02 fan (formed by a L02 doublet) impinging on an
80-degree impinging fuel doublet. The pattern was placed on a flat face

injector.

(U) Modification of the basic pattern consisted of enlarging the fuel

orifices to lower the injection pressure drop.
(U) Erosion of the strip ends was sustained during high chamber pressure

tests, and the face appeared to be overheating to the point of being

marginal,

(U) Injector Modifications. There were three basic injection patterns

tested, i.e., triplet, L02 fan, and reversed pattern, These irjector pat-
terrs were subjected to various minor modifications to echieve adequate
fuel bias and optimum ges tapoff properties. A complete description of
2ll injectors tested, and the respective modifications, is presented in

. 5 £
Fig. 169 through 181.

(U) Toe injector identification numbers were planned vo describe certain
aspects of the injector, For example, the injector number 1-1A has the
following meaning: +the first number identifies the injector vody as body
number 1; the first number after the dash describes the injeciicn strip

and was changed whea a major strip modification was made s0 that injectors

401
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NO MODIFICATIONS TO THIS DESIGN

Figure 169. Staggered Triplet Injector (No. 1-1a)
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Figure 171.60-Degree Triplet With Fuel Post (No. 1-3A to 1-3B)
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Figure 172. 60-Degree LO2 Triplet With Fuel Post (Ne. 1-4A to 1-4B)
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MODIFICATION -1B; ADDED FIiM
COOLANT ORIFICE AT 5° CANY
TORWARD WALL END OF EACH

ORIFICE FUEL STRIP \607
. —
- -—e— )OIATYP 2 PLACES 0.150 :Ag?gs
o ,,o) “15° TYP 2 PLACES l 0.025
. - T, . RAD I US
) "g{. - . e L)
ot / 30° TYP 6 PLACES J l
Ve - l
P SECTION A-A
Avk/‘, ; ~~—L0, 0,033 TYP
o _° FUEL
BONFIDENTIAL
MODIFICATION| “C, ORIFICE FUEL ORIFICE MIXTURE RATIO BIAS FUEL
DASH - Lo GH FILM
TOTAL <..| TOTAL 2 2 NO. OF
NO.  |DIAMETER| ,pea [PYAMETER| agea |DIAMETER|pjaHETER |ELEMENTS| COOLANT
-1A 0.033 |0.0547| 0.059 | 0,087 NONE
-iB 0.033 |0,0547; 0.066 | 0,118 0.031
-1C 0.033 [0.0547| 0.066 | 0.1205 0.0k2
-1D 0.033 ]0.0557 | 0.070 | 0,134 0.042
-1E 0.033 10,0547 0.070 | 0.142 0.055 |8 (SIDE)
-1F 0.033 |0.547 | 0.070 | 0.123 —_—
-16 0.033 | G.547 | 0.070 | 0.155 0.0335 | 8 (END)
Figure ' 173.60-Degree Triplet With Fuel Post (No. 2-1A ‘o 2-1G)
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e
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Ve‘ / 30" TYP 4 PLACES
A

211 |
,p,\ SECTION A-A
A /
Y /g’ ~— L0, (0.033 TYP)
A I N—FUEL (0.068 TYP) o
/jef 45
y'd

pd
X
\ \//"ENDS OF l.()2

S STRIPS BEVELED

NO MOD{FICATIONS
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Figure 174. 60-Degree Triplet With Fuel Post (No. 2-2A)
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FUEL BIAS .
/" 0.031 DIAMETER 2 PLACES \<6°
I i
o 0° 2 PLACES '
- LAC 0.150 /
0. erT'
eﬁ/ﬁ/ 15° 2 PLACES RADIUS : 2;,,"}35
/g// 30° & PLACES Fﬂ Jl
Z 1 ¥ SECTION A-A
“\// ———L0, (0.033 TYP)
N\ FUEL (0.065 TYP)
yd BONFIDENTIAL
NO MODIFICATIONS
Figure 175. 60-Degroc 15, “riplei With Fae® %ost {No. 2-3A)
(
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o | | 0.035 DIAMETER
o 1814, (24 PER STRIF)

W T,
- -~

DY® &

A o

> 0.021 DIAMETER (6 PER STRIP)
‘ | —~—— Lo, FAN |

SONFIBENTIAL
MODIFICATICH|— 02 ITl ol E :L PR oA e
DASH M. oIAETER| Wiel [DIAMETER eaii:!t
2A n.031 | 0.0724 | 0.035 | 0.0924
28 0.031 | 0.0726 | 0.0865] -

Figure 176, 10, Fan With Puel Post (No. 3-24 to 3-2B)
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FUEL BIAS ORIFICES .
e . 607/
NT TO WALL
o CMTES \< 2 EACH
_/_f'— . 7 |TAPOFF
o A |oias 60°
o_|0° TYP 2 PLACES 0.150 ORIF)ES '\
Jas 15° Y 2 PLACES  RADIVS © v/ 0.238
Vs AW 0.035 RADIUS TYP=7 /
el
/ Y.30° TYP 6 PLACES
oy SECTION A-A

» 3 4 FUEL STRIPS o+
- NOT BEVELED
\_—
L 102 \(x
,b‘/e/ -L¥ FUEL \
rn) 30 L

(,
OO N &

(. S \<r
MODIFICATION -2F; ENLARGED END FUEL STRIP TRIP
CORE ONIFICES 3, h, 5 AND 6 TO 0.0935 D!AMETER ::32,_2: 3:% 2.0; ;
BONFIDERNTIAL
[nomrucmo« LOp ORIFICE | FUEL ORIFICE MIXTURE RATIO BIAS -
TOTAL ToTAL| LO W, [ x. oF
DASH NO. fovaeTen] T9TAL lojameTen| (AL Dg ) ELEnEnre| B1AS
-2A 0.033 }0.0547| 0.065 [0.112 0.03| 8
-28 0.033 [0.0547] 0.065 [0.114 0.031 8 |o0.032
-2¢ 0.033 |0.0547] 0.065 [G.119 0.031 8 |0.067
-2§ 0.033 [o.0547] ©.065 [0.124 0.031 8 ]o.089
-2F 0.033 Jo.0547 0.065/ Jo.133] - 0.031 | .8 Jo.o89
T e | T0.033 Jo.os1y 0.065 |0, A | o.
26 33 Fos 3 0.065 |0.126 0.031 | 8

Figure 178, Triplet With L0, Impinging at 60 Degrees (No. 4-2A to 4-2G)
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o 0 0° 2 PLACES 0.150
O/O/ 15° 2 PLACES 0.040
N O RADIUS 0.025
—° /o/ 2‘ - RADIUS
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o <
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L Vg //
W - FUEL
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looiri- | Lo, ORIFICE FUEL ORIFICE MIXTURE RATIO BIAS TAPCFF
CAT I ON TOTAL TotaL| L0 | WMy o, oF | BIAS
DASH NO,| DIAMETER 1 ,pp " \DIAMETER joen {0 1AMETER| D1AMETER [ELEMENTS|  (FUEL)

-1A  |0.0368 0.0682( 0.070 |o,1307] 0.031 8

18 61 EA/0.03640.0650] 0.070 [0.1307 0.031 8

-1C 1 EA/0.0368 0-0650| 0.070 |0,1384 0.031 8 2 EA/0.070
i b1 £A/0,0368[0.0650] 0.070 0. 144y 0.031 8 PR EA/0,0935
L

k

ure 180. 250K Candidate Triplet With Fuel Post (No. 6-1A to 6-1D)
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1-1A and 1-2A used the same body, but the injection sirip was substan-
tianlly changed in going from 1-1A to 1-2A; and finally, the letter after
the numbers represents the minor modifications to the injection strip.
Letter A is used for the first strip configuration, but if injection

holes are enlarged or tome other such modification is made, then the num-
ber would become, for example, 1-2B. Comparieon of Fig.170 .and 171 illus-
trates the nomenclature in a graphic manner. The 1-20 injector is shown
in Fig.i?O, the 1-3B injector is shown in Fig.l?l. The change from -2

to -3 was dictated by the change of reversing the flow pattern, and the
change from A to B, by the addition of fuel bias orifices in the latter

case,

(U) 2.9K Segment Injector Design. The body used for the 2.5K injectors

was designed to simulate critical braze fabrication processes to be uvsed

on the 250K injectors, and to provide a tool capable of being refurbished
repeatedly. Figurel82 illustrates the deaign employed.

(J) The injector boCy iw designed as a one-piece unit containing provision
for accepting anﬂ distriouting oxidizer and fuel propellants, introducing
hypergolic ignition fluids, and measuring propellant manifoid and injector
end chamber pressures. The body accepts propcllants from two facility
connections, one each for oxidizer and fuel, and distributes them to four

injection strips, each containing eight impinging triplet patterns (two

~oxidizer on one fuel).

(C) oOxidizer is introauced into the body at tke aft end (opposite the
2,0- x 3.7-irch face) through a 1.0-inch port. Two cross-drilled,
stepped holes, located perpendicular to and intersecting the inlet

BORFIDENTIAL
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Figure 182A. 2.5K Segment Injector Body,
Oxidizer Feed System
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Figure 182B. 2.5K Segment Injector Body,
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(T} port, distribute the Iﬂh acrose the 3,7-inch body dimension. Eight
axial holes, 0.]{1l-inch- diameter, connect cach of the cross-7~illed pas-
sages to the ends of cavities, providing manifolding behind the eight

oxidizer strips on the brazed assembly.

(U) Sealing of the cross-drilled holes is accomplished by pluge brazed
into the body concarreatly with the strips.

{U) Hydrogen propellant is introduced into the body adjaceni to the

oxidizer inlet through & similar port. Distribution is affected by a
canted axial hole connecting a single, stepped, cross-drilled hole. Four

axial slots connect thias hole and provide the manifolds behind the four

fuel strips instaiied on the brazed assembly. As with the oxidizer, the

fuel cross-drilled hole is sealed with a braze plug.

(U) 1Installation of the four injector strips is eccomplished by braze of -

the strip into body lands machined on the face. Thirteen such lands pro-

(,, vide vertical shear interfacé for the strips, affording structural integ-
rity against manifold pressures and thermal gradients., The distance between
each land is machined to exacting tolerances, t0.00i inch, to insure struc-

turally sound and leak-tight braze joints,

W H S SR H R MR RIS e 75V

» pps

() Provision for introduction of hypergol injector fluid is made through

an axial hole, entrance to which is located between oxidizer and fuel inlets

VIR NSRRI SR

via a 0.25-inch port, and exiting into the second fuel cavity feeding

TR o

a fuel strip. A hypergol tube for conveying fluid is attached at the inlet,

seaied by a K seal, and exits through a hole in the face of the second fuel

strip.

B MY AT

(U) Ports enable mounting of instrumentation for measurement of propel-

>

land manifold pressures, Injector end chamber pressure measurements are
made through a similar port exiting at the injector face through a 0.060-

inch-diamel.er hole in a land between strips.
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(U) Provision for attaching the injector solid- or tuue-wall 2.5K chamber
bodies is afforded by 12 holes througk the body flange. Sealing is accom-
plished by & primary metallic O-ring and a secondary flexitallic gasket.
These are spaced so that hydrogen bled from the msnifolding is contained
vetween them, and leakage of either primary or secondary neals vents
hydrogen either overboard or into the chamber. In tbhis way, bot-gas lesk

potential is eliminated.

(U) Fabrication of 2.5K Injectors. The 2.5K injector consisted of two

basic pieces: (1) the hody which served as part of the propellant mani.-
fold feed system and provided the lands to which the injection strips
were brazed, and (2) the injection strips which were drilled to give the
desired propellant impingement pattern. Utilization of this strip tech-
nique permitted. great versatility and simplified injector fabrication.
In addition, strips that were identical tc¢ those thet would be used in
the 250K injector could be fabricated and tested in the 2.5K'teat hard-
ware. Four injectors had been made available for the 2.5K evaluation
efforts from an in-house effort. A total of four pattefna was started
through evaluation (Fig.169,170,171, and176). These patterns are all
basically triplet paiterns.

(U) 2.5K Water—Cooled Segments. The water-cooled 2.5K solid-wall seyment

provided a versatile tool to obtain injector performance data over run

durations long enough to atabilize propellant flowrates, as well as pres-
sure, temperature, and thrust measurements. The chamber is made up of
segments (chamber spacers and nozzle) to allow variable combustion length
evaluations with selected injectors. The chamber also provided the cap-
ability of obtaining detailed local heat flux measurements through calori-
metric measurerents on the copling passages. A section of the chamber

assembly is shown in Fig. 183,

@ONFB@ER’I‘U’HM
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2.5K Solid-Wall Thrust Chamber
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(C) The chamber assembly consists of four copper sections, forming the RN

body ¢f the chamber., Chamber operating parameters were:

Thrust, pounds = £500
Chamber Pressure, psia = 300 to 1500
Mixture Ratio = 5.0 to 7.0

(U) The copper water-cooled sections of the chamber were internally ma-
chined to define the chamber cross section when stacked together. The
No. 1 copper block, the forward body assembly, and the two following
opacers defined the combustion zone of the chamber. The above-mentioned
blocks contain coolant passages which cover all four walls of the combus-
tion zone in circuits normal to the chamber (Fig.183). The remaining
copper section forme the tkroat and nozzle. The nozzle employs 15-degree
divergent half angles with an area ratio of 3.60. The low area ratio
value was chosen for full nozzle flow (underexpanded) over all chamier

pressure values.

(U) The higher heat flux regions of the throat section utilize coolant
passages with bent 321 CRES ribbon flow swirlers to improve heat transfer
coefficient coolant side welues. The balance of the throat section was
cooled passages without swirlers. The part was designed to be capable of

incorporating H, gas film ccoling on all surfaces in the event this modi-

2
fication is required for certain test conditions.

(C) A heat transfer analysis of the 2.5K water-cooled chamber was conducted,
with particular emphasis being placed on the drilled holes in the throat
region. The analysis was basel on a copper chamber with a minimum "reach"
(distance from coolant wall to gas wall) of 0.070 inch and a mavimam reach
of approximately 0.10 inch. Both water and nydrogen cooling were con-
sidered, Using water cooling at 1500 psi pressure and 65 F temperature,

the coolant wall temperature under nucleate boiling conditions would be

BONFIDENTIAL
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about 600 F. Under these conditions, the required water velocity would
be about 200 ft/sec, including a 50-percent factor of safety over the
burnout velocity. The corresponding gas wall temperatures are 1350 and

1560 F for the minimum and maximum reach, respectively.

Testing

(C) Method of Evaluation. Evaluations were conducted in the basic G~inch-

long by 2-1/8-inch-wide segment hardware previously described, When the
safe operating heat flux limit of the water-ccoled segment {40 Btu/in?—sec)
was approached, zuxiliary hydrogen film cooling was provided in the combus-

tion chamber convergent section to facilitate duration runs at high pressures.

(c) The method of approach to injector evaluation was to begir with low
chamber pressure performance tests and heat transfer tests, followed by
high pressure rurs (1500 psia) in uncooled hardware for 250 milliseconds
te evaluate injector face durability. Surviving candidates were then run
through additional performance runs over the range of operation, and heat
transfer data were acquired. Buzzing evaluation was made on its spon-

taneous appearance anywhere in the pressare range of operation.

(U) Instrumentation provided highly accurate determination of thrust,
chamber pressure, and propellant fiowrates., Precision studies of these
measurements are included in the Analyeis of Results section, Thermo-
couplesz and coolant flowmeters for measurement ¢f heat flux at the various
stations down the chamber were provided. These could be (and were) shifted

during the test series for more detailed study of heat flux at one location.

(V) oOn the tests which were to be examined for possible combustion insta-
bility or oscillations, the following instrumentation was provided: AC

radiometers, streak photographs of the flame, accelerometers, Fastax

423
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L

cameras, and normal Taber pressure transducers. On tests on which gas
tapoff was evaluated, special provisions for determination of gas prop-

erties were made, as described in the Analysis of Results section.
(U) Performance data ot high chamber pressures were obtained in two man-

ners: (1) with film conling flowing, and results corrected analytically

as described, and (2) by turning off the film coolant.

(U) Evaluation Series. A total of 128 tests was conducted. on eleven

different injeciors with a total of 31 modifications. The details of

each test are delineated in Tables 60 through 162,'Pests are grouped by:

(1) water-cooled tests for performance and heat tramsfer data, (2) film-

cooled tests for high chamber pressure perfu:mazice and durability data,

and (3) tests for gas tapoff data, as well as performance and heat trans-

fer. The approach to test conduct and handling of the data is discussed

fully in the Analysis of Results section for each evaluation. -,

(C) Testing Support For the 250K Testing. A 2.5K segment injector was

modified to simulate the 250K injector hand-repair made at the Nevada

Field Laboratory (this repair is described more fully in the section
dealing with the 250K) and tested to evaluate the effectiveness of this
repair., Modification of the 2.5K segment injector evsentially duplicated
the 250K injector repair with 0.065 inch of tungsten inert gas (TIG) braze
(50-percent Au; 50-percent Ni hraze alloy) replacing the top of two adjacent
OFHC copper oxidizer strips. Also, the modification consisted of drilling
seven fuel holes in each of the two bordering fuel strips, as done on the

250K injector, to provide fuel cooling {o the two brazed-over oxidizer strips.
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cameras, and normal Taber pressure traneducers. On tests on which gas
tapoff was evaluated, special provisions for determination of gas prop-

erties were made, as described in the Analysia of Results section.
(U) Performance data at high chamber pressures were obtained in two man-

ners: (1) with film cooling flowing, and results corrected analytically |

as described, and (2) by turning off the film coolant.

(U) Evaluation Series. A total of 128 tests was conducied, on eleven

ditfferent injectors with a total of 31 modifications. The details of

’ .
each test are delineaizd in Tables 60 through 62. Tests are grouped by:

(1) weter-cooled tests for performance and heat transfer data, (2) film-

coolecd tests for high cnhamber pressure performance aud durability data,

and (3) iests for gas tapoff data, as well as performance and heat trans-

fer. The approach to test conduct and handling of the data is discussed

fully in the Analysis cof Results section for each evaluation. 5=

{ )
. (C) Testing Support For the 250K Testing. A 2.5K segment injector was
modified to simulate the 250K injector hand- epair made at the Nevada

Field Laboratory (this repair is described mor> fully in the section
dealing with the 250K) and tested to evaluate the effectiveness of this
repair, Modification of the 2.5K segment injector essentially duplicated
the 250K injector repair with 0.065 inch of tungsten inert gas (TIG) braze
(50—percent Au; 50-percent Ni hraze alloy) replacing the top of two adjacent
OFHC copper oxidizer strips. Also, the modification consisted of drilling
seven fuel noles in each of the two bordering fuel strips, as dome on ithe

250K injector, to provide fuel cooling to the two brazed-over oxidizer strips. j
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s TABLE 60
L
e) SUMMARY COF 2.5K WATER-COOLFD THRUST CE
N Pressurss Fiodeaten
facd hid Throat Fuel Oxidizer o

Test Test Asbient A oxid | Puel Fiim |Cxidizer]| Fuel | Film Stagnation | Injection | Injection, Fila o
Test| Date,|Injector | Duration,| Pressure, t* | Thrust,| Inle i'Inlet, | Coolant,t fulet, | Inlet, | Coolant,| Pressure, AP, AP, Ozidizer,| Fuel,| Coolunt,| ™
No.| 1966 S/ seconds psia 8q in.| pounds F ¥ 13 peia pria | psia T psia psi psi 1b/sec | 1b/sec] 1b/sec |1b
027 | 5-21| 2-1A 3.7 13.30 | 9.¢9% 937 70 67% 89% 641 253 33 2.251 | 0.387 2.
028 | 5-21 | 2-U 3.9 1515 n 1104 1319 971 348 133 3.500 | 0.538 4.
029 | 5-21 2-1A 3.7 I &30 71 315 460 306 154 9 1.020 0.202 Uy
031 | 5-27; &-1A 0.4 ‘ 1850 78 1564 8.
032 . 2-3i 1-24 0.4 1850 y 8 1614 6.
033 | 6-6 2-1B 4.3 0.980 896 L)% 669 755 630 124 39 2.177 0.368 %
034 | 6-6 2-1B 4.3 1377 ‘8 1092 1143 974 169 18 3418 ).531 3.
035 | 6€ 2-18 4.0 430 ? 333 393 325 68 8 1.140 0.200 1.
036 | 6-6 4-1A 4.3 1710 B 1189 4.
037 Through 045 (No data available, nozszle throat eroded)
040 | 6-16 2-10 5.3 §i6 348 400 334 66 14 1.189 0.200 1.
047 | 6-16 | 2-1p [ 955 ¢ 735 803 680 123 55 2,364 | 0.389 2.
048 | 6-16 | 2-1p L3 933 79 789 665 124 ) 2.307 | 0.389 2.
049 | €-16 2-10 4.3 920 712 786 658 128 54 2.263 0.391 2,
050 } €-21 2-1E 4,2 0.9%65 425 341 89 326 63 15 1.110 0.20% 1.
051 | 6-21 2-1E 4.3 909 708 T 653 121 55 2,207 | 0.393 2,
052 § 6-21 | 2-1E 4.2 911 711 81 658 123 53 2,23 | 0.397 2.
053 | 622 2-1E 4.3 418 330 27¢ 318 61 12 1.055 0.199 1.
054 | 6-22 | 2-IF 4.3 672 525 579 495 84 30 1.680 | 0.2%0 1.
055 | 622 | 2-1E L3 898 706 770 634 116 92 2,280 | 0.386 2.
056 Through 071 {No data, injector strip-to-lani separation, buzz infuce vuge failurc)
072 | 7-5 1-u 4.0 0.950 745 602 677 549 128 53 1.981 0.290 2,
073 | 7-5 1-54 A3 1062 874 1013 79 234 95 2.632 | 0.462 3.
07k | 7-5 1-3A4 .3 1057 ] 861 1018 773 245 88 2.461 | 0.479 2.

r 075 1 7-6 1% {¥5 .iata, cossie throat eroded)
076 |t 7-8 1-38 | A4 870 : 698 808 634 174 64 2.140 | 0.380 2.
077 | 7-8 1-38 4.4 886 0 72 819 647 172 65 2.239 0.381 2.
078 { 7-8 1-38 (% 846 se 679 795 621 174 58 2.109 | 0.377 2,
079 | 7-12§ 1-3B 18,3 0.940 | 1079 100 870 973 779 194 91 2,639 | 0.435 3
080 | 7-12 1-38 14,3 I 0.540 | 1061 101 849 951 766 185 83 2,631 | 0.424 3.
o8l | 7-13 | 3-2 0.4 op | 190 7 1514 2
082 | 7-151 3-2A 12, | 0.940 | 1111 L 842 1065 803 260 k1 2,401 | 0.422 3
192 Through 194 {No data, facility malfunction) !
195 | 10-20] 6-WA 3.6 ‘ 0.970 | 444 72 359 413 347 66 12 1015 0.235 L
196 | 10-20] 6~ 3.8 | H 0.970 bk L il l 356 412 344 68 12 1,082 0.236 i 1
e T e e o S .
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TABLE 60

~COOLED THRUST CHAMBER PERFORMANCE TESTS

l Based on P, rJ
Flovrates : Oxidize
= Injectort R to- gxidi:er . he:i Throat Pesk
» . c tlozzle Fucl ection | Injeation
Oxidizer,| FPuel,| Coolant,| I’ | Mixture Ratic,! ©* Il' 7, ny Area | Momentum V:{ﬂcity; Veioeity. st :1“,

1b/sec | 1b/sec| 1b/sec | 1b/sec oft ww/sec| CF | secouds Nen Cp s | datic Ratio | ft/acc ft/sec Btu/in.“-sec Cowments
2.251 | 0.387 2.638 5.81 7635 | 1.477| 367 10.989|1.017}1.006) 2.5:1 | 0.1832 8h 2664 36.1
3.500 | 0.538 &.038 6.50 7537 |1.472) 362 | 0.998]0.995] 0.993 0.336¢, 139 2599 51.5 1D funded
1.020 0.202 1.223 5.04 7150 | 1.386 356 0.9689 | 1.024 ] 1.013 0.06P1 38 2812 1.4

8,123 9.71 1.195 2195 Injector erosion

6.839 7.78 1.158 £193 Bomb test
2.177 0.368 2.345 5.91 7695 | 1.451 364 1.000 | 1.001 | 1.001 0.2322 82 2087 25.8
%.416 0.531 3.947 6.43 7662 | 1.443 361 1.012 | 0.97% | 0,986 0.4128 127 1978 42.7
1.1%0 | 0.200 1.3%0 5.69 31 | 1.3% 332 0.979 : V.978 0.975 v.1152 43 2123 13.7

%.956 6.38 1.k68 2540 Coolant lesk into thrust chamber
1.189 | 0.206 1.3% 5.79 7373 | 1.363 531 0,963 | 0.992 | 0.555 0.1528 &6 1864 13.2
2.36k | 0.389 2.753 6.07 17666 |1.433| 359 |1.002]0.985]0.987 0.3050 % 1791 33.1
2,367 0.38¢ 2.749 5.94 7657 | 1.432 358 0.996 | 0.986 | 0.962 0.2799 86 1825 35.2
2.263 1 0.39) 2,653 5.80 7679 (1.427 359 £ 0.99510.985]0.980 0.2704 86 184 34.8
L.110 | 0.205 1.30% 5.38 7633 | 1.351 337 0.980 | 0.984 | 0.964 0.1275 42 1772 1.9
2.207 | 0.39% 2.599 5.6 7879 {1.543| 362 | 0.988]0.995|0.983 0.2679 83 17%1 23.2
2,234 0.397 2,63 5.63 7684 | 1.435 358 0.984 { 0.989 | 0.973 0.2704 84 1749 25.7
1.055 | 0.199 1.25. 5.31 7756 | 1.362 345 | 0.99%[0.991(0.985 0.1199 40 1771 12.5
1,680 0.290 1.970 5.79 7665 |1.%07 353 0.994 | 0.9687 | 0.981 0.2150 63 1696 21.1
2.280 0.386 2.666 5.90 7525 | 1.423 349 9.9771 0.979 ] 0.956 0.2407 85 1725 27.4&
1.981 0.290 2.270 6.84 7270 | 1.428 339 0.979]0.991 | G.970 0.2849 rLy 2067 ’3.8
2,632 | 0.462 3.09% 5.70 7585 | 1.435 355 }0.977{0.982|0.959 0.2435 9 317 45.0
2.4%61 | 0.479 2,942 5.13 7958 | 1.439 372 1.005 } 0.964 | 0.989 0.1983 93 2415 4l.9
2,150 0.380 2.522 5.64 7567 | 1.444 357 0.97510.998 | 0.973 0.2102 8l 2173 24.1
2.239 0.381 2.622 5.88 TATT | 144 350 0.959 { 0.989 | 0.958 0.2298 84 <149 28.9
2.109 | 0.377 2.488 5.59 7527 | 1.434 352 0.967 | 0.992 | 0.959 0.2002 79 £205 29.6
2.659 | 0.435 3.09 6.11 7500 |1.47%| 361 | 0.9801.006]0.986 0.292% 100 2089 26.3
2.63% | 0.42% 3.055 6.21 7484 | 1.47% 359 | 0.982 | 1.004 | 0.986 0.2932 98 2075 32.9

6,016 7.63 U2 Uncooled hardware
2,401 | 0.422 3.172 6.52 7570 | 1.k68 409 1.00% { 1,099' 1.103 0.1%40 69 2319 35.3
1.115 | 0.235 1.350 W78 7887 | 1.319 340 10.9900.957 | 0.947 0.0797 35 <082
1.082 0.236 1.318 4.58 8001 |1.331 34y 0.999 | 0.970 | 0.969 ' 0.0771 35 2078

* GONFIDENTIAL
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TABLE 61
(C) SUMMARY OF 2.5K FIIM-COOLED THRUST CHAMBER
" Pressures
T " TRFOT Yaal Oaldlner Flovrates Mixtars Ratios
Test Tost Ambient | Oxidiser,| Fuel Fils |Oxidissr| Fusl Film Staguation | Injection| Injection, Film o

Tyst| Dats,jlnjector | Duration, | Pressure, %' |Thrust,|{ Inlet, |lnlst, | Coclant,| Inlet, | Inlst, | Coolant, {Pressure, AP, ap, OxiCiser,| Fuel, { Coolant, T’ Injector| Overall o,
No.| 1966 | SN seconds peia | #q in.| povnds F P F peia | poia | peia P, pria poi poi 1b/sec | 1b/sec | 1b/sac | 1d/se: oft oft | 2t/aec
100 | 8-2 1-38 13.80
101 | 8-2 1-3C 3.4 0.950 | 982 9% 75 907 720 187 55 2,149 | 0.407 2.5%6 5.28 3
102 | 8-2 1-38 3.5 1385 88 1105 1281 1004 2n 101 2.828 | 0.573 3.401 4.9
103 | 8-2 1-38 3.5 1617 87 1319 1484 1169 315 150 3.4023 | 0.659 %.052 5.16
104 | 8-3 138 3.6 1902 102 157% 1673 1364 309 210 3.9968 | 0.687 A, 684 5.81
105 | 8-5 1-38 3.3 2105 101 1787 1782 1A% 288 293 4.860 | 1.141 { 0.438 | 6.001 6.89 4.26 7363
106 | 8-% 3-24 3.2 2130 % 1719 1946 1505 M1 214 5.005 | 1.147 | 0.M3 | 6.152 7.07 A.%6 7206
107 | 8-9 4-18 3.3 2151 98 1667 1755 1304 251 163 5.388 1.066 0.400 | 6.A% 8.05 5.05 6938
108 | 8-9 4-18 3.7 1022 7 781 914 ™ 173 A0 2.499 | 0.963 | 0.159 | 3.062 6.19 [ 6952
109 | 8-9 5-1A XY 527 88 418 519 385 134 33 1.332 [ 0.364 | 0.132 | 1.69% 5.7 3.66 7015
110 | 8-9 $-1A 0.8 2176 86 189 1821 1491 330 403 5.030 | 1.105 | 0.45% | 6.135 6.87 L5 7148 |
1 | 812 | 3-4 A9 0.970} 3% % 300 A68 2% 174 0.98% | 0.385 | 0.135 | 1.289 %53 2.7 7839 |1
12 | 8-12 | 32 L8 A06 93 312 x39 304 135 8 1.047 [ 0.322 | 0.133 | 1.369 5.54 3.2% 7562 . 1
113 | 8212 | 3-2A (X3 1378 9% 1027 1306 969 ba7d 58 3.146 | 0.756 | 0.238 | 3.902 6.08 ; 4.16 7891
104 | 8-12 | 3-24 bRy 1340 9 1002 1277 946 331 3.126 | 0.640 | 0.128 | 3.765 6,11 ¢ A.88 7561
15 | 8-12 | 3-8 3.4 2308 90 1799 1963 1562 01 237 5.697 | 1,065 | 0.365 | 6.762 8.13 5.55 1
116 | 8-17 | 2-2A 2.1 A 540 81 311 6,14 1
117 | 8-19 | -2 3.9 0.925 860 9 665 913 639 274 26 1.996 | 0.589 | 0.199 | 2.583 5.12 3.39 1
ns | 819 | 32 3.9 8% )] 681 842 6%0 192 3 2.288 | 0.523 [ 0.19% | 2.811 ) 6.93 (%14 1
19 | 8-19 ] 32 A5 [33% 87 326 A7l 3A 1Y 2 0.888 | 0.375 | 0.147 | 1.263 3.9 2.%7 1
120 | 8-19 | 3-24 A5 3% 83 320 423 317 106 3 0.886 | 0.327 | 0.i50 | 1.213 5.03 2.7 4 |1
21 | 8-23 | 3-8 3.5 187 102 693 808 | 143 27 1.952 0.57% | 0.202 2.526 5.2% 3.0 7503 | 1]
122 | 8-53 | 3-28 2,9 1012 100 1123 1224 1046 178 77 3.055 | 0.918 | 0.385 | 3.97% 5.72 3.32 7567
123 | 824 | A 3.9 838 103 674 78 633 145 A 1.805 | 0.52% | 0.172 | 2.329 5.12 3.0 7923 |1
12% | 8-2A { A-24 3.8 810 % 656 764 615 150 A2 1.65% | 0.560 | 0.206 | 2.214 4.68 2.9 8026 {1
125 | 8-24 | A2 2.7 1354 97 1198 1205 1005 201 103 2,770 [ 0.918 | 0.402 | 3.692 5.39 3.02 7828 |1
126 | 8-24 | A-2A 2.0 1782 93 1521 1626 1320 306 201 3.720 | 1.167 | 0.M5 | A.887 5.16 3.19 791 |1
127 | 8-24 | A-2A 2.6 2032 9 1772 1757 w2 | 265 280 £.528 | 1.143 | 0.437 | 5.671 6.39 3.96 7620 |1
128 | 826 | A-2a 1
129 | 8-26 | A-2A 1.5 0.935 | 1231 9 1045 n7n »n2 191 63 . 3.426 5.39 1
130 | 8-26 | 3-2B 1.7 0.935 | 1020 88 815 02 | 762 170 53 2.999 5.88 1
197 | 10-20] 6-1A 3.9 0.970 | 1316 77 1011 1113 950 163 61 2.652 | 0.579 3.231 L% 1
198 | 10-24 6-1A A2 ‘ 2208 92 1776 1747 1548 59 228 5,08k 1.107 | v.2n1 6.151 6.0 4,56 7640 | 1
199 | 10-24 6-1A A2 ' 1341 9 1040 10% 959 135 81 %0627 | 0.795 | 0.251 | 3.85¢ 5.64 3.86 51 |1
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TABLE 61

{-COOLED THRUST CHAMBER PERFORMANCE

Jovrates lhi:her- e non Based on ]’e
Hixture Ratios .- er g . ros oat Peak
Fils - 1 Nomsle| Fuel | Injectiom |Injection| Mc® | "e#(atter Tee (va 1‘:“ Fiux,
), | Coolant, ' | Injector| Overall| s, s’ (Mg [N | Ares |Homentum| Velocity, | Velooity, | (By Heat | Pilm Coclant| Pilm Coolsnt 2
be | 1b/aec | 1b/se: oft oft | ft/sec r | soconts | CP| Ys{ Ratio | Ratio 1t/se0 ft/uec | Balance) | Shutort) Ploving Btu/in. -sec Comment r
3.5:1
y 2.5%6 5.28 1.436 0.2043 80 2067 7.6
d 3.A01 A9 1.4%2 0.2490 106 2104 14.2 Coelant water leaked into chamber
) 4.052 5.16 1.4% 0.3100 126 2095 16.4
y 4,684 5.81 1.468 0.4A27 19 1955 Nossle throai eroded
0.438 6.001 &.89 A.26 7363 | 1.A83 339 0.6752 180 1837 0.98% 2.0
! 0.%3 6.152 7.07 A3 7286 | 1.490 337 0.4645 11 2146 .91 3.2
0.400 6.454 8.05 5.05 6938 | 1.505 324 0.69A7 1A2 1646 ©.965 0,884 &4
! 0.159 3.062 6.19 A 6952 | 1.452 313 0.2179 68 1929 0.913 0.907 0.870 0.6
0.132 1.6% 5.7 3.66 7913 | 1.441 313 0.1182 52 2526 0.912 0.896 0.820 20.7
b | 0% {613 | 687 | a3 | 7ae | 1536 m 0.6032 192 2180 0,955 0.892 20.7 MDRSondvd
P | 0.135 1,282 4.55 ¢ 2.7 7839 | 1.363 333 0.0437 28 2931 0.979 0.969 0.95% 7.4
] 0.133 1.369 5.54 ! 3.3 7%62 | 1377 32 0.0676 2 2621 0.977 19.4
p | o238 | 3.902 6.08 116 7491 | 1.466 381 0.2329 91 377 0.977 0.939
p 0.128 3.766 6.11 4.38 7561 | 1.460 343 0,2261 a9 2404 0,988 0.958
j | 0.365 | 6.762 8,13 5.35 1.523 0.6228 159 207% Nessle throat ereded
6.14 1,35 2100 22.1 Igniter wlfinctica
) 0.19) 2.583 5.12 3.39 1.455 0.112i 58 2650 0.937 0.977 0.944 31.6
0.19% 2.811° 6.93 A% 1A% 0.2010 65 2280 0.9&6 0. 0.9%9 3.7
0.147 |1.263 | 3.9 | 2.37 137 0.0%3 28 2677 0.944 0.984 0.916 16.4
0.150 1.213 3.03 2.1 7714 | 1357 325 0.0533 25 2338 0.979 0.97% 0.925 17.5%
0.202 | 2,526 5.2% 3.50 7503 | 1.M00 | 336 0.2138 59 15 0.953 0.976 0.933 3.8
0.335 3.9 5.72 3.32 7567 0.4193 99 13%0 0.973 0.936 38.3
) | 0172 [ 2.329 | 512 | 3. | 7923 {1am| 332 0.1741 n 2086 1.00% 0.9%0 28.3
) 0,206 2.21% A.68 2.95 8026 | i.426 355 0.1470 67 2130 1.002 0.997 27.0
p (om0 [ 3he | 539 | 302 | e {1as7| WA 0.2964 | 107 1946 0 9% 35.8
0.145% 4,887 5.16 3.19 7941 | 1.439 360 0.35% « 1AS 2080 1.002 36.8
b | 0,937 5.671 6.39 3.9 7620 | 1.472 $ha 0.5935 171 1835 1.002 %0.8 Sequence mlfunction
3.426 5.39 1.3%0 2082 0.984
2.999 5.88 1.432 187 0.97%
3.231 A4.58 1.428 0.1928 31 1923 Film—ceelant instrumentatisa erren
0.271 | 6.151 6.00 A.56 7680 | 1.A701 349 0.5068 152 1811 0.991
0.251 3.8%8 5.64 3.85 7511 | 1.442 3% 0.2326 93 1855 0.963
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(C) 2.5K WATER-COOLED THRCST CHAMBER GAS T4
Pressares
Teaperataces Threat Pesl I Flevrates 1
Test Sest | asbisat] Oxtétser] Puel] Pilm  [Cxidizer| Puol | ri1a  Brapmtien| 1ajectionl 1ajoctica Yiim | Tepetf l . Nistare Butis
Yest| Date, | 1nje-ter | Duretion, |Pressure,| “t’ | "hrwst,| Ixlet, i Inlet,[Ceelaxt,| Ialct, |1slet,[Cosleit ar, aFf, Oxidiser,| Puei, | Coolent,}(total), h i of Overall
Ne.| 1 SN secends | pesa |sq in.| pewmds r Y ? pois pein | pe.s psia poi i 10/sec |20/3ec | 1b/sec | 10/sec | 18/20¢ oft o/t
08y | 7-18 1-38 1.2 13,80 10.940 | 360 272 » b el ” 110 2.9%0 0.200 1.120 .6k
o8k ! 218 0.8 369 591 25 19 1047 e.272 1.419 3.%
083 | 7-i 1.4 400 321 wy 304 9 17 1. 0.26) 1.3%7 8.16
086 | 7-18 1.4 572 9 %73 800 W 160 2% 1.56% 0.29% 1.860 5.22
on7 | 7-18 1.2 % 673 7o 613 169 Fod % 160 8.5 $.5% 5.7
083 | 7-01 1.s 310 95 N9 A10 517 L 2 117 0.200 1.373 3.97
089 | 7-21 1.7 830 9 9 802 609 19% ™ 2,29 0.394 2.489 3.2
090 | 7-22 1.5 7 » 9 59 Al2 m b24 1.A21 0,262 1.683 3.43
091 | 7-2¢ 1.7 305 b 515 515 387 128 2 1.320 e.2% 1.5 5.2¢
o | 7-22 1.8 679 9 531 %2 506 1% 43 1.787 | 0.%7 2.1k | 5.63
093 | 7-27 1.3 oA ] m 880 3 195 87 2.%3 C.ALN 2.1 5.72
0% | 7-27 1.4 %29 89 L 3PR Id 678 a2 86 2.280 | 0.460 .70 | A%
095 | 7-27 1.3 0.950 957 87 % 859 60e 1 106 2.52¢ 6.388 2.9.6 .58
096 | 7-27 1.4 0.950 | %% 87 75 a6e 668 200 87 2.400 .M 2.818 3. 7% K
097 | 7-29 1.8 0.800 | 866 n 72 899 703 1% n 2,168 0.32% 2.39 3.19
B 093 | 7-29 1.8 856 w 7 937 698 39 8 2.100 0.861 2.%) A3
099 | 7-29 J 1.9 82 n 8l 867 709 1% 105 2.585 | 0.380 2755 | o.38
133 | 8-31 -2 2.2 0.%25 | A01 n b3 ) M5 326 19 ] 1.072 0.237 1.%8 4.5
134 | 831 2.5 Al n 338 A50 30 20 [] 1.093 0.236 1.3% 4.60
135 | 8-31 1.8 A7 n 373 1.19% | 0.187 1.379 6.41
136 | 9-31 2.0 1261 7 1031 1226 969 62 2.979 0.500 3.579 4.9
137 | 8-31 2.6 1264 72 1066 1140 986 152 k] 3.291 0.500 3.79 6.5~
138 | 91 A-28 1.7 A60 i) 324 0.9%7 0.214 1.37 5.5
139 | 91 A-22 1.6 1259 64 1030 1191 966 225 [} 3.052 0.584 3.6% 5.23
180 | 96 A-2¢ 1.9 A%0 ™ 3 11N 0.211 1.382 5.52
181 | 9-6 - 2.% n 329 3% 319 3 10 1.019 0.209 i.228 4,80
N2 | 96 328 1.6 n b 322 387 ns et 7 0.9%5 0.210 1.183 AAS
143 | 946 (%] 67 5.313 0.207
1 1M | 9-6 (¥ 4 1.8 Mns n N3 3% 326 a8 17 1.180 0.208 ).387 5.68
169 | 9-25 A-2G 1.% M2 7 324 1.0 3 As
170 | 9-26 1.3 K13 n o 36 N 31 50 5 1.0a2 0.1%2 1.2% 5.53
17 | 9-26 1.3 461 B 385 420 37 A2 7 1.1726 { 0.377] o.188 | 0.022 | 1.5% 6.21 3.20
172 | 926 1,3 813 n 668 9 645 o) 2 1.877 0.663| 0.315 | 0.039 | 2.540 5.3% | 2.3
173 1926 1.2 1100 76 925 91 87 i 54 2,651 0.838 | 0.M2 | 0.053 | 3.u89 6.70 3.29
178 | 9-26 1.3 A8? 83 803 [3)) 397 n 6 1.265 0.3%8 0.187 | 0.230 | 1.633 6.9 3.5%
175 | 9-28 A2 1.3 0.925| 7 83 366 316 50 6.960 0.589| 0.207 | 0.018 | 1.}49 5.21 2.52
176 | 9-28 2.3 b1 sk 36 316 8 0.910 0.3 | 0,210 | 0.018 | 1.30% 5.07 2.%
177 { 9-28 2.3 378 286 | 83 318 %8 36 52 2 0.917 | 0.391| 0.212 | 0.008 | 1.308 5.09 2,38
178 | 9-28 2.5 390 -287 83 325 m 321 50 A 0.952 0.375] 0.199 | 0.019 | 1.528 3.35 2.59
179 | 928 2.4 385 -289 | 82 322 369 ns % 7 112 0.188| 0.000 | 0.018 | 1.310 6.27 6.31
180 | 9-28 1.1 2005 -29% 82 1728 1763 1561 182 143 4,582 1.696 | 0,918 | 0,094 | 6.278 5.9 2.78
181 | 9-30 0.7 570k 286 | 1124 1323 1948 255 56 2.709 1.419{ 1.109 | 0.060 | A.263 3.9 1.97
182 {9-30 1.0 1657 266 | 7 1399 1529 1508 221 9 3.507 1.595 | 1.068 | 0.071 102 6.60 2.2%
183 | 9-30 1.0 i6u2 -281 9 1515 1710 1416 29 9 3.82% 1.7A7 | 0.878 | 0.0726 | 5.571 AN 2.21
18 | 103 1.5 "3 ~282 64 338 A62 37 127 3 0.895 0.420 | 0.297 | 0.01y {1.3915 7.29 | 2.16
185 | 10-3 2.2 3% -1 65 3% A76 330 1 A 0.820 0.129 0.9 6,36
200 |10-26] 6-1B 1.4 o.980 | 37 -285 | 67 306 3% 2% 82 1 0.962 0.238 1.200 4,08
203 |10-26] 6-1C 1.6 387 72 m 299 7 1.008 | 0.235 1.2403 %28
202 |10-261 610 1.5 %6 1 259 [ T? 367 360 288 72 19 0.976 | 0.235 1.212 | 403
203 |10-%6 | 6-10 1.6 1235 266 63 978 1011 868 143 10 3.2% 0.539 3.9 5.9
208 {10-26 | 6-10 1.6 1876 - 85 1365 1469 1285 184 280 5.218 2NS 7.00
P

'
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i) THRUST CHAMBER GAS TAPOFF SUMMARY
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(C) Seven hot-firing teats were then performed with this injector to 1

evaluate the face-cooling capebility of thia modified strip. Maximum
duration vas 3 seconds at 600 psia and maximm chamber pressure was

1500 psia for 0.400 second. No apparent dsmage resulting from any of
these tests. A4 postfiring view of the injector is shown in Fig. 184.

(C) A l-second checkout test was conducted in the 2.5K segment hard-
ware on segment injector S/N 6-7A, which incorporated two strips which
were hand-brazed into the body. This modification was used to replace
the TIG bhreze repair made at the Nevada Field Laboratory and was ac-
complished after completion of the solid-wall tests. The test was
conducted at 1450-psia chamber pressure and 5.0 mixture ratio. Post-

test inspection revealed no damage.

Analysis of Results

(U) Injector Performance Data. One of the major program objectives

was injectoxr performance. The parameter which is proportional to com-

bustion performance, and therefore proportional to injector performance,
is characteristic velocity. Experimental values of characteristic ve-
locity were obtained by two calculations, therefore, good &sreement
hetween the two calculated results provided a measure of confidence in
the results. Specifically, characteristic velocity was calculated from

measured chamber pressure and from measured thrust.
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(U) The calculation of characteristic velocity from chamber pressure was

accomplished by use of

P At
¢F = ..._C_...E 1]0 (]_)
w -~

P = nozzle throat stagnation pressure

c

At = physical nozzle throatv area

g = 32.2 ihm-ft/ 1bf-sec>

w = total propellant flowrate

U2 = factor to account for performance decrease due to heat

transfer, friction, nozzle discharge coefficient, and
change in throat area due to thermal effects.

(U) Characteristic velocity was calculated from measured thrust by using

the following expression:
H
W
P 1M
% "% ¢
vac c

F = thrust (measured)

(2)

where

v = total propellant flowrate (calculated)

CF = vacuum nozzle thrust coefficient (theoretical)
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7 = factor to account for thrust decreaae resulting from friction,
heat transfer, and nozzle divergence

Pa = locel ambient pressure
€ = expansion area ratio
Pc = nozzle throat stagnation pressure

(U) It bas been shown (Ref. 7 ) that characteristic velocity as calcu-
lated from Eq. 1 and 2 will agree to within 1 percent in a well-managed

experiment,

(U) Precision. Achievement of pracise performance values is directly
dependent upon the instrumentation precision. An analysis was made to
determine the instrumentation precision that would be required for attain-
ment of 0.5-percent precision (standard deviation) in experimental perfsim-
ance. Sensitivity analysis techniques (Ref. 8 ) were applizd to fuel
flowrate, total flowralie, mixture ratio, specific impulse, and character-

istic velocity.

(U) Values of measurement precision were assumed on the basis of past
experience with the instrumentation in the test area. Precision values

of 1,0 percent in pressure, 1.5 percent in temperature, 0.5 percent in
thrust, and 0,25 percent in oxidizer flowrate were taken to be represen-
tative of experimentally achievable values, Utilization of the aforemen-
tioned precision values in a sensitivity analysis showed that the resultant
precision in fuel flowratie, mixture ratio, specific impulse, and character-
istic valocity from thrust would be 1.06, 0.06, 0.55, and 0.60 percent,
respectively, A similar snalysis conducted to determine the standard devia-
tion in characteristic velocit;- calculated from chamber pressure showed

that the precision in characteristic velocity would be 1,08 percent,

(U) Based upon these results, calibration, precisions of 0.5 percent in

thrust, 0.25 percent in oxidizer flowrate, and 1.0 percent in pressure at

SO




the 95-percent confidence level was speciiied so that schievement of precise

thrust chamber performance was assured,

(v) Monitoring Techniques. Instrument czlibrations were monitored to

ensure that the forementiored precision levels were achieved. This was
accomplished by use of the Rocketdyne Random Walk measurement analysis
program. In this analysis program, it was cssumed that the input/output
ratio for a sensor at a particular input level performs a random walk in
time which has a normal distribution and variance. It assumed also that
there was a random measurement error in the observed data which was inde-
pendent of the random w=lk and which was also normally dis*ributed. The
output from this analysis program included a decision, based upon the cal—.
culated coefficient of variation and a prescribed precision limit, as to
whether the sensor should be used as is, recalibrated immediately, or dis-

carded.

(v) The use of the Beckmwan system in conjunction with the IBM 7094 systew
ensured accurate and rapid data reduction with the option of selecting more
than one time slice during a test for reduction. The Beckman system is an
on-line digital data acquisition system that records teat data on magnetic
tape. These data on magnetic tape are retrizved by the IBM 7094 system

and data are then presented in engineering units. The data reduction pro-
gram computed specific impulse and characteristic velocity from thrnst and

chamber pressure.

(U) Performance Data Analysis. Because the purpose of evaluvating charac—

teristic velocity efficiency was to compare various injection patterns such
that the most efficient would be selected for the 250K injector, those
physical effects that cause thrust chamber performance to deviate from
ideal theoretical performance must be properly taken into account during
data analysin, These effects were calculated and properly combined to
obtain the values for "1 and n2 in Eq. 1 and 2. These various effects.

were taken into account as follows.
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(U) Stagnation Pressure Loss. Measured injector end atatic pressure

was adjusted for stagnation pressure by using the Rayleigh criterion (Ref.
9 ) which is a function of contraction ratio, apecific heat ratic, and

nozzle entrance Mach number, The stagnation preasure loss factor was

nPo = 0.9953

(U) Friction. A potential flow and boundary-layer analysis was used
to obtain the skin friction coefficient from which the fricticral drag
force was computed. The integral momentum boundary-layer equation, in
conjunction with a skin friction correlation (Ref. 10) was used to eval-

vate the frictional drag. The friction influence coefficient was given by:

n. = 1.0135
(U) The dependence of N, on chamber pressure and mixture ratio is shown
in Fig.185.

(U) Heat Transfer, In a water-cooled thruét charber, the heat trans-
ferred to the coclent water is lost and not available for conversion to
directed velocity. This heat loss results in a reduction of combustion
gas temperature and, contesuently, the delivered performance is lesg than
the ideal thermodynamic performance. The influence of heat loss on perform-
ance was calculated by using a modified theoretical thermodynamic propellant
ﬁerformance program that accounts for heat transfer in the energy balance.

" A heat flux profile typical of the experimentally determined heat flux
profile was employed. The performance calculations with heat loss are
made incrementaily so that the effect of spatially distributed heat trans-
fer on the flow field properties is calculated and, thereby, the effect of

heat loss on performance iz calculated. These heat loss influence
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C coefficients are:
T L (%) = 1.0078 (5)
and
gy () = 1.0095 (6)

(U) Nozzle Throat Area Change. Nozzle throat area during a test is
different from the nozzle throat area before or after a test. During a
test, there are pressure loads acting on the internal nozzle surface upon
which thermal effects due to the increased wall temperature (as the result
of heat flux) are superimposed. In the 2.5K water—cooled thrust chamber,
the nardware is sufficiently massive so that the effect of internal pressure
loads is negligibly small compared to the thermal effects. Due to vne heat
flux, the nozzle throat area is less than in the cool pretest condition,

(‘, The influence coefficient for nczzle throat area change due to thermal

effects is shown in Fig. 186 and the nominal value is:

g(A,) 0.980 (7)

(C) The vaiue given in Eq. 7 is based on an elastic-plastic strain anal-
ysis which showed that the averagc value of 0.980 when applied at all
ckamber pressures between 300 and 1500 psia (FigﬁiSQ yields less than a
1 percent difference over the chamber pressure range which is less than

the error in calculating ¢* from test duta.
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Figure 186. Throat Area Decrease vs Chamber Pressure
for 2.5K Copper Nozzle
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{f} (U) Nozzle Divergence. Nouzle divergence losses were evaluated by
comparing iwo-dimensional axisymmetric thrust coefficient with the ideal
one-dimensional nozzle thrust coefficient. The two-dimensional nozzle
thrust coefficient was computed by a method of characteristics analysis
vhich utilizes variable flow field properties and the internal contour
of the nczzle used on the thrust chamber. By definition, the thrust co-

&
; efficient is given by:
F

y = (8)
} | % =P L
f where

CF = thrust coefficient

F = thrust

Po = nozzle throat atagnation pressure

A.t = nozzle throat area

It should be noted that this definition applies to one-dimensional as well

as to two-dimensional flow., Because the axial component of thrust is less
for two-dimensional diverging flew than for ideal one-dimensional flow,

the twe-dimensional thrust coefficient is less than the ideal one-dimensional
thrust coefficient and this difference is the nozzle divergence loss. This

may be seen as follows:

" = - - -
A,F Cp (1-p) Cg (2-D) (8a)
where ;
£+ ZSCF = thrust coefficient difference
Cp (1-D) = one-dimensicna! thrust coefficient %
CF (2-D) = two-dimensional thrust coefficient l
’.
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Ttilizging BEq. 8 in Eq. 8a yields

Ac=<") (e (ab)
AR \y"A*)(g..p)

vwhere the subscripts 1-D and 2-D refer to one-dimensional and two-dimensional,

respectively. For ihe same nozzle throat stagnation pressure and throat area,

Eq. 8b shows that the thrust loes due to two-dimensional flow is:

Acy =AF | (9

vhere AF is the difference hetween the one—dimensionpl and the two-dimensional

thrust, This then is the divergence loss and has a numerical - xlue of:

ﬁnrv = 1.0110 (10)

(U) Nozzle divergence loss dependence on chamber pressure and mixture

ratio is shown in Fig. 187.

(U) Non-One-Dimensional Flow. In the linearized theory of transonic

flow, the maas flow crossing the throat section is always found to be less
than the critical flow corresponding to one-dimensionai conditions. The
ratio of the two-dimensional maes flow to the one-dimeunsional mass fiow

is the nozzle discharge coefficient., The nozzle discharge coefficient is:

Mep = 0-997 (11)

{U) These influence coefficients and the resultant average value for the

influence coefficient are summarized in Table 63.
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TABLE 63

(c) INFLUENCE COEFFICIENT SUMMARY

influence on Experimental
Characteristic | Specific
Physical Effect Velocity Impulee
Heat Loss 1.0078 1.0¢95
Friction 1.6135
Nozzle Divergence 1.01190
Nozzle Discharge Coefficient 6.9970
Throat Shrinkage 0.9800
Stagnation Pressure Less 0.9953
Resultant Average Value 0.9801 1.03%4

(U) Seclected Pattern. The triplet pattern was selected for the injectors

as shown in Fig. 180. The 25CK injector is baftled iato 40 compartments;

each compartment contains seven injector strips.

(C) The above-described pattern ana injector configuration were selected

based on several considerations, Among these considerations were:

1. High performance was demonstrated in segment testing (nc* above
97 percent at chamber pressure of 300 psia and abcve 98 percent

at chamber pressure of 1500 paia) as shown in Fig.188.

2, Ilittle sensitivity to mixture retio was observed over chamber

pressure cperating range.

3. Excellent durability was demonstrated over entire operating range.
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Figure 188, Triplet Injector Performance in the 2,7K Segment

Thruat Chamber
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4, No spontaneous com! stion ‘nstability wae encountered during
segment testing. Several bomb testes were also conducted to
verify stability characteriastics; u¢ adverse stability effects

were observed.

5. Excellent injector hydruulic characteristice were demonsirated

over operating range; i.e., no hydraulic flip.

6. Strip configuration lends itself %o wodificetion for tapeff

bias,
7. Hot-gas ignition bhzs bYeen demonsirated in segment testing.

8. Simplicity ¢f ctrip mechining is achieved hecauze all strips

are vesentiallv identical.

9. Strip concept permits individual strip calibration for uniform

injector mixture ratio and flowrate,

(U) It should be noted that other injection patterna tested failed to
exhibit all of the necessary qualities for achievement of program objec-
tives. The reverse flow pattern had acceptable durability and stability
but was slightly lower in performance than the 60 degree iriplet. Buzz-
type instability was encountered with the L02 flovw pattern, thereby

eliminating this pattern as a possible candidatz injector.

(U) The performance of the selected pattern, and minor variations of it,
is summarized on Fig.188., The effects of mixture ratio are more clearly
shown for the cxperimental data obtained by this study of variations in
chamber presaure 'at the hands o¢f mixture ratio. The effect of mixture
ratio is seen to be & roduction of c* efficiency at the lower charber
pressures, The values obtained indicate that, with the experimentally
verified nnzzle efficiency, the overall specific impulse cf the aerospike
tlirust chamber with this injector design will meet the performance goals
et bcth rated and throttled conditions,

L4
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(C) Film Coolec Resulte. It vas possibie te operate Lhe water-cooied

thrust chamber up to 900 psia without encountering peak throat heat flux
that would exceed the burnout heat flux for this geometry. Gasecue hydrc--
gen film coolant was utilized so that testes conld be conducted up %o 1500~

psia chamber pressure.

(U) The film coolant was introduced nermal to the combustion flow field
and at a velocity, which resulted in a velocity vector paralle! to the
nozzle converging walls, Such an arrangement of injection with the annular
throat gap was expected to lead to uniformly mixed product flow through the
nozzle. The characteristic velocity efficiencies could then be calculated
eadily by taking into account the influence cf film coolant on the thrust
chamber flow field. An energy balance was made between the combustion
products generated upstream from the start of nozzle convergence and the
point where gaseous hydrogen was injected. This yielded a temperature that
represents conditions upstream of the nozzle entrance. Characteristic
velocity efficiency was taken to be proportional to the ratio ¥ the tem-
pereture obtained from the energy balance and the adiabatic flame tempera-
ture corresponding to injector end mixture ratio and chamber pressure. The
latter portien of the analysis may be shown to hold for sufficiently small

variations in flow field molecular weight and specific heat ratio.

(U) Three equations were required to accomplish the data reduction. These

expressions were:

2 Ty
Mex, = T, (theoretical) | | (12)
¥t %, (TeTy) + %05 Coing T
T = C 13
inj W, . C . . (13)
inj “pinj
2 _ inj
Mex, . =T, _ (theoretical) (14)
inj inj
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(v) Application of Eq. 12 through 14 to the test data yielded the char-
acteristic velocity efficiencies shown in Tuble 64, A complete description
of the analytical method is prerented in AppendixI. Confidence in the
performance efficiencies calculated by the aforementioned method was given
by comparison of characteristic velocity efficiencies with and without film
coolant present during a given test. S:ch a comparison showed that per-
formance efficiency calculated, as descrived above, differs from the nonfilm-
ccoled case by less than 1 percent. Tkis excellent agreement is shown in
Table 64 where the film-cooled data reductisn is summarized.

(U) The high characteristic velocity'efficienciea discusszed above apply

to an injector operating in a perfect combustior chamber. Addition of

fuel film coolant av the nozzle entrance can oniy lower thrust chamber
performance because the cooiant will only have the opportunity of contri-
buting energy that will be reflected in the characteristic velocity during
transit through the converging portion ¢f the nozzle. PBecause the converg-
ing portion of the nozzle has a constantly decreasing pressure ard charac-—
teristic velocity is directly proportional to tke pressure, the contribution
to characteriatic velocity by ti.» film coolant will be less than that con-
tributed by the same miss ot fuel at the injector end. This loss in thruat
chamber performance is illustrated in Fig. 189. A list of all film-cooled
tests is presented in Table 6%. ’

(C) Hot-Gas Tapoff. The feasibility of hot-gas tapoff was investigated

in the 2.5K chamber segment. The objectives of the tapoff tests were to
determine the dependence of chamber pressure, mixture ratio, and tapoff
geometry on the tapoff temperature with several tapoff variations. The
first design was & single-hole configuration and the second, a two-hole
unit, both units designed for a tapoff exit velocity of a Mach number
equal to 0.2 for a nominally 1500 F fuel-rich gas. The tapoff tempera-
ture a8 a function of chamber pressure is shown in Fig.190 " for both

of these configurations. The first test results indicate an increase

Lhk
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{ TABIE 64

(c) THRUST CHAMBER PERFORMANCE SUMMARY FOR
¥IIM-COOLED TESTS*

Chamber Injector ﬁc*

Test Pressure, | Mixture (After Film-
No. | Jniector psia Ratio Mex | Coolant 011)
105 1-3B 1494 6.85 0.985
106 -{ 3-2A 1505 7.11 0.981
107 4-1B 1507 8.05 0.965
108 4-1B 724 6.97 0.913 0.907
111 3-24 294 k.54 0.979 0.959
112 3-24 304 5.72 0.977

‘ 113 3-24 969 6.03 0.977
114 3-24 546 €.16 0.988
117 3-24 639 5.14 ©0.977
118 3-24 650 6.93 0.986 0.981
119 3-24 324 4.27 0.984
120 3-24 316 5.92 0.979 0.974
121 3-2B 649 5.57 0.953
122 3-2B 1042 5.81 0.973
123 4-24 615 5.63 0.990

‘ 124 4-2A 596 5.35 0.990

*Corrected to throat stagnation pressure condition
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in temﬁgrature with increasing chamber pressure and increasing mixture
ratio (5 to 7). The third configuration is shown in Fig. 191. This
configuration atraddles the injector pattcrn as shown and is designed to
provide for a more positive flow of fuel-rich gas than were the first two
configurations. Five initial gas tapcff tests were conducted with the
triplet injector pattern. These tests were 089, 091, 092, 093, and 095.
Gas tapoff configuration and instrument locations for these tests are

shown schematically in Fig. 192 and 193.

(U) The gas tapotff thruet chamber data reduction was accomplished in
three steps. First, the oxidizer and fuel flowrate through the injector
wus determined. Second, the gas tapoff flowrate was calculated, and
finally the nct thrust chamber flowrate was calculated by taking the dif-
ference between the injector flowrate and the gas tapoff flowrate. Tapoff

«was evaluated as deacribed in Appendix II.

(U) Gas tapoff tlowrates were deducted from thrust chamber injector flow-
rates and adjnsted thrust chamber performance was then determined. These
data are presented in Tuble 60, and it may be seen that the results for
tests 089, 091, and 092 are in excellent agreement with prior data for
this injector. The adjusted resuits for tests 093 and 095 are subject to

some question due to an indeterminate GN_ purge.

2
(C) 1later in the test program hot-gas tapoff tests were conducted with
three basic modifications of av injector incorporating strips made on
tooling used for 250K stripi. The tapoff gas was found to be oxidizer-
rich with the first modification to a standard injector (four oxidizer
orifices plugged in vicinity of tapoff ports). The second modification
consisted of addition of two tapoff bias orifices (0.070 inch diameter)
drilled into the fuel etrip to direct fvel into the tapoff ports. The
taporf temperature was 1840 F and was fuel-rich. The third modification
consisted of enlarging the tapoff hiaa orifices to 0.0935 diameter,

Finally, the number of plugged oxidizer holes was reduced to three. Tests
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