UNCLASSIFIED

AD NUMBER

AD507734

CLASSIFICATION CHANGES

TO: unclassified

FROM: confidential
LIMITATION CHANGES

TO:

Approved for public release, distribution
unlimited

FROM:

Distribution authorized to U.S. Gov't.
agencies and their contractors; Critical
Technology; OCT 1969. Other requests shall
be referred to Air Force Rocket Propulsion
Lab., Edwards AFB, CA.

AUTHORITY

31 Oct 1981 DoDD 5200.10; AFRPL ltr, 5 Feb
1986

THIS PAGE IS UNCLASSIFIED




SECURITY
MARKING

The classified or limited status of this report applies
to each page, unless otherwise marked.
Separate page printouts MUST be marked accordingly.

THIS DOCUMENT CONTAINS INFORMATION AFFECTING THE NATIONAL DEFENSE OF
THE UNITED STATES WITHIN THE MEANING OF THE ESPIONAGE LAWS, TITLE 18,
U.S.C., SECTIONS 793 AND 794. THE TRANSMISSION OR THE REVELATION OF
ITS CONTENTS IN ANY MANNER TO AN UNAUTHORIZED PERSON IS PROHIBITED BY
LAW.

NOTICE: When government or other drawings, specifications or other
data are used for any purpose other than in connection with a defi-
nitely related government procurement operation, the U.S. Government
thereby incurs no responsibility, nor any obligation whatsoever; and
the {act that the Government may have formulated, furnished, or in any
way supplied the said drawings, specifications, or other data is not
to be regarded by implication or otherwise as in any manner licensing
the holder or any other person or corporation, or conveying any rights
or permission to manufacture, use or sell any patented invention that
may in any way be related thereto.




CONFIDENTIAL

AFRPL-TR-69-199 ° A'O
o (U) INJECTOR/CHAMBER
N SCALING EYALUATION

§ TRW INJECTOR DEVELOPMENT

< B. R. BORNHORST

M. F. POWELL
D. A. GRIMES, LT, USAF
M. . FLEISZAR, JR., LT, USAF
P. W. POWELL, LT, USAF C

[}
Pt
7

R T RS

Lt

TECHNICAL REPORT AFRPL-TR-69-199
6CTuBER 1969

SEE INSIDE FRONT COVER FOR PATENT SECRECY ORDER NOTICE

IN ADDITION TO SECURITY REQUIREMENTS WHICH MUST BE MET, THIS DOCUMENT IS
SUBJECT TO SPECIAL EXPORT CONTROLS AND EACH TRANSMITTAL TO FOREIGN
GOVERNMENTS OR FOREIGN NATIONALS MAY BE MADE ONLY WITH PRIOR APPROVAL

OF AFRPL (RPOR—STINFO), EDWARDS, CALIFORNIA 93523,

AIR FORCE ROCKET PROPULSION LABORATORY
AR FORCE SYSTEMS COMMAND
UNITED STATES AIR FORCE
EDWARDS, CALIFORNIA

DOWNGRADED AT 3 YEAR INTERVALS;

CUNFIDENTiAL DECLASSIFIED AFTER 12 YEARS,
DOD DIR 5200.10




CONFIDENTIAL

NOTICE

(U) When U. S, Government drawings, specifications, or other data are
used for any purpose other than a definitely related Government
procurement operation, the Government thereby incurs no responsi-
bility nor any obligation whatsoever, and the fact that the Government
may have formulated, furnished, or in any way suoplied the said
drawings, specifications, or other data, is not to be regarded by

9 implication or otherwise, or in any manner licensing the ® oider or

any other person or corporation, or conveying any rights or permis-

sion to manufacture, use, or sell any patented invention that may in
any way be related thereto.

1 PATENT SECRECY ORDER

(U) The subject maiter on pages10, 11/12, and 13 through 20 of this
document contains information which is the subject matter of patent
applications on which the United States Patent Office has issued
secrecy orders. These secrecy orders are superimposed on the

H usual secrecy regulations which are in force with respect to military

A contractors' activities. Information under patent secrecy orders

E must not be disclosed to unauthorized persons,

(U) Bystatute, violation of a Secrecy Order is punishable by a fine of
not to exceed $10, 000 and/or imprisonment for not more than two
years.

5 ;
S i AOIN Y

WEE X —

% H

M i - 31X

-

)
!
I

e ot

CONFIDENTIAL

(This page is unclassified)




* CONFIDENTIAL

. INJECTOR /CHAMBER SCALING EVALUATION-

W TRW INJECTOR DEVELOPMENT (U),
== i o ' /

I

1

!
e
£

J e
b P[’\a'sg, V“Q(O‘(‘. Dec b&-Feb bC})

Bernard R. /i?»ornhorst}
Michael F. /f’owell’

ID Donald A. /Grimesj Lt T
Mitchell J. fFleiszar, Tr,. clugmtgens

\ Patrick W./Powell _inpethdset -

@Y e ot T

AF-3858, AF-3¢58D7] KRM

-

(16

e

e b o ——

In addition to securily requirements which must be met, this document
is subject to special export controls and each transmittal to foreign
governments or foreign nationals may be made only with prior approval
v of AFRPL (RPOR-STINFO), Edwards, California 93523.

- DOWNGRADED AT 3 YEAR INTERVALS;
DECLASSIFIED AFTER 12 YEARS,
DOD DIR 5200.10

CONFIDENTIAL o

e
DOCUM NTAINS INFORMATION APFECTING THE NATIONAL DEFENSE OF THE UNITED STATES WITHIN THE MEANING OF THE ESPIONAGE LAWS, '
e, u.'s'.‘é..c?mnou 793 AND 794, THT TRANSMISSION OF WHICH IN ANY MANNER TO AN UNAUTHORIZED PERSON IS PROHIMTED 3Y LAW,

307 730~ '




CONFIDENTIAL

FOREWORD

This report was prepared by the Evaluation Section of the Engine
Research Branch and covers TRW development injector tests under in-house
Project 305807KRM, "Injector/Chamber Scaling Evaluation.' This project
is under the technical direction of Howard V. Main, Minimum Cost Design
Space Launch Vehicle Program Manager. Others participating in the pro-
ject include Messrs. E.E. Stein, Branch Chief; B. Bornhorst, TCA
Scaling Project Manager; M. Powell, principal project engineer; R, Silver,

Lt D. Grimes, Lt P. Powell, Lt M. Fleiszar, Lt C. Ferguson, Sgt D. Sasser,
and Amn G. Gunderson,

Additional co-authors of this technical report are Sgt D. Sasser and
Amn G. Gunderson.

This report has be7reviewed and is approved:
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Asst Chief, Liquid Rocket Division
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Program Manager
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CONFIDENTIAL ABSTRACT

(C) This report describes the results of TRW injector development
tests conducted at the Air Force Rocket Propuision Laboratory's High-
Thrust Facility, Area 1-56, under Project 305807KRM, "Injector/Chamber
Scaling Evaluation.' This project, a task under the overall Minimum Cost
Design Space Launch Vehicle (MCD/SLV) Program, has as a goal the
development of low -cost injectors capable of performing at 90 percent
theoretical Isp (shifting), 250, 000-pound thrust using N20O4/UDMH propellants,
and will evaluate tkeir scalability up to the multimillion-1b~thrust class.

(U) A total of 36 development tests were conducted from 6 December
1968 through 26 February 1969. During this test phase, several design
configurations were evaluaied which provided design data for demonstration
injector tests scheduled to occur later in the project.

(C) A total of seven injector and three chamber configurations were
tested. Maximum performance obtained was approximately 88 percent of
test site theoretical shifting Isp (90 percent vacuum Isp). Dynamic com-~
bustion characteristics of this concept were evaluated by artificially inducing
chamber pressure overpressures of 100 percent or greater. In all tests,
chamber pressure recovered to within 10 percent of the original value
within 30 to 40 milliseconds, and the engine is considered dynamically
stable.
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SECTION 1

INTRODUCTION

(U) Current and projected Air Force mission analyses indicate that a
family of launch vehicles can be developed which are significantly more
cost effective than current generation vehicles. Space and Missile Sysiems
Organization (SAMSO)/Air Force Rocket Propulsion Laboratory (AFRPL)
studies (Reference 1) identified several key technology areas that need to
be demonstrated to show the feasibility of a low-ccst launch vehicle. The
most critical technology area identified was the demoustration of a simpli-
fied low-cost injector/chamber concept which is dynamically stable,
durable, can deliver required performance and canbe scaled to multimillion-
pound-thrust levels. To demonstrate this technology the AFRPL initiated
an in-house project, "Injector/Chamber Scaling Evaluation', in which two
low-cost injector concepts and hardware, obtained under contract, are
being tested and evaluated. The High Thrust Facility, 1-56, was selected

for this project.

{J) This experimental/developmental preject consists of two tasks:

(1} Task I - 250, 000-ibg-thrust Injector/Chamber Test Hardware; and (2)
Task II - 250, 000-1b¢-thrust Long-Distance Chamber Hardware. In Task I,
TRW provided AFRPL a contractor-owned thrust chamber assembly for
facility checkont. The results are reported in Reference 2. TRW then
designed, under AFRPL Contract F04611-68-C-0085, a development
injector to permit investigation of the effects of variations in critical
geometric and hydraulic parameters on performance of a single-element,
coaxial injector. The development injector used replaceable fuel orifice
rings and oxidizer pintle orifices. The contractor and AFRPL improved
and refined the development injector configuration to provide basic design
data for the Task II demonstration injectors. In Task II, three 250, 000-1b

long-durationablative-lined thrust chanbers willbe fabricated and fired with

UNGLASSIFIED
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tkree demonstration injectors to demonstrate thrust chamber durability and
determine sensitivity of injector performance to low-cost manufacturing
methods. A similar sequence of events is being pursued with an alternate
injector design provided by Rocketdyne Division of North American Rockwell
under AFRPL Contract ¥04611-69-C-0009.

(U) This report includes a description of the Facility used and the results
of the TRW Task I development injector hot-firing tests. Performance
stability, and thermal data were acquired which will provide the necessary

design data for the demonstration injector.
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SECTION II

FACILITY DESCRIPTION

1. GENERAL

(U) The "Injector/Chamber Scaling Evaluation' project hot-firing
tesis are being conducted at the AFRPL High- Thrust Facility, Test
Stand 1-56. This facility was chosen for its remote location, high-thrust

capability, and excellent instrumentation systems.

2. BUILDUP

(U) The original high-pressure LOZ/LH2 test system has been modi-
fied for the NZO4/UDMH propellants used in the Minimum Cost Design
Program. All incompatible valves and fittings were replaced with
suitable components. Minor medifications were required to adapt the
run tanks, GN2 pressure system, and the thrust measuring system. The
cryogenic run lines and control valves were removed and larger stainless
steel lines and valves installed. The system schematic is shown in

Figure 1.

3. TECHNICAL DESCRIPTION

a. Mechanical

(1) Nitrogen System
(U) The stand is equipped with a 6000-psi nitrogen storage
system for valve actuation, line and engine purging, and run-tank
pressurization, GN2 is supplied by a cross-couniry line and by a liquid

nitrogen storage and gas conversion system on the stand.

(2) Hydraulic System
(U) The stand is equipped with a 3000-psi hydraulic system
which actuates the servo-controlled run-tank-pressurizing valves and

propellant-control (start) valves.

3/4
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(3) Propellant Tanks
(U) The stainless steel run tanks are rated at 6000 psi with
an oxidizer capacity of 1200 gallons and a fuel capacity of 3800 gallons,

providing firing durations up to 10 seconds at 250, 000 pounds thrust.

(U) Two minor modifications were made to the oxidizer run
tank during the development tests. Due to pressure oscillations, the
pressure transducer, formerly ati the bottom of the tank, was installed
in the body of the pressurization valve. Then, due to poor response time,
the transducer was relocated to the bottom of the tank, but was attached
to a long tube inserted through the exit elbow and into the propellant.

This final modification adequately solved the problem.

(4) Propellant Lines and Valves
(U) Propellant run lines for the system are 6-inch diameter,
schedule 40 stainless steel for UDMH, and 8-inch diameter for NZO4'
The engine start valves are hydraulic servo-controlled units which can
be used to control valve stem position, flow rate, mixture ratio, or

chamber pressure over the required programmed contours.

(5) Thrust Stand
(U) The thrust stand is rated 300, 000 pounds thrust and
includes a hydraulic calibration system. The overall thrust measurement
accuracy is equal to or less than £1% of the 250, 000-1b calibration range.

Nonlinearity and hysteresis are less than 0.5%.

(U) Prior to the development firings, a new thrust mount
was installed which would facilitate installation of either contractor's

hardware.
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b. Instrumentation.

(U) Recorded parameters which show engine performance are

listed below:

. e No. of Frequency
Location/Parameter Description Channels Response
Chamber Pressure 0-500 psi 3 0-400 Hz
Chamber Pressure 0-750 psi photocon 4 0-10, 000 H=z
Engine Thrust 0-250, 000 lbf 2 0-400 Hz
Chamber Temperature T inside wall gas

(NANMAC) 40 0-100 Hz
Chamber Temperature T outside wall
UDMH Injector Pressure 0-500 psi 2 0-400 Hz
UDMH Injector Pressure 0-750 psi photocon 1 0-10, 000 Hz
N2.O4 Injector Pressure 0-500 psi 2 0-400 Hz
NZO4 Injector Pressure 0-750 psi photocon 1 0-10, 000 Hz
UDMH Line Flow rate 0-3000 gpm 2 0-400 Hz
N204 Line Flow rate 0-4000 gpm 2 0-400 Hz
UDMH Line Pressure 0-1000 psi 1 0-400 H=z
NZO4 Line Pressure 0-1000 psi 1 0-400 Hz
UDMH Tank Pressure 0-1000 psi 1 0-400 Hz
N204 Tank Pressure 0-1000 psi 1 0-400 Hz
UDMH Line Temp 0-100°F 1 0-100 Hz
N,O, Line Temp 0-100°F 1 0-100 Hz
UDMH Tank Temp 0-100°F 1 0-100 Hz
NZO4 Tank Temp 0-100°F 1 0-100 Hz
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c. Data Acquisition.,

(U) The majority of low-frequency data is processed by an analog
to the digital converter and digital tape recording systems for direct input
to computerized data analysis and processing programs, High-frequency
data is recorded by an FM tape recording system for later analysis, while
multiple graphic recorders, a 36-channel direct printout oscillograph
recorder, and a 100-channel binary switch recorder provide data for
immediate spot checks and system sequencing. Visual data is acquired by
remote unrecorded TV monitors and by remote high- and low-speed color
film cameras. All recorders are time-synchronized by a pulse code time

trace, and all timed events are controlled by a pulse-code-based countdown

programmer.

d. Emergency Control Functions.

(U) Automatic shutoff and control devices include three RCC high-
frequency accelerometer cutoff systems, mi:ture ratio computer, and
shutoff function, high- and low-pressure cutoffs, and high-temperature
cutoff. The stand has a one-million-gallon water storage tank which gravity-
feeds the fail wet/fail dry firex system, flame deflector, safety shower,

and facility water systems.
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SECTION IiI

HARDWARE DESCRIPTION

(U) The hardware used during the development firings was obtained under
Contract F04611-68-C-0085 from TRW Systems. All hardware fabrication
was subcontracted to nonaerospace commercial fabrication shops to
demonstrate the feasibility of significantly reducing fabrication costs.
Actual fabrication costs (without TRW overhead rate) for the development
injector were approximately $4, 700, with a cost per pound of weight of
$3.10. Because a significant portion of the cost was in machining the
threads required for the replaceable oxidizer rings, a flight-type injector
would have a significantly lower cost., The original development thrust
chamber, DEV-1, cost $4,575 for an approximate cost per pound of weight

of $2.20.

(C) The development injector assembly is shown in Figure 2. The injector
has a centrally located coaxial pintle element where the fuel enters an
annular manifold and then flows down an outer annulus before being injected
as a continuous annular sheet. The oxidizer enters the injector through a
single central inlet and flows axially before being furned 90° and flowing
radially outward through a series of orifices. The oxidizer jets impinge
with the fuel sheet at the outlet of the oxidizer orifice, The purpose of

the smaller secondary orifices, which flow approximately 10% of the
oxidizer flow rate, is to force the portion of fuel sheet not impinging on the
primary orifices into the lower portiion of the primary oxidizer orifices.
Another critical configuration parameter which has an effect on performance

is the percent of fuel sheet blocked by oxidizer, both primary and secondary.

(U) The fuel sheet blockage is calculated from:

W+ W
s

% fuel blockage = —2 % X 100
uw

10
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(U) Table I characterizes the oxidizer and fuel rings, and Figures 3 to 7

depict the modifications made to the oxidizer orifices.

(U) The thrust chamber (DEV-1) used during tests 11 through 32 is shown

in Figure 8. The nozzle has a contraction ratio of 2,22, an L of 77 inches,

an expansion ratio of 4.01, and a divergence half angle of 15°, The chamber
used during the checkout firings, 1 through 10, was modified by adding a
12-inch-long cylindrical section to thg combustion chamber and extending
the expansion ratio to 4.1, This assembly (CHK-1A) was used during tests
33 and 34 and is 12 inches longer thar‘g tne DEV-1 chamber. The nozzle has
a contraction ratio of 2.09, an L* of 1:05 inches, and a divergence half

angle of 20°. Chamber DEV-1 was modified by adding a 24-inch-long
cylindrical section to the combustion chamber., This configuration (DEV-1A)
was used during tests 35 through 46, The nozzle has a contraction ratio of
2,21, an L* of 130 inches, an expansion ratio of 4.0, and a divergence

- half angle of 15°,

(U} The L* parameter was calculated from:

h 1 d ]
L% = CR L+'*3-{ 1+[——}+—a}
cR] cr

13

UNCLASSIFIED

L1,

P2 g
SIS T




UNCLASSIFIED

(U) TABLE i. CRITICAL DIMENSIONS OF THE OXIDIZER
AND FUEL RINGS OF THE TRW
DEVELOPMENT INJECTOR

OXIDIZER RING NO. DESCRIPTION AREAS

1 36 primary orifices 11.95 ing
36 secondary orifices 1.44 in
Fuel blockage 50%

1A 36 primary orifices 13,09 ing
36 secondary orifices 1.44 in
Fuel blockage 60%

1B 36 primary orifices 13,09 ing
356 secondary orifices 1. 74 in
Fuel blockage 60%

2 48 primary orifices 12.61 ing
48 secondary orifices .36 in
Fuel blockage 67%

3 36 primary orifices 12. 79 ing
36 secondary orifices 1.24 in
Fuel blockage 67%

4 36 primary orifices 13.28 in’
36 secondary orifices 1,45 in
Fuel blockage 62%
Flow straightener ring
Relocate secondary orifices

FUEL RING NO. DESCRIPTION AREAS

1 Annular orifice 10.05 in2
Fuel gap 0.246inch

2 Annular orifice 8.05 inz

Fuel gap 0.2 01 inch

14
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where CR = contraction ratio
L = distance between impingement point and
end of cylindrical section
h = distance between end of cylindrical

seclion and throat

(U) The development injector and thrust chamber design is based upon and
scaled from the TRW Lunar Excursion Module {LEM) descent engine. The
original oxidizer orifice configuration, Oxidizer Ring 1, had the same fuel
sheet blockage, percent secondary oxidizer flo'v rate, and secondary
oxidizer orifice setback as the LEM engine. The orifices were not scaled
geometrically due to propellant and operating condition differences. The
fuel sheet thickness had been originally scaled to maintain the same

APO/ APf

reported in Reference 3 indicated that the pressure ratio should be larger

ratio as the LEM engine but the results of the test program

for the N204/UDMH propellant combination, therefore, the original

development injector fuel sheet was sized for this larger pressure ratio.

(U) The chamber configuration was also ¢caled from the LEM engine
(see Figure 9), Although the DEV-1 chamber did not have as large an
Lch/Dch as the LEM engine (L/D = 1. 38) the subsequent length additions
to the development chamber did increase the L/D to values greater than
the LEM value, The L/D is defined as the length from the impingement
point to the throat divided by the chamber diameter.

(U) According to the TRW scaling criteria, all the development injector
and thrust chamber dimensions can be scaled to other thrust levels by

using the relationship:

L (ox D)z50, 000 b, _ of250,000 Ib
F

L (or D)
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Figure 10, Instrumentation Assembly, 250, 000-1bf

Development Engine (DEV-1)
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SECTION A-A

Figure 11.

\\ ~ TYPICAL SECTION
.5 ¢-C, D-D & F-F

Thermocouple Location for the DEV-1 Thrust Chamber
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SECTION IV

INJECTOR EVALUATION

(U) A total of 36 tests were conducted during the development phase.
Propellants used during the testing were N204/UDMH. The chamber
pressure range was from 250 psia to 325 psia, and the mixture ratio range

was from 1.70 to 3,0.

(U) The instrumentation used during this testing consisted of both low- and
high-frequency transducers described in the facility portion of this renort.
NANMAC surface thermocouples were located at selected places on the
chamber to determine the thermal environment, Nondirectional bombs
radial and tangential pulse guns were utilized to induce chamber pressure
overpressures for dynamic combustion stability rating, The non-directional
bombs consisted of a nylon housing which contained 40-, 80-, and 120-grain
charges of C-4, a plastic explosive, and were triggered by a Dupont E-83
electric detonator containing 13,5 grains of PETN. The pulse guns were
assembled with burst diaphragms rated at 2000 psi and contained 40 to 80
grains of Hercules' Bullseye pistol powder (see Reference 3). Figures 2
and 10 through 13 show the locations of the insirumentation used for this

test phase,
1. PERFORMANCE

(U) Table II gives a summary of the test results, The theoretical shifting
equilibrium specific impulse is shown in Figure 14. This data was obtained
from standard thermochemical calculations., The theoretical specific
impulse is for a 4:1 expansion ratio nozzle expanding to 13.2 psia, the
nominal test stand ambient pressure. The delivered specific impulse was
computed from the measured thrust and flow rates. The characteristic
velocity was calculated from the equation

Pos At g
Ce .

n

Wi
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Bl L5 S
fe TR v v R T R T L TR R R M I 2 Fhe et - - -
RUN INJECTOR AND TIME TEST Pey & Pep] Pe INJ Pc3 & Pc4 |Pc Nozzle] PINJf |PiINJ w i
NO. THRUST CHAMBER | AFTER THRUST | Pey Pe2 1 AEND cOR{  Pe3 Pc ox w w MR
CONFIGURATION | 90% pc | Der™tion AVG I ECTED 4 AVG  |Entrance | (pIF-2) {(P1O-1) | TOTAL ox £
SEC POUND Paia Pma Pma Pma Psia Psi1a Psia Paia Psia Psia 1b/SEC 1o /SEC b /SEC
11 O} /FI-DEY-1 9,839 1.21 172,400 | 259.0 57.5 58.3 47, 242.0 242,0 253.2 312.4 423.7 1060 745 315 2.3%
12 OUFI-DEV-} 1,002 171, 1 288, 1 85,9 81,6 7 269 281 340, 5 398, 5 946 601 345 1474
1 LF1- 21 1,24 1215900 T 3150 4 10,7 9 289 0 ;_zg 53, 1065 111 354 2,90
v ;‘ -REV-1 N 1,29 310, Joé,zg 93, N 362, 1071 17 354 2,02
1 Ei-DEV-1 4 1.05 1207900 304 28 351 1066 714 53 2.02
1 LE. Yol 1 296 301,3 280 93 386 113! 31 2,41
17 £2-REV-1 ,% | 14,300 12. 304 308.3 295 288 302 426 424.9 1050 662 88 1,70
18 [F%- -1 100 13 0.9 297 292 292 315, 438, 8 1059 270 2,06
19 -DEY-1 . 300 ] 326, 8.4 314.9 313.4 313.4 32 415 465.3 1092 16 33) 2.29
20, 2 - 45, 319, 2, 1 318,4 03,3 303, 3 KT 397. 4 454.3 109) 18 3
E. - 313 7.3 304,2 296,17 FX 310, 376,06 477, 4 1148 86 28 N
1 - - 8] 27 206 FX} 39,0 379 65. 275 3
\ALF; - 4 59 261 250, 244, 44, 255, 07,7 354, 892 645 246, &
2/F25 1 3] 700 } N 374, 26 26 281, 52,5 406, 97 682 291 . 34
5 02/F2- -1 21 1 316, . 300, . . 307, 75,5 78, 108 797 287 7
) 14 n%__u %%gL " 3], 41978, ) 2
21 Q4/F2-DEV-1 3593 225 ,200 296, . 4. . . B 290, .1 e, 2 112 3 1 2.99
28 “‘M'l 25 2300 1 259, 56, . 247 42, 42, 25 309.9 £4.3 54 2,6°
29, -DEY-1 7 600 | 308 T 290, 303, 9 R
30 [E2- A N 400 14, 307 8 291, 291 . s 380, 5 6 2,51
3] [F2- Ve 267 o3 lg_gg 17, 315, . 03, 97, 99, 312, N N 33 ] 2,77
~DEV- 2014 [X , 100 06, 305, N 92, 289, 297, . . 414, . Ir 2,00
3 - = ) 800 45,371 325, . 21,4 297, 29 98, 312, N . 137 4 30 2,76
A [F2: = 14 62 26,100 12, 311, 2 ;ﬁ\ " . 402 . 764 3% 2,37
35 F2:-BRY-1A 33 81 22, 000 28, 319, 3 0. 295, 2 . 308, N . 699 305 2,29
[ 03/ F2-DEV- 1 u._mu_' . 19, A 280, . . . 96 268 292 2.3
a7 01 " . £2 232,800 ¥ 328 A2, 30 04 238 310 2,38
[Ty 0V\R/FA] slA 57 263 23 3] % R . N 311, N 431, 4, 05. 220 334 2.15
A9 O1B/F2: =1A : 946 60 _ 1231,600 | 326 30, s . . N . . . o U3 250 288 2.00
40 02/F2-DEV-1A 12 3 222,400 1 17a . . 98, 95, o 4 154, 029 714 314 2 27
4l 02/F2:-:DEV:]A 27 1,55 1 4 16 30 . 45, 95, . 389, 458, g2 34 20 ~2.53 ]
42, 02/ F2-DEX A 805 220,800 12,7 4, 01, ) 93, 08, 378, s [ 6 70 2,84
43 0IB/F2-DEVald 916 1,60 34,800 F1 3 . 17, 08 08 . 407, . 04 a7 2,63
Ad 04/ F2.DEV-1A 937 1,58 It Q . 85, 4 0 N 0 96 2 03
45 - o 1A 2677 1,35 33,2 T s .6 373,86 N 1 0 3l £.53
46 QIB/F2-DEVZIA . 3 0,326 1 1,65 Q.5 317 15, 0 28 293 293, o4 385, 3 -0 9 705 LBS 2,47
*Invalid Pressure Readout
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(U) SUMMARY OF HOT FIRING DATA

Isp C* c* c“ M
. . ap ap ap ap [ Theoretin 7 co [ %0, “C,
w w MR Orit cc | Onfice Engine | Enginc Isp  |Theorcti- % Isp |Dehvered Dehivered|The %Cs . Dehivered { {
ox £ cal X, Nozzle
Fucl Oad Fuel oxa  [Pelivered]  cal vy enpfozzle iyt Exp I END e anee)] 1V END é:‘t‘;za:ll:e) INJ END §f::,l.§,
b /SEC b /SFC Psid Pud Ps1d Pad SEC SEC. f/sec 1 a/sec | o/sFC
745 315 230 53.8 165.3 872 125.9 164.4 247,92 66,6 4033 1 4064 5648 2.4 7.9 331 1.36 93, -4
601 345 1,74 524 110, 8 932 122.7. 2074 245,15 FENA 5029 1 506% 5620 89,5, §9.9 1,32 LAT 94,
1 3584 2,40 S, L 142.2 99,4 155,0 204, 8 251,89 FTRES 4830 1 4833 568 8; 85,2 136 1,36 95, .
1z 353 2. 02 5625 146,46 99,2 159, 2. 199, 8 251,61 19.4 4732 4749 8 8 3.6 1,35 L35 95
714 5% 2,02 S0.7. 150, 5 98, 1694 197, 81,40 4727 4739 8 8 83 4 133 94, 9
200 31 2,8 85,4 127.3 121 189, 8 185 52.54 3 1412 1 46 1 8 5 1.34 93 9
662 33 1.0 118,0 116,9 165 129,6 206 46, ¢ 4858 1 4 87 [ 133 96 95,3
170 89 2.0 ) 128, 7 a7 1405 208 51 4819 4924 5686 86, 88 & 1,34 93 91
14 331 229 8.2 1268 2361 1586 234.9 55 24,0 4950 1 53y} 5679 87 90} 9 96, 92.8_]
78 Ol N ) 122 2 _100 3 207 5042 98 623 £9, §§A . 90, 92,
86 86 L0F 34,3 160.0 84, Se 191, 48,29 . 4550 60, 482 82. : . 90, N
65 75 3 Tt 101,8 88, 3. 208, 39,78 3 4951 ] 651 87 T 95, "
s 35 Ry, 45,9 93,1 70, 3 202, 40,17 . 4859 BT 588 88, 87, N . 94, "
682 ] . 3 A 20 6 97, % 132.4 205, 3 S0.85 81 4 491 56058 | 85,9 86,9 2 95,
797 7 21 62,0 1652 93,9 1781 202 80, 48 553 % 1.34 N s
24 92 Z okl Ih0 8 Q7. 173 8, 208 82 8 4 580 A 88, x 1.36
4 21 22 033 91,4 92,81 _203.6 A N 73, 5 4 482 80, . N 3
7 54 LUE 52,0 106, 5 4.0 17,1 . 5. 78, 1 4 579 . 83, . N N .
2 ag FY) 3 3, 20 58 . 89. . " 2,
X g 5] T ) 5 N 3 3.3 50 5¢ N 29, . N 53.0]
[l ] L7 3K, 4 0 4 5 N . 5, 50. 51 56 88, . .
3 5 (o, 104 [ 49, [ 8, . . 4 4780 56 . . - 1,34 9 "
34 7t 8, 3 T 1209, X . 50 502 5540 X N . L34 9L, *
64 32 231 i 12 b 11, 53,78 , 50 I3 5657 . . . TIEY3 C)
2% 30 — &al0 Pdat 1281 99, 5 23 04 s 5284 S 567 N . : 136 94.1 4,
269, 29 2,03 Lol 182,72 106, [l 98, 8 700, 559 N 138 98,9 k)
738 310 2,38 {83, il4,0 120, 127 24 L0 . 526 565! . N . L.3% 96,2 94,2
720 334 205 1 el 110,56 132.7 4 4 88, 528 568 . 92, . 1.37 97,1 94, 1
=e0 2 2,00 1 220 123 0 [1 4 [ 52 33 373, 1.18 98 8 94,4
714 314 22, n8. 5 i37.2 124, 0. o 4 4, 34 ¥5, 5005 A . = YA YR YN
1 . L2l 1.3 [EY ] 1 5 62 86, 5072 0, . 239 1 34 PR
7 70 2,33 04,0 152, 6 3, 5, N .39 86, 4981 G, A .39 1,37 95, & N
7 aF 2,57 T T 120, 7 110, 6 4. . - 08 BB, 1 5 5 Z 7 .30 138 o, 2
= 36 AN 1Ty 3 251,39 19, 2. 4623 4714 5593 8¢, 7 04,3 1,38 1,35 95,8 4
1¢ ) B o 103.5 12,2 [ 26 250, 72,6 4217 4312 5617 251 16,8 1 1,35 96,7 9
105 5 2047 N3 107, 3 101, 1 20, .3 253,89 86,7 5227 5308 5637 927 94, J 1 Y. 36 95. 7 N

-
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—
Pc=325psia
= Pc=325psia
Pc=300psia
Pc=z275psia
— Pc=z250psia
1
k— . Pc=225psia
1 | l 1 1 | | 1

1.6 1.8 2,0 2,2 2.4 2.6 2.8 3.0 3.2

MIXTURE RATIO

Figure 14. Theoretical Specific Impulse
for N204/UMDH , €=4,06
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Po* was obtained by two methods. The first was by correcting the average
of the two injector-end chamber pressure readings for stagnation pressure
loss from head-end to the nozzle entrance. It was assumed that the gas
velocity across the injector end pressure taps was zero and, therefore,
they were reading head-end stagnation pressure, Further assuming that
combustion in the cylindrical chamber was a Rayleigh process with heat
generation but no friction, the static pressure loss due to combustion can
be calculated., The new nozzle entrance static pressure was then isentro-
pically corrected to stagnation conditions. Secondly, the nozzle entrance
pressure readings were corrected for static to stagnation differences due
to gas velocity. Both correction methods assume that combustion is
complete at the nozzle entrance and that nozzle flow is isentropic, If all
the assumptions were valid, the two correction methods would give
identical throat stagnation pressures. If combustion is not complete at

the nozzle entrance, the two corrected pressures will not be equal, and
the corrected nozzle entrance pressures would be higher than the corrected
injector-end pressures. However, the injector-end pressure corrections
are partially self-compensating when there is incomplete combustion and
give a more accurate corrected stagnation pressure. This inejctor-end
corrected stagnation pressure was used as the primary indicator for
combustion efficiency although the nozzle entrance pressure was also listed
in Table II for comparison. The selection of this pressure is further
supported in that the calculated thrust coefficient and efficiency more
closely agree with the expected nozzle efficiency for this 15 half-angle
conical nozzle when the injector-end corrected stagnation pressure is used

to calculate C* efficiency and applied to the measured Isp efficiency to

back out CF efficiency.
(U) The thrust coefficients were calculated from C.. = F
F PC At
(U) The C.. efficiency was determined from % Cw = ﬂs_p_
F F % C:
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(U) The Engine AP is calculated from:

APENG = PZ - Pl; where
P2 = Propellant inlet pressure
Pl = Pc injector end corrected

(U) Flow ratés were obtained from single turbine flowmeters using water-

flow calibrations without corrections for thermal effects on geometry.

(U) Figure 15 shows the delivered Isp of the first development injector
configuration, oxidizer ring 1 and fuel ring 1 (see Tables I and II). The
peak performance that was achieved occurred at a mixture ratio of 1. 75,
The fuel gap was reduced by the substitution of fuel ring 2 prior to Run 16,
in order to obtain the maximum performance in the design mixture ratio
band of 2.3 to 2.9, Unsatisfactory performance was still achieved within
the desired mixture ratio band on Runs 16 and 17, although the performance
curve was apparently shified to a higher MR. Oxidizer ring 1 was therefore
modified according to Figure 4, in an attempt to increase oxidizer and

fuel mixing by decreasing the oxidizer momentum. The results are shown
in Figure 16, The performance peak has shifted to a mixture ratio of 2. 3,
as desired. At higher mixture ratio, oxidizer stireaking was observed in
the exhaust plume which indicates the oxidizer momentum was still too

high to insure proper mixing.
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(U} Oxidizer ring 2, a 48-element configuration (see Figure 5), was chosen
with lower momentum ratic and a higher percent fuel blockage. Sign.ficant

improvement in performance was not gained by using the DEV-1 chamber,

as shown in Figure 17, although the performance peaks at a higher mixture
ratio. The sharp drop in performance during Run 27 indicates that proper

mixing is still not being achieved at high mixture ratios. Run 28 was a low-
chamber-pressure test, with a low-oxidizer-injection pressure. The upper

curve will be discussed later in the text.

(U) The next configuration tested was oxidizer ring 1B (see Figure 4)
which was obtained by modification of oxidizer ring 1A. The effect of the
secondary oxidizer orifices upon fuel and oxidizer mixing was to be
determined by this modification. The performance efficiency increased
shghtly in the DEV-1 chamber, as shown in Figure 18. This configuration
was then tested with the longer checkout chamber 1A (nozzle exhaust cone
half-angle of 20°). The effect of the L increase is seen in the performance
curve on Runs 33 and 34. The dashed line was obtained by multiplying the
performance efficiency of Runs 33 and 34 by the ratio of the experiemental
thrust coefficient efficiencies for the development and checkout thrust
chambers. The effect of the DEV-1A chamber is seen in the upper curve,
The performance improved significantly in all configurations in which it
was used, indicating that the combustion process is vaporizalion limited,
The L increase effects should be seen throughout the mixture ratio band,
and the performance should increase by the same increment along the
curve if vaporization were the only major factor. Instead, the shorter
thrust chambers apparently restrained the secondary mixing process
resulting in poor performance at momentum ratios greater and less than
optimum; whereas the longer DEV-1A chamber allowed sufficient secondary
mixing to provide maximum performance over a wide range of mixture
ratios. At the optimum momentum ratio an increase of 2 1/2% was seen
in performance due to increased vaporization. Oxidizer ring 1B and fuel
ring 2 with the DEV-1A chamber was the best performing configuration

(see Figures 18 and 20).
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(U) Oxidizer ring 3, as seen in Figure 6, was evaluated to determine the
relation between the number of primary and secondary orifices and the
percent fuel blockage. Figure 19 shows the results. At higher mixture
ratios, the secondary mixing efficiency is reduced causing poor perform-
ance. The most significant effects upon performance were the added
chamber length and the increase in secondary mixing of the fuel and

oxidizer.

(U) Oxidizer ring 2 and oxidizer ring 3 were also tested with the longer
DEV-1A chamber to determine the relative effect upon performance., It
was observed that the L* parameier accounts for 2 to 3% increase in

performance over the mixture ratio range.

(U) A final configuration was evaluated, oxidizer ring 4 (see Figure 7),
which achieved very low performance (see Figure 19). Relocation of the
oxidizer secondary orifices and the addition of an internal oxidizer

orifice flow were injector changes implemented simulianeously on this
configuration, and the independent effects of each upon performance cannot

be ascertained,

(U) The thrust coefficient efficiency observed in these tests, seen in Fig-

ure 21, agrees within *1% of the predicted value as stated in Reference 3.

(U) Detziled examination of the injector fuel manifold pressure, chamber
pressure, and fuel flow-rate data presented in Table II indicates a step
reduction in discharge coefficient for the annular fuel orifice between
tests 16 through 28 and 30 through 46. The observed shift is peculiar to
the fuel orifice (F-2) and is not revealed in analysis cf the oxidizer side
data for these tests. Subsequent analysis oi the fuel feed system data
(Appendix) validated the accuracy of the fuel flowmeter and suggest
partial physical blockage of the fuel orifice during tests 350 throagh 46,
Fosttest inspection of this fuel ring did not reveal evidence of fuel orifice

blockage. Although this conclusion casts doubt upon the validity of the

CONFIDENTIAL




CONFIDENTIAL

0138y 2INIXIN SNSIDA ADUDIOIIIA mO Ju9dI9g 12 °anStg

OLLVY JUNILXIN

o[3uy JreH 072

Tequieyd vi-dHD O

a[3uy JreH oSl

Taquueyd [ -Ad O]

23Uy JreH 461

gaquueyd v [ - AT (O]

Z Bury ronyg
g1 Tuy 1ozpIxo

W] —

06

16

6

S$6

96

L6

ADNHIDIAIH JD INIDUAL

CONFIDENTIAL




T

UNCLASSIFIED

maximum specific impulse efficiencies observed with this hardware, the
relative characteristics of the higher performing injectors are still valid

because all were evaluated with fuel ring 2.

(U) However, the effect on delivered performance due to an interference

in the annular fuel orifice is considered minimal for two reasons.

(U) An obstruction lodged in the fuel gap would distort the local mixture
ratio distribution, but would also increase the injection velocily., These
two effects are somewhat nullifying, therefore the overall effect upon

performance is minimized.

(U) Any blockage of the fuel annular area increases the fuel momentum
for any fixed flow rate. Consequently, if the performance is mixing
limited, the maximum performance should occur at a different momentum
vatio (mixture ratio). This should be apparent in the performance plot
for the injector configuration 02/F2, since it was tested with high and low
apparent discharge coefficients, Figure 17 shows no significant shift in
optimum mixture ratio between the two test series (Runs 16 through 28
and Runs 30 through 46) indicating that any blockage had little effect upon

delievered performance.
2. STABILITY

(U) Nondirectional bombs and radial and tangentially oriented pulse guns
were utilized to rate injector dynamic stability during selected tests,
High-frequency-response pressure dala obtained from flush-mounted
Model 352A Photocon transducers (Figure 10) were recorded on magnetic
tape at 60 in/sec. This data was used to generate oscillograms by play:ng
back the tape at one-eight recording speed and running the oscillograph at
40 in/sec paper speed. This produced oscillogram records with an

equivalent data speed of 320 in/sec.
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(U) The identification (mode and frequency) of chamber pressure oscil-
lations of interest was accomplished by using the high-speed playback
oscillograms described above. Selected natural characteristic frequencies
for the DEV-1A thrust chamber are shown in Table III, assuming complete
equilibrium combustion. To correct for combustion efficiency effects,

the natural frequencies should be degraded by the C* efficiency. Table IV
presents a summary of the stability test data for this test series. The
magnitude of the artificially induced disturbance for each test is indicated
by the AP max/Pc parameter, where AP max is the maximum amplitude
recorded by any one of the four chamber-mounted photocons as measured
from the unfiltered, high-speed osciliogram. The typical frequency-
response characteristics of the chamber to a bomb are shown in Figure 22,
for Run 43, This oscillogram was produced as described above, but the
tape playback has been run through a low-pass output filter to attenuate
noise above 5 hz at about 18 db per octave. Similarly, Figures 23 and 24

depict response to radial and tangential pulse guns, respectively.

(U) As indicated in Table IV, all artificially induced pressure oscillations
damped within 40 milliseconds without damaging effects on the hardware.
These data indicate a general trend of asymptotically increasing (decreasing
rate) damp time with increasing AP max/Pc but with a scatter of #25% in
damp time. Although larger charge sizes induced greater overpressure
regardless of the rating device employed, no preferential location or

orientation for greatest overpressure could be determined.

(U) Based on these results and the fact that none of the TRW development
injector ‘ests exhibited spontaneous high-frequency combustion instability,
the basic 25C, 000~1b injector concept is judged to be stable. However,
dynamic stability was verified over the design mixture ratio range only

within £10% of nominal Pc.
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(U) TABLE Il

NATURAL FREQUENCIES

100% Performance for:

O/F = 2.6
Pc = 300 psia
Chamber I.D. = 39 in,

Chamber Length = 145 in. (DEV-1A)

MODE FREQUENCY (Hz)

1T 690

IR 1430

1L 160
‘ ZR 2610
3
] 2L 320
i
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3. THERMAL

(U) To determine the relative trends of the thermal environment in the
chamber and throat regions, several NANMAC ribbon thermocouples were
located flvsh with the internal wall to oblain the internal surface temperature
profile, The NANMAC thermocouple is a fast-response, exposed-tip
thermocouple. Figure 25 depicts the theoretical equilitrium, adiabatic
flame temperature trends for N204/ UDMH.

(U) Figure 13 shows the location of the thermocouples used during Run 37,
and Figure 26 reflects typical internal time/temperature profiles.

Although the temperature was not measured at the head-end of the chamber,
previous temperature data from Runs 11 through 46 indicate that the

recovery temperatures ranged from 220°F to 250°F.

(U} The effect of mixture ratio upon the time/temperature profile at the
nozzle throat plane is seen in Figures 27 and 28. Due to unreliable
temperature data at the desired mixture ratios, oxidizer ring 2/fuel ring 2
is the only configuration presented in this report, but the trend indicates

2 possible problem 2t higher mixture ratios with the ablative throat
material due to the higher temperatures shown. Figure 25 indicates only
a 50°F flarne temperature increase for the mixture ratio range covered

by this data, hence the mach higher tempecratures indicated by ¥igure 28
are due to increased local heat transfer, characteristic of this injector/

chamber combimnation,
(U) The data presented in this section, however, is indicative of the

observations made for the previous TRW development firings (Runs 11
through 46).
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SECTION V

HARDWARE EVALUATION

(U) The injector and thrust chambers were fired for a total of 50 seconds
during this test series, Visual inspection of the hardware during and
following the test series indicated no major damage to the hardware, The
oxidizer rings did incur some discoloration and very slight erosion down-
stream of each primary oxidizer orifice, The HAVEG-41F insulation on
the pintle tip did experience some minor erosion, although it was not

measured,

(U) All three thrust chambers experienced very minor erosion in the
throat region; otherwise, the - hambers were in excellent condition
following the test series. The average throat diameter of DEV-1 changed
from 26,052 inches to 26,082 inches during the 22 firings. The CHK-1A
chamber was fired twice with negligible throat erosion. The average
throat diameter of DEV-1A c(hanged from 26.009 inches to 26, 033 inches
during the 11 firings, Chambers DEV-1 and DEV-1A had a slight 36-
pointed discoloration patter: on the head-end of the dome, but the chambers

were not eroded in this region,
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SECTION VI

CONCLUSIONS

(C) It is apparent from the test results that it is feasible to fabricate,
within a short development time and with limited funding, a 250, 000-1b¢-
thrust injector/chamber assembly which is dynamically stable and achieves
reasonable performance. The minimum performance goal of 88% of test-
site theoretical Isp, which represents 90% vacuum Isp, was achieved
during this test series. A future MCD/SLV system study will determine

the effect of absclute engine performance upon the vehicle potential.
1. L* EFFECTS

(U) The most significant parameter which affected the performance of

the TRW injectos concept was the L* increase from 77 inches to 130 inches,
As a result, the maximum performance improved 2 to 3%. The specific
impulse efficiency of the higohest performing injector became independent
of mixture ratio in the long chamber, whereas this parameter displayad

a definite peak in the short chamber. This observation is characteristic

of the injector configurations tested and indicates that chamber length

affects both propellant vaporization and secondary mixing efficiencies.

2, INJECTOR ORIFICE MOMENTUM RATIO/AP (PRESSURE DROP)
RATIO EFFECTS

(U) The efficiency of the secondary mixing process is greatly dependent
upon the proper propellant momentum ratio, Maximum performance at

2, 6 mixture ratio for the best injector tested was achieved at oxidizer

and fuel orificeAP's of 121 and 66 psid, respectively,
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3. STABILITY

(U) All pressures in excess of 100% chamber pressure, artificially
induced by pulse guns and bombs, damped to within the required stability
criteria of 40 milliseconds. Based on the fact that none of the TRW
development injector tests exhibited artificially induced combustion
instability or spontaneous combustion instability, the basic 250, 000-1b

f
injector concept is judged to be dynamically stable,

4. THERMAL EFFECTS

(U) The characteristic time/temperature profile at the nozzle throat
plane indicates a possible problem at higher mixture ratios due to the
increasing wall recovery temperaturcs onpserved. The higher wall
temperatures coupled with an increasingly more oxidizing environment
create a more severe test for the low-cost ablative liner planned for use

with these injectors.

(U) In addition, the scaling criteria as stated in the text have been

£ thrust to 250, 000 lbf
thrust. This is evidenced by the fact that the final 250, 00()—1bf chamber
(DEV-1A) length-to-diameter ratio (L/D) approximates the predicted L/D
when the TRW Lunar Excursion Module thrust chamber (10, 000 lbf)
as a starting point and injector changes are made for the 50 Hydrazine-50

UDMH to UDMH fuel substitution.

generally validated over the range of 10,000 1b
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APPENDIX

(U) The discharge coefficient (CD) is constant for a fixed area annular
orifice, which is injected with a constant-density fluid. Table A-I shows
the Ch values for Runs 16 through 46. Due to injector pressure oscilla-
tions during Runs 20 and 21, the Cp values are questionable. The annular

fuel sheet thickness was 0.201 inch. The relationship used to calculate

~ o
\JD was: W
F
CD = ; where
Av2g APrygo
CD = discharge coefficient, dimensionless
WF = fuel flow rate, lb/sec
A = cross-sectional area of fuel annulus, f.tz
g. = gravitational constant, 32,174 %@
i‘-&
P = density of fluid, lb/ft3
PINJ = pressure drop across the orifice
(PINJ - PC), ps{
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(U) Propellant {UDMH) temperature variations causing density changes
are negligible, and 8 is constant; therefore, any discrepancies in the
calculated CD values must originate from (1) erroneous flow rate measure-
ment, (2) erroneous pressure transducer readout, or (3) annular orifice

area or configuration change,

(U) Based upon Figure A-1, the fuel flow rate measurement and the
pressure transducer readout are valid data, Furthermore, the chamber
pressure readings used to compute the injector pressure drop (APINJ)
can be considered accurate for two reasons. First, the shift obkserved in
the fuel injector (sce Figure A-2) is not seen when the same plot is made
for the oxidizer injector AP. These data axe also shown in Figure A-2.
Second, the saime shift is seen in the fuel system AP when using chamberx
pressures, at different locations on the combustion chamber, to compute

injector AP (see Figure A-3).

(U) The logicel explanation for the remaining discrepancy is that the CD
step shift was _aused by a sudden change in fuel annular area. Apparently
some obstruction of unkncwn origin changed the effective cross-sectional

area of the fuel orifice.
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