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APPENDIX A
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FOREWORD

This Appendix contains plots of selected pressure measurements as a function of time from

1p	 the initial fireswitch (FS-1) activation. These plots were prepared from digital data obtained

from the analog-to-digital converter for all 27 tests where meaningful operation was achieved,in

•	 order to assess the combustion stability or instability characteristics of the combustor. The plots

start at FS-1 + 1.10 seconds, which is the approximate time that the LOX/TEA + TEB ignition

occurs. This hypergolic propellant combination is used as a combustion source to ignite the

LOX/RP-1 propellants. Test data is plotted until well after the test shutdown switch (FS-2) in

order to show pressure decays during the shutdown transient. Information contained in these

plots are identified below:
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PLOTTED PARAMETERS

PC-3 Chamber Pressure

POJ LOX Injector Manifold Pressure

PFJ RP-1 Injector Manifold Pressure

DPO LOX Injector OP (POJ-Pc-3)

DPF RP-1 Injector OP (PFJ-Pc-3)

DPO/Pc DPO/Pc-3

DPF/Pc DPF/Pc -3

•
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APPENDIX B

TIME SERIES, AMPLITUDE AND FREQUENCY EVOLUTION, AND
POWER SPECTRAL ANALYSIS OF CHAMBER PRESSURE

FOR ALL UNSTABLE-COMBUSTION TESTS

B-1
RFT/F 13.1ary -n -FM	 11112/91



i
B-3 Thru B-5 Foreword

B-6 Thru B-8 Data From Test No. KFN7-DOl -1J-004

B-9 Thru B-11 Data From Test No. KFN7-DOl -lJ-014

B-12 Thru B-14 Data From Test No. KFN7-DO 1 -1 J-018

B-15 Thru B-17 Data From Test No. KFN7-DO1 -1J-019

B-18 Thru B-20 Data From Test No. KFN7-DOl -1J-021

B-21 Thru B-23 Data From Test No. KFN7-DO1 -1J-022

B-24 Thru B-26 Data From Test No. KFN7-DO1 -1J-025

B-27 Thru B-29 Data From Test No. KFN7-DOl -1J-026

B-30 Thru B-32 Data From Test No. KFN7-DO1 -1J-027

B-33 Thru B-35 Data From Test No. KFN7-DO I - I J-028

B-36 Thru B-38 Data From Test No. KFN7-DO 1 -1 J-029

B-39 Thru B-41 Data From Test No. KFN7-DOl -1J-030

B-42 Thru B-44 Data From Test No. KFN7-DO1 -1J-037

B-45 Thru B-47 Data From Test No. KFN7-DOl -1J-038

B-48 Thru B-50 Data From Test No. KFN7-DO1 -1J-039

B-51 Thru B-53 Data From Test No. KFN7 -DO 1 -13-040

INDEX OF TEST DATA PLOTS

Page No.

Note: See Foreword (next page) for explanation of information contained in the 3 plot set for
each test.
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FOREWORD

Unstable operation was observed during 16 of the 27 valid tests conducted during the

ROCCID validation test program. For each of these unstable tests, the following information is

contained in this appendix:
a

(1) High Frequency Chamber Pressure Transducer playback of the pressure amplitude versus

time prior to and during the observed unstable combustion event. Sample format for this

plot is as follows:

4

I	 O
0.00	 1.25	 2.50

_ o

N O
O N

O

O

1n
CL

_, o

LL o

a '

I
0

o
N

O
O
M

O

O

3.75	 5.00	 6.25	 7.50	 8.75	 10.00

L

i IME (5L C-) 	 (10-2)

Time Scale in Seconds '100
t

Pressure Amplitude as Measured from PCHF1 Transducer
in PSI\100 (Note: 0.0 Represents Steady State D.C. Value)

RP MM17.1a5-Apps
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(2) Power Spectral Density (PSD) analysis of the high frequency pressure amplitude recorded

signal. Sample format for this plot is as follows:

T:- - fl_-._J L--- rC- . ^.._- 1A IL.:-L.

4P

0
0.0 15.0	 30.0	 45.0	 60.0	 75.0	 90.0	 105.0	 120 0

Frequency (Hertz/100) of the
Pressure Amplitude Signal

v

R"MM13.105-„pp.	 B-4



(3) Power Spectral Analysis of the high frequency pressure amplitude signal. Sample format

for this pot is as follows:

to

i&

Time Interval of Test Over Which Individual
PSD Time Segments are Included

Test No.

Time Interval for Each Segment

O	 SPECTRA OF PCHF1 (PSI)	 19 SEGMENTS

o	 FS1.1 4 [o FS1.1.5 sec
p	 XFN7-007-1J -004
r1	 SEGMENT TIME- 5.000E-0

DAMPLITUDE -	 100
F / SEGMENT-	 200.

DH / SEGMENT-	 63.2

Effective Bandwidth
N

O

O
O
N

Individual PSD Time
N °	 Segment

1 •

_ O
N ^

(n

Z O
20'
O

C

O	 >	 --
C)	 JCi•

°-4.0	 —2.0	 0.0	 2.0	 4.0	 6.0	 8.0
FREQUENCY (HZ) 	 (103 )

Frequency (Hertz/1000) of the
Pressure Amplitude Signal

[(Pressure Amplitude @ a Given Frequency? / Bandwidth) / 10
to

10.0	 12.0

APr/F0213.105-App
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Lr Q
C

O

MO
l	 !

E OT	 2 0T	 i0;	 o0 T

(ZH/ ' CIOS SiiNn) e

0

0

B-35



r

0 0^	 0 Oz	 0 0;	 0 0	 0,01-

 E01)	 (IS--) ti-^HOC

C

N

I
1.7	 i
N

•

O	 M
O

O

0 , 0 -E- 	 0 CC--

N
I

O

N

J

O
O

Ln

U
W
Ln

W
t\ ^
H

0
0

'.B-36



O
0

0
CID

m0
0
LD

O NZ
Qv
}
U
Z
L:1

O Ŵ
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APPENDIX C

TIME SERIES, AMPLITUDE AND FREQUENCY EVOLUTION, AND POWER
SPECTRAL ANALYSIS OF MANIFOLD AND CHAMBER

PRESSURES AND ACCELERATIONS FOR TEST 004

RPf/Fa?13. 105-Apps	 c- 1



High
Frequency
Amplitude

Versus Power Power
Time Spectral Spectral

Playback Analysis Density
(Page Nos. for Specific Plot for Each Parameter)

C-2 C-3 C-4
C-5 C-6 C-7
C-8 C-9 C-10

C-11 C-12 C-13
C-14 C-15 C-16
C-17 C-18 C-19
C-20 C-21 C-22
C-23 C-24 C-25
C-26 C-27 C-28
C-29 C-30 C-31

High
Frequency

Measurement
Parameter

PCHF-1
PCHF-2
PCHF-3
PCHF-4
PCHF-5
POJHF
PFJHF
AX
AY
AZ

INDEX OF TEST DATA PLOTS

ALL DATA OBTAINED FROM TEST NO. KFN7-DO1-1J-004

Symbol	 Parameter Definition

PCHF	 High Frequency Chamber Pressure (PSI)

POJHF	 High Frequency LOX Injector Manifold Pressure (PSI)

PFJHF	 High Frequency RP-1 Injector Manifold Pressure (PSI)

AX	 Accelerometer X Axis (g's)

AY	 Accelerometer Y Axis (g's)

AZ	 Accelerometer Z Axis (g's)

si

•

RPi/FD:13.105-AM	 C-1 A



FOREWORD

Included in this appendix is a complete display of high frequency measurements obtained

during test KFN7-DO1-1J-004. A total of 10 parameters are displayed including five high

frequency chamber pressure measurements (see Figure 51 of Volume I for measurement

locations), one each high frequency pressure measurements located in the injector manifold inlet

pipes of the fuel and oxidizer circuits, and three accelerometer recordings obtained from a tri-

axial accelerometer mounted on the injector assembly. High frequency amplitude versus time,

power spectral analysis and power spectral density plots for each of the 10 parameters are

included. The plot formats are the same as those described in Appendix B.

s

a>T,>M13.105-AM, 	 CAB
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800 U W

	

N 41 Q O	 y

P	 ,D
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O
(Y
LL

W

_

"
Y 31

F- W X CY g	 I

UJ
$ Z z V i

^ ^ m N S4
LO

CL	 :2 ^

C,

ILI

LEI°

U
W

Q
z

E OJ
t^JY U

( 
O

Z
V w
Q3 Q

Q

Mr
U0
z It
W u

M Q

W
U
F-
O
Z
W
O
Z
Q h-
= W
U W
Z =

OU

0 ZO

Z Q
W ^
^ Z

00
0 U

1 w



U
CL

r

w Q
Wr r
w	 O

LL

ZLU^
W = W
U J

Q o = Z z
Ln 

UU

=
? p	 o U
^ —N OtLZUI—oE

LLI

DUWo^
z

0
Cn CL	 °

z n
LLJ	 C)

(} O
0OooQ

O	 ^
c^ N Q Q CO	 Z W

m	 ] CnO r uj
Z d a ^ w 0

w
-^

0
U

_^CLW	 Q
W^cc:2o	 U

0 J W	 fL J=
Z H

O0	 CL<(3
0 W

¢ J

>
2
>

V
W

OOW^WCn
Cr — NZ	 G

c	 •' p Z U^LDz2W
Z^ W 0

J —	 >JWOLL¢
uj U)	 2

LU
V1

E

¢o
-

r:,
N

a
v C^ Cn

0
Z t

U

o

w

Cl)
Q _^

¢ CO

/^
~

m
Cc
U

>

¢

'``
U

W	 o	 O Q	 0

~	
In	

o	 o

m Q
J W

V

Z N
W w	 Z^ LL°	 z — C , O> Z ° Q J U

Q Q V
W	 a L L Z° C Z J -

QUCq	 ^^
Z U)

Z	 W
°̂'U

CL
O	

w ^CL CO c ^Z^

-

^zC/)

Z C V F
O	 0 2 U) cl)

z	 -o0-j 0 0 w °V
LU

0
D 	 WCl)C)	 —Cc cn ^W U ^W

ZCl)
Uo=CLwaWm ZWQWQCC

=°O

L) w I _g W
z	 Za a Z 7- Q-Q
i c0— ^0	 -LL2oU

Q
=o=
ZZ^O Q u

^ LUu)	 zozno
0

0
u'QO^O W Lu ° >Ow =	

Q —
CL	 Z75

U	 W

O p^^ Z Z_ W --j U	 W_

Lf) 2z^^ZQ^n000 cn Q2
N a F- -000 ^2o ^C^^U

Cn	 W 0 —W^9CL--
o W Q
rN

^OCj¢^UoO^^
[[

n Q^T-
w 0 J

^LLc	 m
W
Q
WJ
LLJ

Z
U

LLJ

o

D

W0 r

W z
ON

Z

a J = r

E E-8



N
~	 I	 y ^ c

wawa

w M	 }co

z O
w o	

Q

o	

CV N _ O Q^ QJ 111 c^1 N •— :6

Z
Q

^^ mvl	 J .9v ,g^uenu J ,2u

K5 o

y

e{Vx^
7O
tt1	 M

f-Q Q
O

¢	 , V }4
Z}--

M O
D^r Q

<
l.L ul

p N 1-
z
gW

U^ v Q Q ¢ ro y

O
U

^
¢ ` Qc

JO QQ
tn
W

^ l- f-
`<n

a a Q a ;
a

^

QQV1	 z
L1^	 o Q cg

C

M. tP

ul W
Ncn	 J ^' N

L W co

WQ	 0
~

0 p p m N Z _Z ?	 Z
CY0	 U Y N W 5	 Q-)

~Z	 d

¢

w ^j Q
LU

m u7	 w uJ

z^

=

_ 3 3  m o?

1aL
1

r A
lh al

Z Q Q^I Z ^}	 MI l9	 toI N 7 c
W	 O

Li
I N

'U'N
l I I	 I `-

32
Z

L^ TY I.o
Qoc Q` ^:

C o

^ 04 OC

N wLLJ	 H
¢ N o
o	 w

w	 ^
J
W ♦•

v I

z ^
I 	 U

u
W

^q H

Lo ui

o Qz	 m w
U	 p } N

LU

Q	 Q^
CL

J ^U	 Q ^ E-9w	 a



z

E 
LLJ

(n U

N O
Z

U w

F-
Q

cr
u° 0
ZR
M Q

WU
H
O
z

W
0z
=w
U W
Z =0
Ẑ
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$ ĈL

CE O
k (n q § / z) § 4-1 .

F-I E \ 2 ^ \ %

LO 3
®
\

®
ca

CL

f
\	 !

\$ u t g_
LL: z

6
z » m b
g u §^ «

j

^0.

^ >g c
—

CL
§ ^ 2 + § /

! \[ ^_ \ /
\^ \} m c

^

zz
cc

^ / . °, ;
\ co /

Ll

\ u / \
^ / / % -H@

2
§ ^^ f4 ) -

L -]>_
E-

/`\)D Cn
-L

w
7

2 \^ ®

7 ) t
)

a:
/\ ) -

@
/ = q\§ {
) ^J )U J

:31 I	 } CL / .a _

\ 0^2}
rn

k
'

e
® ^ )7

CC
S
z 5! $ 2 -

^ 0 \ k \	 {
} / {2

_
.

CL
\ \ c \ o4 qq

CL

) ^ ^I
\

_
\\ \ \ f \

N\ / w /

y
_

/
_
§l n

>=j

}	 \/ \ \ /
.

% \q\ ƒ ^(C

^

z c

\n\^{ / \|	 | - _ —
— -- -
FS



Form Approved

REPORT DOCUMENTATION PAGE OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. 	 Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA 	 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 	 20503.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED

May 1993 Final Contractor Report

4- TITLE AND SUBTITLE 5- FUNDING NUMBERS

LOX/Hydrocarbon Rocket Engine Analytical Design Methodology Development

and Validation
W U-590-21-21

C—NAS3-255566. AUTHOR(S)

Karen E. Niiya and Richard E. Walker

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

Aerojet Propulsion Division

P.O. Box 13222 E-7827
Sacramento, California 95813

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING
AGENCY REPORT NUMBER

National Aeronautics and Space Administration

Lewis Research Center NASA CR-191059

Cleveland, Ohio 44135-3191

11. SUPPLEMENTARY NOTES

Project Manager, Mark D. Klem, Space Propulsion Technology Division, (216) 977-7473.

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b- DISTRIBUTION CODE

Unclassified -Unlimited

Subject Category 20

13. ABSTRACT (Maximum 200 words)

This final report includes a discussion of the work accomplished on contract NAS 3-25556 during the period from December 1988
through November 1991. The objective of the program was to assemble existing performance and combustion stability models into a

usable design methodology capable of designing and analyzing high-performance and stable LOX/Hydrocarbon booster engines. The
methodology was then used to design a validation engine. The capabilities and validity of the methodology were demonstrated using
this engine in an extensive hot fire test program. The engine used LOX/RP-1 propellants and was tested over a range of mixture
ratios, chamber pressures and acoustic damping device configurations. This volume contains time domain and frequency domain
stability plots which indicate the pressure perturbation amplitudes and frequencies from approximately 30 tests of a 50K thrust rocket
engine using LOX/RP-1 propellants over a range of chamber pressures from 240 to 1750 psia with mixture ratios of from 1.2 to 7.5.
The data is from test configurations which used both bitune and monotune acoustic cavities and from tests with no acoustic cavities.
The engine had a length of 14 inches and a contraction ratio of 2.0 using a 7.68 inch diameter injector. The data was taken from both
stable and unstable tests. All combustion instabilities were spontaneous in the first tangential mode. Although stability bombs were
used and generated over pressures of approximately 20%, no tests were driven unstable by the bombs. The stability instrumentation

included six high-frequency Kistler transducers in the combustion chamber, a high-frequency Kistler transducer in each propellant
manifold, and tri-axial accelerometers. Performance data is presented, both characteristic velocity efficiencies and energy release

efficiencies, for those tests of sufficient duration to record steady state values.

14. SUBJECT TERMS 15- NUMBER OF PAGES

Combustion stability; Combustion efficiency; Rocket engine design; Combustion 160
16- PRICE CODE

chambers; Rocket thrust chambers; Design analysis; Injectors
A08

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT

1

Unclassified Unclassified Unclassified

NSN 7540-01-280-5500	 Standard Form 298 (Rev. 2-89)
Prescribed by ANSI Std. Z39-18
298-102


