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ABSTRACT 

An analytical injector model was developed specifically to analyze combustion 

instability coupling between the injector hydraulics and the combustion pro

cess. This digital computer dynamic injector model will, for any imposed 

chamber or inlet pressure profile with a frequency ranging from 100 to 3000 Hz 

(minimum) accurately predict/calculate the instantaneous injector flowrates. 

The engine hydraulic stabiity computer model was developed using the "lumped 

parameter" technique. The model was formulated Guch that the equations govern

ing fluid flow inside the injector were lineFlrized and subsequently arranged in 

matrix form. The matrix is ·then solved in a frequency response format giving 

gains and phases for pressures and flowrates at various locations within the 

injector. 

The injector system is described in terms of which flow segments enter and 

leave each pressure node. For each flow segment, a resistance, line lengths, 

and areas are required as inp'uts (the line lengths and areas are used in 

determining inertance). For each pressure node, volume and acoustic velocity 

are required aB inputs (volume and acoustic velocity determine capacitance). 

The geometric criteria for determining inertances of flow segments and capa

citances of pressure nodes was set. Also, a technique was developed for 

analytically determining time averaged steady-state pressure drops and flow

rates for every flo~\T segment in an inj ector when such data is not known. 

These pressure drops and flowrates are then used in determining the linearized 

flow resistance for each line segment of flow. 

Model output includes both absolute and vector summations of the oscillatory 

injector flow (for a unit pressure perturbation) so as to facilitate interpre

tation of the model results. Graphical displays (plots) are also included. 

The model was correlated with experimental data from three injectors - the 

Rocketdyne Lance XRL Booster injector, the Aerojet Space Shuttle OME 

Technology injector, and the Rocketdyne Space Shuttle OME Technology injector. 
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Each of these injectors experimentally exhibited hydraulic coupling in the 

100- to 3000-Hz range. In addition, experimentally proven hardware fixes 

which successfully eliminated the instability, exist for each of the three 

"correlation·' inj ectors. 

The engine hydraulic stability computer model was run for each of the "cor

relati~n" injectors with both pre~fix and post-fix injector model inpat. 

Examination and analysis of the model output revealed that the compui::er model 

successfully predicted that the fixes applied to each correlation injector 

would increase combustor stability with respect to the instability mode 

actually observed. 

The establishment of injector design criteria was attempted by conducting 

a sensitivity analysis with the model through a systematic study of various 

injector design variables using the model to constantly gauge the effects 

relative to injector gain (stability). 

It is concluded that the engine hydraulic stability computer model is quite 

capable of predicting effects of proposed injector fixes and/or evaluating 

design options relative to one another. 

The program was completed with the successful operation of the engineering 

model on the NASA/JSC Univac 1110, EXEC-8 computer system and by extensive 

documentation of the model in the form of a computer manual and final 

report. 
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SECTION I . 

INTRODUCTION AND SUMMARY 

Combustion instability normally falls into one of three types: acoustic, feed

system coupled, or hybrid. 

These types of ins tabi1ity have been classified a.ccording to the wavelength of 

the frequency compared to a characteristic dimension of the chamber. When the 

frequency is so low that pressure fluctuations are felt (in bulk) simultane

ously throughout the chamber, the instability is directly related to the feed 

system effects and is commonly called "feed-system coupled" or "chug." When 

frequencies become great en~ugh that wave motion within the chamber is involved, 

the instability is classified "acoustic" if feed system effects are minimal, 

and "hybrid or combined" if feed system effects are predominant. The most clas

sic instabilities are chug and acoustic, but recently hybrid instabilities have 

been observed in a number of engines. 

Generalized models dealing with acoustic and feed-system coupled instability 

are currently in use. Such a generalized model for hybrid instability, however, 

does not currently exist. Nonetheless, limited models developed for specific 

cases of hybrid instability have achieved success in the past. This program 

is concerned with the development of a generalized model whose emphasis is on 

the hybrid type of combustion instability. 

Analytical models of acoustic instability describe the variation of burning 

rate with position in the combustion chamber. This is shown schematically in 

Fig. 1 where the portion of the engine system being considered analytically is 

enclosed by the heavy black line. The analytical model of acoustic instability 

employed most often at Rocketdyne is a modification of the Priem model. 

As indicated in Fig. 2, the essence of the feed system model is a detailed one

dimensional treatment of the feed system and a simplified treatment of the 

combustion process and chamber dynamics. Rocketdyne recently completed such a 

generalized model under contract NAS9-14515 with NASA-JSC (Ref. 1). The feed

system model predicts relative stability and reveals the essential design 
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Figure 1. Acoustic Instability - Variations in Burning Rate 

characteristics influencing that stability. An example of this is shown in 

Fig. 3. Fig. 3 is a Bode plot and is widely used for studying system stability. 

The y-coordinate, */2 ~P, is termed the gain, while the x-coordinate, f b , is 

termed the break frequency. Lower gain systems are most stable (other factors 

equal). The effect of ~p in lowering the gain is shown. Also shown is the 

effect of increasing orifice inertia or increased orifice LID. Increasing the 

orifice LID decreases the break frequency and enlarges the region of low gain. 

The resonant modes are" determined by the overall feed system design details. 

The complexity of hybrid instability is indicated in Fig. 4. Two- or three

dimensional aspects of both the feed system and the chamber acoustics must be 

taken into account. This is because constituent portions of the injector such 

as ring grooves or annular manifolds have characteristic frequencies which are 

close to the acoustic frequencies of the chamber itself. While this total model 

has not yet been solved analytic,ally, engines exhibiting these phenomena have 

been analyzed and their problems resolved by limiting the analysis to the feed 

system, combustion process, chamber dynamics, or a simplified combination of the 

above. 
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The digital computer injector model developed during the subsequently described 

effort analyzes an injector in terms of its coupling potential with the chamber 

dynamics after the injector's multidimensional description has been input to the 

model. The model is an open-loop type model requiring that a combustion chamber 

pressure profile representing a specific acoustic mode of instability be i.mposed 

on the injector. The model predicts the injector response in terms of flowrate 

and pressure oscillations throughout the injector, and is capable of analyzing' 

frequencies up to at least 3000 Hz. 

This document is the final report of a l6-month analytical research program to 

develop generalized injector design criteria for the prevention of coupling be

tween the injector hydraulics and the combustion process. This program was 

conducted in the following manner: 
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• Construction of a digital COmp(lter d~p~mic injector model which, 

for any imposed chamber or inlet pressure profile with a frequency 

ranging from 100 to 3000 Hz, accurately predicts/calculates the 

instantaneous injector flowrates. 

• 

• 

Correlation of the model with existing test cases which exhibited 

hydraulic coupling in the lOO~ to 3000-Hz range and verification that 

the model can predict characteristic differences in the frequency 

response of injectors! which coupled and those which did not couple. 

A sensitivity analysis which consisted of a systematic variation of 

injector design variables using th~ model whose end objective was the 

establishment of generalized design criteria. 

The analytical and test evaluation range of interest in this program is summar

ized below: 

• Coupling problem in 100 to 3000 Hz frequency range 

• Propellants - acid/amine, LOX/amine, acid/hydrocarbon, 
LOX/hydrocarbon 

• Thrust - 25 to 50,000 lbf 

• P - 100 to 1000 psia c 

• }1R - maximum performance +20% 

• Fuel temperature - LIOoF to 0
0 

sub cooling at inj ected conditions 

• Acid temperature - 400 F to 0
0 

sub cooling at injected conditions 

• LOX temperature - -·298
0
F to 0

0 
subcooling at inj ected conditions 

• Orifice size - 0.020 to 0.040 in. diameter 

• Orifice t.P - 25 to 50 psid (or 15% of P ) 
c 

The specific end products of this effort are as follows: 

1. A practical digital computer program (model) running on the 

NASA/ JSC computer ,,,hich describes the inj ector manifolding and 

orifice feed geometry and permits analysis of the injectors. 

hydraulic coupling characteristics. The model will be structured 

in a manner compatible with a total system stability model (NAS9-143lS). 
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2. The necessary design criteria which will allow· the injector 

designer to configure an injector such that hydraulic coupling 

will not occur. 

3. Complete documentation consisting of the following: 

a. A final report describing the entire effort. 

h. A computer manual with appropriate sections for the 

user, the engineer, and the programmer. 

The program was accomplished in four tasks: 

Task I. 

Task II. 

Task III. 

Task IV. 

Review Existing Models 

Model Formulation 

Model Correlation 

Sensitivity Analysis 

In Task I - Review Existing Models, data was compiled on the modeling tech

niques employed in existing injector models. Three basic injector modeling 

techniques (lumped parameter, continuous parameter, and multidimensional 

wave solution, i,e., Green's functions) were evaluated for possible utiliza

tion in the generalized injector model to be developed in this program. To 

assist in the evaluation, a total of three injectors (all of which have 

exhibited hydraulic coupled instability) were defined in detail. The lumped 

parameter injector modeling technique was demonstrated to be capable of 

satisfactorily describing any of these "typical" injectors and was selected 

for utilization in Task II. Application of this technique to "typi.cal" 

injector designs is simple, flexible, and state-of-the-art. Effort conducted 

in Task I resulted in the elimination of possible disadvantages previously 

believed associated with the lumped parameter technique (i.e., (1) computer 

core storage, (2) computation time, (3) limitation on injector description 

capability due to core storage limitation, and (4) accuracy due to descrip

tion limitation. 

In Task II - Model Formulation, the model was formulated such that the 

equations governing fluid flow inside the injector were linearized and 
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subsequently arranged in matrix form. The matrix is then solved in a 

frequency response format giving gains and phases for pressures and flow

rates at various locations within the injector. 

The injector system is described (using the lumped parameter technique) in 

terms of which flm., segments enter and leave each pressure node. For each 

flow segment) a resistance, line lengths, and areas are required as inputs 

(the line lengths and areas are used in determining inertance). For each 

pressure node, volume and acoustic velocity are required as inputs (volume 

and acoustic velocity determine capacitance). The geometric criteria for 

determining inertances of flow segments and ,capacitances of pressure nodes 

was set. Also, a technique,was developed for analytically determining time 

averaged steady-state pressure drops and flowrates for every flow segment 

in an injector when such data is not known. These pressure drops and flow

rates are then used in determining the linearized flow resistance for each 

line segment of flow. The model was constructed to have an input option of 

any of three chamber instability mode shapes (first or second tangential or first 

radial). However, any general pressure profile input can be used by specifying 

the amplitude and sign of each of the individual input locations. 

To provide a simple ,'laY to evaluate any specific inj ection configuration, 

summations were made of the oscillatory injector flow (for a unit pressure 

perturbation). These summations include: (1) a summation of all the 

absolute values of injector flowrate, (2) a vector summation of all injector 

flowrates (attempt to include phase angle), and (3) and (4) the previous 

two cases except that each injector flow is multiplied by the relative 

amplitude of the chamber pressure that it feeds before making the summations. 

In addition to printout of the summation of injector flows (both absolute 

and vector), the ease of interpreting the output of the engine hydraulic 

stability computer model was also enhanced by a graphical display of the 

amplitudes of ring groove flows, ring groove pressures, injector flows, and 

chamber pressure inputs around each ring groove. 
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In Task III - Model Correlation, three "correlation" injectors were selected 

for utilizati.on. These were the Rocketdyne Lance XRL Booster Injector, the 

Aerojet Space Shuttle OME technology injector, and the Rocketdyne Space Shuttle 

OME technology injector. Each of these injectors experimentally exhibited 

hydraulic coupling in the 100- to 3000-Hz range. In addition, experimentally 

proven hardware fixes, which successfully eliminated the instability~ exist for 

each of. the three "correlation" injectors. 

The engine hydraulic stability computer model was run for each of the "corre

lation" injectors with both pre-fix and post-fix injector model input. Examina

tion and analysis of the model output revealed that the computer model success

fully predicted that the fixes applied to each correlation injector would increase 

combustor stability with respect to the instability mode actually observed. 

In Task IV - Sensitivity Analysis, a systematic variation of injector design 

variables was made, using the computer model for the Aerojet and Rocketdyne OME 

technology inj ectors, to gaugl~ the effects on inj ector gain. The variables in

vestigated included (1) model frequency, (2) orifice resistance, (3) orifice 

inertance, (4) ring groove area, and (5) the presence of dams. For the Rocketdyne 

injector, injector gain was observed to be simply related to orifice resista'1ce, 

orifice inertance, and frequency through a term called the break frequency. 

However, for the Aerojet injector, complications caused by the possibility of 

the pie manifolds acting as Helmholtz resonsators precluded the establishment of 

any simple relationship for the injector gain. Results of these sensitivity 

analyses showed that individual injector design parameters (i.e., orifice char

acteristics, ring groove area, etc.) could not be characterized as promoting 

or retarding coupling. Instead, the interaction between all constituent in

jector flow passages must be analyzed together. It was concluded, therefore, 

that the development of generalized design criteria is premature to its use in 

place of the parametric application (to a specific injector) of the engine 

hydraulic stability model. The engine hydraulic stability computer model, how-

ever, was concluded to be quite capable of predicting the relative effects of 

proposed fixes and/or evaluating design options of a particular injector concept. 
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The program was concluded with the conversion of the engineering model from 

Rocketdyne's IBM 370 computer to the NASA/JSC Univac 1110, EXEC-8 computer sys

tem and successful operation of the engineering model at NASA/JSC. Model docu

mentation in the form of the present final report and a computer manual consti

tuted the end products of the contract. 

The work performed within all of the foregoing tasks is presented in this 

document. The presentation of the subject matter is organized as I~ Lask-by

task description rather than a detailed discussion of the computer program. 

The latter is extensively described in a separate companion document entitled 

"Engine Hydraulic Stability Model Computer Manual" (Ref. 2). 
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SECTION II 

REVIEW OF EXISTING MODELS 

The development of the fundamental equations describing fluid flow in the in

jector is detailed in Appendix A. Depending on the further simplifying assump

tions made, these equations can be solved using any of several techniques. 

These techniques form the candidate solution methods that were evaluated in 

Task I. A discussion of each follows. 

COMPILATION OF DATA ON EXISTING MODELS 

TIle injector modeling techniques which have been employed in existing models 

are described in the following paragraphs. The basic techniques for modeling 

multidimensional ~ave motion in the constituent portions of the injector are 

(1) lumped parameter approach, (2) continuous parameter approach, and (3) gen

eralized wave equations. These techniques were reviewed. The extent of the use 

of these techniques, along with simplifying approximations employed, in existing 

injector models were also examined. Many injector models were developed for a 

"one-shot" analysis of a particular injector. 

Lumped Parameter Technique 

The lumped parameter description consists of dividing any given hydraulic system 

into a number of pressure nodes with flows calculated between those nodes. The 

allowable maximum length between each pressure node is determined by the acoustic 

velocity of the fluid, and the acoustic fr.equency of interest. This length can 

be explicitly given by the relation 

where 

L .::. ;v = AI 8 (1) 

L 

a = 

v "" 
A = 

length between pressure nodes 

acoustic velocity of the hydraulic fluid 

acoustic frequency 

acoustic wavelength 
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Equation ( i ) states that there must be at least eight pressure nodes per 

acoustic wavelength. 

Figure 5. shows how a given line segment of flow would be broker. into 

lumps using the lumped parameter description. Each line segment consists 

of a series of pressure nodes, Pi' separated by a length L. Between these 

pressure nodes are mass flows, Wi' which also must be included in the lumped 

description. 

---il~. Flow 

Wi~l Wi wi+1 
• • • • • a • • • 

Pi - l Pi PHI 

Line Segment of Flow 

l-L-j 

-W

i
-

l
----...1 p 1-1 I Wi ·1 Pi I wm ·1 Pm I wi+2 • 

Lumped Parameter Description of Line Segment of Flm\T 

Figure 5. Lumped Parameter Technique 

The mathematical development of the lumped parameter technique begins from the 

viscous one-dimensional equations for perturbed flow as sho~·m in .Appendix A. 

Taking the finite difference of the spatial derivative in Eq. (A-25), in 

Appendix A, the change in pressure of each pressure node in Fig,S can be 

expressed as 

12 
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, 
'f 

such that 

where 

and 

Vg _ c 
C =-2 

a 

'* .: pAv x 

C is the 

~ is the 

A is the 

N is the v 
x 

V is the 

p is the 

iN 
p is the 

t is the 

capacitance of the pressure node 

perturbed mass flowrate 

cross-sectional ar\~a of the line segment 

perturbed axial fluid velocity 

volume of the pressure node (L times A) 

time averaged fluid density (which is constant) 

perturbed pressure 

time 

is a units conversion factor between mass and force 

when Engineering units are used (386 in.-lbm/lbf-sec 2) 

(2a) 

(2b) 

(2c) 

Finally, taking the finite difference of the spatial derivative in Eq. (A-26) in 

Appendix A, the perturbed mass flowrate between each pressure node in Fig 5 is 

determined by 

such that 

L 1--
Ag 

c 

13 

(3a) 

(3b) 

(3c) 



OJ 

where 

I I denotes absolute value 

I is the inertance of the fluid element 

~ is the linearized flo,"7 resistance based on 

time-averaged steady-state values 

6P is the time-averaged pressure drop across a 

pressure node of length L 

~ is the time-averaged mass flowrate 

Equations (2) and (3) above are the governing equations for perturbed 

steady hydraulic systems, represented by the lumped parameter technique. They 

form a system of linear ordinary differential equations which is often solved on 

an analog computer in real time. 

The lumped parameter technique can, however, be used in either the time domain 

or the frequency domain.* A frequency domain solution is indeed most appro

priate when an oscillatory pressure at the injector face is used as input to 

the injector model. ~n this instance, a Laplace transform of Eqs. (2a) and 

(3a) are taken with the result being 

N .,. ':' 
S P. C(""i - wi +l ) J. (4) 

and ,.. I [Pi-I-Pi-~'\] s w. 
J. I 

(5) 

* In the time domain, the ordinary differential equations are solved by inte
gration as a function of time. In the frequency domain, a Laplace transforma
tion is made which converts the differential operator to a Laplace operator. 
This is then replaced by jw and solutions are obtained as a function of fre
quency. Frequency response gains and phases are the direct output of the 
frequency domain solution while the output form in the time domain solution 
are individual variables as a function of time. Therefore, to get gains, the 
amplitude and phase of each variable with respect to the input need to be 
determined from the time transients. 
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Now replacing "8" by "Jw", where w is the frequency and j = r-I, a frequency 

response solution (Ref. 3) for the perturbed pressure and mass f10wrate at any 

node can be determined by solVing the matrix of equations given by Eqs. (4) and 

(5) above. 

The lumped parameter description has previously been used with excellent results 

at Rocketdyne in analyzing several complex injector systems. These include 

the XRL booster, XRL sustainer, and the LE-3 injectors (Refs. 4 and 5). For 

these cases, a specific injector and a specific mode and frequency were ana

lyzed. When analyzing a system at only one frequency, computer cost is gen

erally small. Computer cost for a given nu~er of equations is directly pro

portional to the number of frequencies to be analyzed. 

Continuous Parameter Techniques 

The continuous parameter approach is a method of solution which allows gradients 

of pressure and velocity to exist withtn the finite segments of fluid flow. 

Thus, the conservation equations describing this situation are partial dif

ferential equations, where pressure and velocity are functions of time and 

position. This contrasts with the lumped parameter technique which is charac

terized by ordinary differential equations where only time is the independent 

variables, Eqs. (2a) and (3a). 

The continuous parameter technique has had previous usage at Rocketdyne es

pecially on the OME f·'Sd system coupled stability investigation (Ref. 1), 

and has been shown to have a distinct potential gain in computer core storage 

and accuracy over the lumped parameter technique. This is due to the fact 

that by allowing for gradients to exist in a flow segment less nodes are 

needed to describe the overall flow. This means less equations which implies 

less core storag.e and less computing time. 

As shown in Appendix A, the development of the continuous parameter technique 

begins from the one-dimensional wave equation for inviscid perturbed flow. 

This representation is found from Eqs. (A-23) and (A-24)of Appendix A which 

give, 
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1 a2 p a2 p 
2 -2- = -2-
a at ax (6) 

and 
a~ ,.. 

__ x_ ap 
p =---

a t ax (7) 

where 

x = axial direction 

The technique used in the OME feed-system coupled stability investigation 

(Ref. 1) to solve the above system of equations, employed a D'Alembert solu

tion (Ref. 6). The general form of the solution which satisfied Eq. (6) is 

N 

P Fl (t + x/a) + F2 (t - x/a) 

where Fl and F2 are arbitrary functions. 

shown to yield 

Now, Eq. (7) 

N 

V = 
X 

1 
[- Fl (t + x/a) + F2 (t - x/a)] 

pa 

(8) 

and (8) can be 

(9) 

Figure 6 shows how a long linear flow passage would be broken up into seg

ments using a ~ontinuous parameter representation. Such segments may re

present, for example, passages of various cross sections or passages connecting 

flow junctions. 

----... Flow 

W. 1 
~-

w. 
~ 

• 
P 

. 
wi +l 

• 
Pi +l 

Continuous Parameter Description of Linear Flow Passage 

Figure 6. Continuous Parameter Technique 
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Using the nodal representation of Fig. 6 above, Eqs. (8) and (9) 

be combined to eliminate the functions, Fl and F2 and show that 

and 

where 

T = L/a 
n 

the sig~al propagation time between modes 

can 

(10) 

(11) 

The subscripts, (t - Ti ) and (t) denote the time values at which tbe terms 

in bra~kets are to be evaluated. 

Equations (10) and (11) are for inviscid one-dimensional flo\'1. HO'VTever, 

a viscous one-dimensional flow representation can be included by putting in 

the viscous momentum head loss terms at each node. This is done by simply 
N <>J N 

replacing Pi +1 by (P i +l + RL wi +l ). Now, taking the Laplace Transform of 

Eqs. (10) and (11), and again replacing "s" by "jw", a frequency response 

solution to the matrix of equations can be obtained as in the lumped parameter 

techniques. 

Nulti-dimensional Wave Technig,ue 

This technique allows for a three-dimensional variation of axial perturbed 

flow. Using Eqs.(A-23) and (A-24) of Appendix A will give for the cylindrical 

coordinates of a pipe 

a2 p 2 #OJ N a2 p a2 p 1 d P + 1 ap 
+ 1 + 2 ~ 

= -2- 2 --2 r ar ') 

a ar r Cl 8" az (12) 

and 
-.J 

== - A~ 
Clz (13) 
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'to!here 

r radial direction 

e tangential direction 

z axial diration 

Other cavity geometries may of course be chosen to describe parts of the 

feed system, however, this representation ~vi11 allow the complexities of 

this method to be seen. 

The simplest solution to the ,,,ave equation is obtained when the following 

uniform boundary conditions are given: 

and 

,.. 
Per = 0) = finite 

.... ap 
ar 

N ap 

r=r 
w 

ae e=o 

N 

P (e 

= 0 

where r 
~" 

a 

radius of pipe 

0) continuous 

(14a) 

(l4b) 

(l4c) 

(l4d) 

Now taking the Laplace Transform of Eqs. (12) and (13) , replacing "s" with 

II j wI!, and separating variables in Eq. (12) yields 

ro 

,.. L L ("~: r) P (A cos k z + B sin k z) cos (me) J m m m m=O k (15) m 

and 
ro 

Jrn (arn~J L L 
A k 

IV m 
(A sin k z) W = -j z -- B cos k cos (me) 

W m II'. 

m=O k m 
(16) 
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where 

k 2 
m 

(w/a)2 _ (:mn) 
w 

m 0, 1, 2, 3, 

2 

J Bessel Function of the first kind, order m 
m 

and the eigenvalues of a are given by the transcendental equation 
mn 

r==r 
w 

== 0. 

The above constants A and B must still be determined from the boundary 

conditions for the perturbed pressures at the pipe inlet and exit. This 

is a very comple~ solution and still no account for viscous momentum head 

losses has been included. 

When non-uniform boundary conditions are given, the solution becomes even 

more complex and requires the use of Green's functions. Some analyses 

using Green's functions were used at Rocketdyne to investigate the potential 

for feed system coupling in the Rocketdyne OME (Ref. 7 ). In that case, 

for frequencies of 2300 to 2800 Hz, simple resonance phenomena were sought 
N 

and only frequencies corresponding to P = 0 at the injector face were 

calculated. 

The complexity of this approach is indeed such that it is way beyond the 

scope of this project. 

EVALUATION OF EXISTING TECHNIQUES 

The configurations of three injectors which have experienced stability 

problems possibly resulting from hydraulic coupling with the combustion 

process were documented in detail. This was done in order to ascertain 

the difficulty or complexity involved in the application of the various 

modeling techniques to describe multi-dimensional wave motion in a "typical" 

injector. Based upon the test evaluation range of variables such as thrust 
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(25 to 5000 lbf ), pressure (100 to luOO psia) and frequency (100 to 3000 Hz) 

as enumerated in the Statement of Work (see Ref. 8), the maximum injector 

diameter of interest was calculated as shown belmlT. 

= 4(F)(CR) 
7TP

C 
CF 

4(5xl04) (2.S) 

7T(103) (1.6) 
= 10 in. 

This 10-inch diameter corresponds to the diameter of a cylindrical chamber hav

ing a first tangential acoustic frequency of approximately 3000 Hz. 

Typical Injector Design 

Rocketdyne Lance XRL Booster Injector. Manifold and face pattern details of 

the Rocketdyne Lance XRL booster injector are shown in Figs. 7 through 9. This 

injector comprises an annular area around the central sustainer engine. The 

outer diameter of the annular booster injector is 13.2 inches while the inn(~r 

diameter is 6.65 inches. An unlike doublet orifice pattern is utilized (Fig. 7). 

Orifice diameters are 0.0515 inch for the fuel and 0.073 inch for the oxidizer. 

The XRL injector contains three oxidizer ring grooves and two fuel ring grooves. 

EAch ring groove is fed in four locations from a supply manifold whose shape 

is shown in Figs. 8 and 9. 

Rocketdyne Space Shuttle OME Technology Injector. Details of the Rocket~yne OME 

technology injector are shown in Figs. 10 through 14. The like-doublet orifice 

pattern is shown in Figs. 10 and 11. Orifice diameters are 0.028 inch to 

0.033 inch for the fuel and 0.032 inch to 0.038 inch for the oxidizer. The 

injection orifices are fed by a total of 10 ring grooves (5 ox and 5 fuel) 

behind the 8.2-inch-diameter injector face (see Figs. 10 and 12). The oxidizer 

ring grooves are fed through slanted feeder passages from a central oxidizer 

manifold as shown in Figs. 13 and 14. The fuel ring grooves are fed through 

slanted feeder passages from an annular fuel manifold (see Figs. 13 and 14). 

Aerojet Space Shuttle OME Technology Injector. Details of the Aerojet OME tech

nology injector (Ref. 9) are shown in Figs. 15 and 16. The hydraulic diameters 

of the square injection orifices are 0.020 inch for the fuel and 0.024 inch for 

the oxidizer. An 867-element X-doublet platelet pattern on the 8.2-inch-diameter 
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Figure 9. Axial Cross-sections Through XRL Injector Housing 
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injector face is fed by a total of 15 ring grooves (8 fuel and 7 ox) as shown in 

Fig. 16. An outer ring circumferential fuel manifold feeds an inner ring fuel 

manifold through 24 drilled holes. Fuel flows from the inner fuel ring through 

three dowhcomer slots to three pie-shaped manifolds. Downcomer slots from the 

pie manifolds feed each fuel ring. The oxidizer is fed through a central mani

fold to three pie-shaped manifolds. As in the case of the fuel, downcomer slots 

~rom the ox pie manifold feed each ox ring. 

The detail injector drawings show that injectors are, in general, comprised 

of constituent modules which may include (1) inlets, (2) do~es, (3) torus 

or ring manifolds, (4) downcomers (holes or slots), (5) pj.e manifolds, 

(6) ring grooves, and (7) or~fi~es. A myriad variety of geometric varia

tions can exit for all of the constituent modules. Domes, for instance, 

may have either single or multiple inlets and often consist of a complex 

geometric shape with usually multiple outlets. A torus may also have either 

single or multiple inlets and outlets. Its geometry may be uniform but is 

often variable So as to result in constant velocity flow throughout the 

torus. Downcomers may consist of drilled cylindrical holes or slots. They 

may be directed radially, axially, or have both radial and axial components. 

Ring grooves may have either single or multiple inlets and always have mul

tiple outlets (orifices). Their geometry may be either constant or variable 

(if constant velocity is desired in the ring groove). In addition, darns may 

be located in some or all of the ring grooves at particular angular locations. 

The number and size of the injection orifices can vary widely. The orifices 

themselves can compromise ~any distinctive types of injection elements. 

It was of the utmost importance that the injector modeling technique selected 

for use in the model development task be sufficiently simple and flexible so 

that an injector model could be developed which is both general and yet capable 

of analyzing extremely complex injector geometries. 

Advantages/Disadvantages of Various Techniques 

Three injector modeling techniques (lumped parameter, continuous parameter, 

and multi-dimensional wave solution using Green's functions) were evaluated 

for possible utilization in the generalized injector model to be developed 
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in this program. While the three techniques utilize different approximations 

and methods of solution, the basic governing equations for each of these 

techniques is identical. This is shown in detail in Appendix A. 

The advantages and disadvantages of the afore-~entioned injector modeling 

techniques which were initially apparent are summarized below. 

Lumped Parameter Technique 

• Advantages 

• State-of-the-art 

• Simplicity 

• Extensive previous usage 

• Disadvantages 

• Core storage 

• Computer time 

• Potential limitation on injectors which can be described adequately 
with core storage limits 

• Potential accuracy due to possible description limitation 

Continuous Parameter Technique 

• Advantages 

• Previous usage 

• Potential gain in core storage and computer time accuracy 

• Disadvantages 

• State-of-the-art does not exist for application to line segment which 
includes mass gains or losses along its length (i.e., a ring groove 
segment feeding injection orifices). 

Multi-Dimensional Wave Solution (Green's Function) 

• Advantages 

• Inherent high frequency capability 

• Computer core storage 

• Disadvantages 

• Difficulty in handling complex boundaries 

• Difficulty in handling intermediate flow junctions 

• Mathematical instability of solution 
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Irrespective of the technique selected, the most appropriate output from the 

injector model should be gain and phase as a function of frequency relating 

injector flowrate as a function of the chamber pressure perturbation. Flow 

and pressure distribution throughout the injector is thus determined. In 

order to obtain the model output in this form, the governing injector model 

equations are linearized and subsequently arranged in matrix form. The coef

jicient matrix and input matrix serve as input data to the frequency response 

program, which then yields the required injector frequency response (see sche

matic representation below). 

Linearized Frequency Resppnse Gain and Phase 

Equations Program as a Function 

(Matrix Inversion) of Frequency 

This approach was selected after careful consideration for use in the OME feed

system model (Ref. 1).* 

Use of the frequency response program is cost effective since time transients 

are not included. Thus, a "steady-state" oscillatory determination of pres

sure and flowrate is obtained. The frequency response method is thus generally 

preferred over more lengthy (and costly) solutions in the time domain (Ref. 10). 

Lumped Parameter Technique 

The ability of the lumped parameter technique to adequately describe the com

plex injectors of interest within core storage and computation time limita

tions was deemed an item of urgent concern. 

As stated earlier, the advantages of the lumped parameter description are 

that the technique is simple, flexible, and has extensive previous usage in 

analyzing the complex injector flow patterns. The disadvantages are the 

tendency to require larger core storage and computer time in order to have 

the injector adequately described. A promising technique was investigated 

* Further, the statement of work called for an injector model whose structure and 
format is compatible with this existing generalized OME feed-system model. 
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to eliminate these disadvantages. An explanation of how the contemplated 

method would be used on a typical ring groove (Fig. 17) is discussed below • 

w(N+3) w(2N) 

w(2N+l) {v(2N+2) w(2N+3) w(3N) 

PC(l) PC(2) PC(3) PC(N) 

Figure 17. Typical Ring Groove for Evaluating Method 

As shown in Fig, 17 , for a ring groove with N pressure nodes, N pressure 

equations and 3N flow equations are required. Therefore, for 12 pressure 

nodes, 48 equations are required. Since each variable and the input re

quire a real and imaginary term, the matrix set up in the frequency response 

program would have to be a 48 by 98 matrix. For a complex injector with 

several ring grooves, the size of the matrix computer time for inversion 

would become very large. The method under evaluation involves the elimina

tion of all the flows from the set of equations by substitution. As an ,.. 
example, the equations for P(2) are: 

ttl 
SP(2) = 

where 

S = dldt 

2 
a 
Vg 

c 
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where 

IV IV IV ,., 

1(2) S *(2) = PIN - P(2) - R(2) *(2) 
,., IV N N 

I(N+2) S *(N+2) = pel) - P(2) - R(N+2) w(N+2) 
IV ,.; N 

I(N+3) S w(N+3) = P(2) - r(3) R(~!+3) ~(N+3) 
IV t<I ~ ,., 

I(2N+2) S w(2N+2) = P(2) - PC(2) - R(2N+2) w(2N+2) 

L 1=-
Agc 

Each flow equation can be solved in the form 

IV 

*(2) = 

N N 

PIN - P(2) 
R(2) + 1(2) S 

The flow equations can then be substituted into the pressure equation to give: 

.., 
S P(2) 

2 
a 

=--
Vg 

c 

I'll N 

[

FIN - P(2) 

R(2) + 1(2) 
pel) - P(2) 

S + R(N+2) + I(N+2) S 

,.J N 
P(2) - P(3) 

R(2N+2) + I(2N+2) S 
I'll ~ ] P(2) - PC(2) 

R(N+3) + I(N+3) S 

By multiplying each term on the right hand side by R - IS, and substituting 

jw for S, the equations will contain only pressure variables and be in the 

correct form for the frequency response technique. Thus, a system with 12 

pressure nodes would be only 12 equations and the required matrix size 

would only be 12 by 26. This means that four times as many pressure nodes 

can be selected and require the same amount of computer time as the fre

quency response would require before substitution. It has been determined 

(by the comparison of results using single precision and double precision 

that single precision gives anSvTers almost identical to those obtained us:J'.ng 

double precision, therefore, double precision is not required. 

The above solution technique significantly reduces the core storage require

ment for the lumped parameter technique. Thus, more pressure nodes can be 

selected (and the injector consequently more accurately described) without 

increasing computation time. Hhile this improvement does much to eliminate 
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the lumped parameter technique disadvantages of a larger core storage 

requirement and increased computer time, it was felt absolutely necessary 

to demonstrate that a "typical" injector could indeed accurately be des

cribed by about 100 pressure nodes.* 

Of the injector configurations presented in Figs. 7 through 16 , the 

Aeroj~t OME technology injector is believed to be the one that will require 

the largest number of pressure nodes to accurately define the system be

cause of the large number of annular manifolds and ring grooves. A schema

tic of the lumped parameter distribution for the fuel side of the Aerojet 

OME injector is shown in Fig. 18. The means in Which the constituent 

modules are divided into pressure' lumps (or nodes) is shown in Fig. 19.** 

Each box in Fig. 18 represents a pressure node and each line between pres

sure nodes represents a flowrate. This lumped parameter model thus repre

sents all the constituent injector modules including the outer and inner 

manifold rings, the pie manifolds, the ring grooves, all the flow passages 

between the manifolds and ring grooves, and chamber pressures. This lumped 

parameter distribution has 99 individual pressure nodes and 223 individual 

flowrates. A frequency response model of this size will easily fit on the 

IBM or Univac computer. 

The determination of this system of pressures and flowrates was based on 

the use of eight elements (nodes) per wavelength. At a frequency of ~OOO 

Hz, each pressure node thus has a length equal to or less than approximately 

2.25 inches. This criteria, while definitely adequate for accuracy (as 

shown later), may not be necessary. A discussion of the analysis of the 

results of using different numbers of lumps on a single ring groove is 

presented later in this section of the report. 

In order to run the generalized injector computer model, a number of inputs 

need to be specified. The lumped parameter distribution which accurately 

*It is believed that the core storage requirement on the Univac computer 
should allow at least 140 pressure nodes. 

**The inner ring manifold is displaced from its actual location in Fig. 19 
for clarity of understanding. 
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Figure 18. Lumped Parameter Representation of Fuel Side of Aerojet OME 
Technology Injector Showing Flows Between Pressure Nodes 
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describes the system (like Fig. 18 ) must be selected. Several options 

are available for generating the system of equations required to util-

ize the frequency response program. The system of equations consists of 

a pressure equation for each node and a flow equation for each flow between 

pressure 

Eq. (2a) 

AI 
p 

N 
P 

N w. l-n 
'=' w out 

S 

V 

gc 

Vg c 
-2-
a 

nodes. Each linearized equation for pressure can be written (using 

source) as: as its 
2 a 

S Vg c 
0': Z. l-n E '" ) wout 

= peak-to··peak oscillatory pressure, psia, 

oscillatory flow into element - Ib/sec 

= oscillatory flow out of element - lb/sec 

= Laplace operator 

fluid volume in node - in. 3 = pressure 

386 Ibm in./lbf 
2 sec 

= capacitance of fluid element 

Each linearized equation for flow can be written (using Eq.(3a) as its source) as: 

w 

where 

N 

W 

L 

S = 

A = 

gc 

~ 

- P 
D 

N 
Rw) 

peak-to-peak OSCillatory flow - lb/sec 

length of flow element in. 

Laplace operator 

2 flow cross-sectional area - in. 
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i. _______ _ 

N 
P 

u 
N 

Pn 
R = 

L/Ag 
c 

peak-to-peak oscillatory upstream pressure, psia 

peak-to-peak oscillatory downstream pressure, psia 

linearized flow resistance = 
2 fluid inertance, lbf sec /lb

m 

- - 2 2 !5.P/W, sec/in. 

in. 
2 

For these equations, the inputs consist of effective fluid acoustic velocity, 

volume of each pressure, node, fluid inertance and linearized resistance for 

each flow equation. In addition, the logic for coupling all the flow and 

pressure equations together with each chamber or upstream pressure input is 

required. For some typical injectors which fit a specific lumped parameter 

configuration, the logjc for coupling the flows and pressures together may 

be contained in the program. For any configuration that does not fit a 

typical set of equations, the coupling must be included as part of the input. 

The flows entering and leaving each pressure node must be directionally speci

fied as ylell as which flows terminate into each of the different input chamber 

pressures. As an example, take one of the rinn groove pressure nodes that 

might have a flow distribution as follcws: 

"" w(j) 

N 
w(k) 

N 
--'" P (i) 

,.., 
wet) 

'" w(m) 

;>V 

Peen) 
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For this pressure node, the inputs would be the number of flows entering 

or leaving the pressure node (four in this case), and the subscript of 

each flow (+k and +j for flows entering and ~~ and -m for flows leaving). 

In addition, the subscript of each flow terminating in each chamber pres

sure input must be specified. The amplitude and phase (0 or 180 degrees) 

of all the input pressures must be input referenced to one specif:Lc loca

tion. From this data, in addition to the inertias, resistances, and capa

citances, the computer program could set up the equations, do the matrix 

manipulation, and print the output results. 

The output of the model is gain and phase of each dependent variable (all 

the individual pressures andoflowrates) with respect to the referenced inlet 

pressure. This provides the user with the complete flow and pressure distri

bution throughout the injector. 

The lumped parameter technique could be solved in eithl>r the time or the 

frequency domain. The advantage of the time domain is that nonlinearities 

can be included. However, there are several disadvantages of the time 

domain. These include: 

1. Computer time required 

2. Insuring convergence of solution technique 
.~ 

3. Determination of when results have reached 

a constant oscillatory amplitude. 

To calculate the injector operation in the time domain, all the equations 

are written, and the input amplitude and frequency are specifjed. Then the 

injector computer model is allowed to run for as many cycles as required to 

allow all the variables to reach a repeatable (constant) oscillatory ampli

tude and phase relationship. For a complex model, very small integration 

time intervals are generally required to keep the system of equations digit

ally stable. The net result is usually a large expenditure for computer 

time, This large cost is one of the main reasons that the frequency response 

technique was originally developed. Another reason is that the frequency 
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response solves the equations directly with no iteration or step type cal

culations required. Therefore, for linear systems analysis, the frequency 

response technique should be used. 

The lumped parameter technique, using a frequency response method of solution, 

was used to analyze a typical ring groove as described in Fig. 17 This 

method-of solution (described earlier) was verified by comparison to a 

standard frequency response method* and then used to evaluate the effect of 

various number of pressure nodes in the ring groove. The ring groove analyzed 

had a total length of about 30 inches. Based on the criteria of eight elements 

per wavelength, this system could be accurately described by about 14 pressure 

nodes. The input chamber pressure profile corresponded to a chamber first 

tangential mode. Table I shows a comparison of the response of the ring groove 

TABLE I 

GAIN OF RING GROOVE PRESSURE TO CHAMBER REFERENCE PRESSURE 

,-

Frequency a Hz 2500 Hz 8000 Hz 

Number 
of Lumps 

6 0.0869 1.382 0.1977 

12 0.08304 1.35 0.1984 

24 0.0820Q 1.341 0.1986 

48 0.08-185 1.3394 0.1986 

96 0.08183 1. 3392 0.1986 

*Tre standard frequency response method solves the full set of pressures and 
f10wrate equations without doing any manipulation to eliminate variables. 
This method has extensive use and verification at Rocketdyne. The method 
of eliminating variables prior to the matrix inversion reduces the computer 
time and storage requirements. The test case run was compared to the stand
ard frequency response to verify tha.t the accuracy of the matrix solution 
process was not affected by the alteration of the equations. 

42 



pressure directly above the reference pressure 'for various numbers of pressure 

nodes selected. (Naturally, at zero frequency it would not be possible to have 

a first ta,ngential chamber mode, but results are included for compa.rison pur

poses.) These results show that even using only six lumps gives results that 

are within 6.2% of the actual frequency response* at zero Hz, 3.1% at 2500 Hz, 

and only 0.5% at 8000 Hz. Two significant conclusions may be drawn from these 

results. First, the use of the crtieria of eight lumps per wavelength will 

definitely provide good results since any frequency response within 6% is gen

erally satisfactory. Second, the technique gives accurate results for fre

quencies higher than 3000 Hz as long as the first tangential mode is being con

sidered. This is probably due to (I) a reduced amount of response in the feed 

systero ~t higher frequencies,. or (2) a reduction of the distance into the feed 

system into which the input can propagate at higher frequency. It may be con

cluded that this lumped parameter frequency response technique is not limited 

to 3000 Hz, but may be accurately applied to higher frequencies as well. 

Continuous Parameter and Multi-Dimensional Wave Solution Techniques 

The continuous parameter and ~ulti-dimensional wave solution (Green's function) 

techniques initially appeared attractive because the division of the injector 

into a nodal network (as is used in the lumped parameter technique) is not 

required. (The injector still may be divided into flow segments but the fur

ther division of these flow segments into nodes or lumps is unnecessary.) This 

possesses a potential advantage in terms of core storage and computation time. 

The extremely complex and nonuniform boundaries existing between the constituent 

modules of' a "typical" inj ector pr,esent, perhaps, an even greater obstacle. 

Examination of tlle continuous parameter technique led to the conc.lusion that 

the state of the art at this time does not exist for the application of this 

technique to line segments which allow" for ma1?S gains and/or losses along 

its length (i.e., a ring groove segment feeding injection orifices). An attempt 

was made to modify the ,continuous parameter technique such tha t it would be 

capable of describing flow segments having mass loss or gain. 

* The actual frequency response is assumed to be that obtained using 96 lumps. 
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The conservative equations of mass and momentum were written for cylindrical 

control volume (considered to represent one line segment in a ring gr.oove). 

While partial differential equations were developed and appropriate initial 

and boundary conditions established for describing flow segments havi~g mass 

gain and/or loss with the continuous parameter technique, the resulting system 

of equations were not adapted to a frequency response type of solution. The 

progress made, therefore, was not sufficient to bring the continuous parameter 

technique to the point where a "side-by-side" computer comparison with the 

lumped parameter model could be made. 

For feed lines to the ring grooves, waterhammer (continuous parameter) equa

tions could be used, if this would be of value, even if the ring grooves were 

described by a finite difference network. The current Rocketdyne frequen~y 

response program (used in the hydrodynamics section of the OME Feed System 

Coupled Stability Investigation, NAS9-l43l5 (Ref. 1» routinely handles com

binations of waterhammer equations and finite difference equations. However, 

for "typical" injector designs such feed lines are usually short enough (less 

than 1/8 wavelength) to not require this type of presentation. Indeed, the 

combination of the continuous parameter and lumped parameter techniques to 

describe a single injector may increase the amount the core storage required. 

The possible application of the Green's function technique to this program 

was discussed with Dr. Carl Oberg (who was responsible for all previous ap

plication of this technique at Rocketdyne). It was agreed that, based on 

current knowledge, the applicution of this technique to the injector model 

possesses little likelihood of success within a reasonable amount of time and 

dollars. 

Finally, the three candidate modeling techniques were evaluated against a 

number of criteria as shown in Table II. This evaluation was done (for each 

technique) in respect to a "typical" injector configuration whose character

istics have been discussed earlier in this report. 
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CRITERIA 

State-of-art 

Previous Usage 

Accuracy 

Complexity 

Computer storage 

Computation time 

Type of input 

Ease of input 

Type/usability of output 

Number & obtainability 
of characterization 
parameters 

Numerical stability 
of solutions -
Applicability to 
digital solutions -
Limitations 

---_._- ----_._-

TABLE II. EVALUATION OF. CANDIDATE TECHNIQUES 

LUMPED CONTINUOUS GREEN'S 
PARAMETER PARAMETER FUNCTIONS 

Within state-of-art Not within state- Not within state-
of-art of-art 

Extensive Limited None 

Sufficient Sufficient Sufficient 

Complex More complex Most complex 

Acceptable storage Acceptable storage Least storage 
required required required 

, 

Acceptable (1 min.) Acceptable Longer 

Physical geometric Physical geometric Physical geo-
parameters parameters metric parameters 

Laborious Laborious Impractical 

Numeric/good Numeric/good Numeric/good-

Gain and phase/ . Gain and phase/ Gain and phase/ 
adequate adequate adequate 

Not a factor Not a factor Definite problem 

Good Good Good 

I 
Detail of input Detail of input Detail of input 
specification specification specification 

:\1- .-: .~':~1r.-_ :~. ,--+--
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SELECTION OF MODEL TECHNIQUE 

In evaluating how the various candidate techniques could be applied to 

"typical" injector configurations (see Table II), it becomes apparent that 

the flexibility and versatility of the lumped parameter technique offers a 

great advantage. 

This technique is extremely well suited to adequately describing even the 

most complicated injector configurations. Injectors having a lack of sym

metry do not present a problem. The presence of ring groove or manifold 

dams can easily be handled by assigning a very large resistance to the 

particular flow branch thereby effectively eliminating its presence in the 

injector system (Ref. 1). Disadvantages previously believed associated with 

this technique (i.e., core storage, computer time, adequate injector des

cription, high frequency capability) are believed to have been resolved. 

In contrast, the other candidate techniques have been sho~vn to require 

considerable advancement of t'be state-of-the-art before the feasibility 

of utilizing these techniques to model a "typical" injector could be 

satisfactorily determined. 

The selection .of the lumped parameter technique for utilization in the 

model development task thus appears to be the .only reasonable, cest-con

scious choice. 
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SECTION III 

MODEL DEVELOPMENT 

A digital computer model of the injector manifolding which describes the 

coupling of the injector hydraulics with the combustion process was formulated. 

This model was designed to be compatible with an overall generalized engine 

system dynamics model, developed by Rocketdyne for NASA/JSC under contract 

NAS9-143l5 (Ref. 1), which includes propellant feed system hydrodynamics, com

bustion dynamics, and chamber dynamics. Compatibility is derived from the use 

of the complex matrix solution technique in both models. This technique can 

use either lumped parameter or continuous (distributed) parameter equations. 

The two models could be coupled by properly setting up the complex matrix with 

no changes in the equation types from either model. The generalized engine 

system dynamics model uses a single lump to describe the injector, while the 

engine hydraulic stability model employs a multi-lump (multi-dimensional) in

jector description. The engine hydraulic stability model cannot be coupled 

into the generalized system dynamics model at the present time because the 

latter model does not employ a multi-dimensional description of the combustor 

and combustion process. 

FORMAT AND STRUCTURE 

Generalized criteria which were employed to develop a format and structure for 

the injector model are as follows: 

a. Input and output formats shall be appropriate to allow incorporation 

of the newly developed injector/manifold model in the generalized 

system dynamics model developed under contract NAS9-143l5. 

b. The model shall be structured to quantitatively evaluate the influ

ence of injector design variables and geometry in terms of resist

ance, capacitance, and inertance on the ability to hydraulically 

couple with the combustion process. 

c. The model shall be capable of analyzing a single portion of the 

injector, such as an orifice, propellant channel, downcomer, etc., 

independent of the remainder of the injector as well as be capable 

of analyzing the entire injector. 
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d. As a minimum the model shall accept an input pressure profile 

from either the chamber or the injector inlet. Profiles 

selected are as £ollows: For the inlet, a uniform pressure at 

any frequency for 100 to 3000 Hz. for the chamber, either a 

uniform profile or an acoustic profile corresponding to a parti

cular chamber mode with nodal diameter orientation and frequency 

ranging from 100 to 3000 Hz. 

e. The model output shall include a single-value gain to simplify 

model utilization and interpretation. 

f. The model shall be formulated as simply' as possible consistent 

with the quantitative sensitivity and shall require a minimum 

of engineering judgement factors. 

The engine hydraulic stability computer model uses a frequency response 

program to solve a matrix of simultaneous linear equations. Since this 

is the same basic program used in the generalized engine system dynamics 

model, developed under contract NAS9~143l5, the input and output formats 

would allow incorporation of this model into the generalized model. 

As an example of showing how the model format and structure is developed, 

consider the fuel side of the Aerojet OME technology injector as described 

in Section II. Each of the pressure nodes, flow paths, and input pressures 

are numbered sequentially as shmm in Fig. 20. This system has 99 dependent 

pressure variables (denoted by rectangles), 52 input pressures (circles) and 

223 flowrates (arrows). 

This feed system description provides the format for the introduction of the 

input parameters and solution technique. The following discussions show how 

the input parameters to the model are determined and how they are fed as in

put into the model. 
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MECHANIZATION OF DETAILS 

As discussed previously, an injector is described in terms of which flow seg

ments enter and leave each pressure node. For each flow segment, a resistance 

and an inertance are required as model inputs (line lengths and areas are used 

in determining inertance). For each pressure node, volume and acoustic velo

city are required as model inputs (volume and acoustic velocity determine 

capacit?nce). The following paragraphs describe the methods used to calculate 

specific values for these model inputs. 

The model input parameters which need to be determined when using the lUfJped 

parameter technique are capacitances, inertances, resistances, and input 

pressures (amplitude and phase). The criteria for calculating thes~ model 

input parameters are given in the following discussion. 

Capacitance 

The fluid capacitance term is developed in Section II and given by Eq. (2b) 

as 

where 

a 

th is the capacitance of the i pressure 

is the volume of the ith pressure node 

is a units conversion factor between mass and force 
when engineering units are used (386 in-lbm/lbf-sec2) 

is the acoustic velocity of the hydraulic fluid 

(2b) 

In calculating the volume of a pressure node, its volume must also include 

half the volume of each flow segment connected to that particular pressure 

node. Thus, the summation of all nodal volumes must equal the total volume 

of the injector. 
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Inertance 

The fluid inertance term is also developed in Section II and given by Eq. (3b). 

However, when flow segments of multiple cross-sectional areas are used Eq. (3b) 

must be changed to 

I. 
1 [~l ~] = 1 gc Aj 

(17) 
i 

where Ii is the inertance th of the i flow segment 

Lj 
is the length of the jth flow pass~ge within 

th tr.e i flow segment 

A. . 1 f h . th flow passage = cross-sect10na area ate J 
J th within the i flow segment. 

The inertance equation shotvn above takes into account that each flm., segment 

may be composed of line lengths which have different cross-sectional areas. 

The overall length of one flow segment is determined by the actual distance 

between one pressure node center and another where the flot., can be entirely 

characterized as one-dimensional. 

Resistance 

The linearized flow reeistance is developed in Section II and given by 

Eq. (3c) as 

\-There 

is the linearized flow resistance of the ith 

flow segment based on time-averaged steady-state values 

is the time averaged steady-state pressure drop 
th across the i flow segment 
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is the time-averaged mass flowrate through the 
th i flow segment 

If pressure drop and flowrate. data were known for each flow segment, cal

culation of the linearized flow resistances~ ~ 's becomes an easy task. 
. i 

However, when such data ~s not known the time averaged steady-state values 

of ~P .. and W. must be calculated analytically. The procedure used for 
1. ~ 

analytically finding the pressure drops and flowrates is discussed below. 

where 

A P. 
1. J 

__ 2 

K ~ 
t 2 g 
m . c 

i 

K
f 

is the pipe friction head losses (4f LID) 

K
t 

is the minor friction head losses due to entrance, exit, 

elbows, orifices, etc., within the line flow segment 

v is the time-averaged steady-state fluid velocity within 

the i th flm., segment 

(18) 

th It should be noted here that if the i flow segment consists of"various cross-

sectional areas all head losses must be referenced to the flow through one part 

of the flow segment. For example, consider Fig. 21 helm., which consists of a 

flow segment with line lengths of cross-section AI' A2 , ... Aj respectively, 

and velocities, vI' v 2 ' ... Vj respectively. 

• • • 

Figure 21. The ith Flow Segment 
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. ' 
Some of the Kls will be referenced to line 1, others to line 2, and still 

others to line j • Therefore, ~p. is written as 
1. 

~P. 
1, 

+ ... + (Kf + t: K t ) 
m . 

J 

_ 2 
v

1 
.;-

However, using continuity, it is knmm that 

W. 
1. 

(15' A
J
. v.) 

J i 

Referencing all head losses to lire j by substituting Eq. (20) into 

Eq • (19) yields 

where 

R. 
1. 

~P. = 
1. 

,.. 2 
R. w. 

1. 1. 

2 A. 
..L+ 
A 2 

1 

(K
f 

+ E 

A 2 
K ) --L+ 

t 2 
m 2 A2 

(19) 

(20) 

(2la) 

(21b) 

Any injector can be described by its Rii s regardless of total pressure drops 

and flowrates, since R. is determined by geometry only. Therefore if an 
1. 

inj ec tors R. I S can be combined and reduced to one overall inj ec tor resis tance, 
1. 

RT, then Eq. (2la) shows that total injector pressure drop, APT' can be deter-

mined directly from total injector mass flow, ~T' by the relation 

(22) 
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Usually total injector mass flowrate is kno"7n so that qnce RT has been found 

from the individual Ri's, then the total pressure drop can be determined 

directly, Once ~PT has been found from ~T' all individual 6Pi's and *i's 

can be determined by separating RT back into its individual components 

analogous to electric circuit resistance reductions. These circuit reduc

tions for fluid flow have been developed for. series and parallel flows and 

are described below. 

First consider i flow segments in series with each other as sho~-m in Fir. 7.2. 

6P I 6P2 6.P. 
;J.. 

w
T 0- .. ~ --. 

RI "R
2 R. 

1. 

Figure 22. Series Flow 

It is known that the total pressure loss through all i flow segments 

6P TS ' is given by 

- -
6.P TS = 6P 1 + flP 2 + .,. 6P i 

or 

From continuity it is known that 

where 

- 2 
R. W. 

1. 1. 

W
TS 

is the total flow through the series flow segments. 

Therefore the total pressure loss across the series flow circuit is found 

from Eqs. (24) and (25) 
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Now consider i flow segments in parallel with each other as shown in Fig. 23 

?l T--..+ 
• 

*1 -, W2 ~ wi 

tlPTP R1 R2 

tiP 1 tiP 2 

• • • 

Figure 23. Paral+e1 Flow 

It is known that 

. 
w .• 
~ 

Also the pressure drop across each flow segment is equal, thus 

tiP. 
~ 

where tlP
TP 

is the pressure drop across a parallel flow circuit. 

Finally, using Eqs. (2la), (27), and (28), it can be shown that for flow 

segn:ents in parallel, 

2 

1 WTP 
2 

1 + 1 + ... + 1 

Ft fRz ~ 
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Therefore, if an injector can be reduced to a simple network of flow resistances 

in series and parallel with one another, then Eqs. (21) - (29) can be used to 

analytically solve for the ~Pi's and *i's. This in turn allows for the solu

tion of the p~ 's which are then inputted into the computer model. 
i 

The fuel side of the Aerojet OME technology injector, completely diagrammed in 

Fig. 20; was reduced to a simple network of series and parallel flows as illus

trated in Fig, 24. This network reduction was er.tained by assuming negligible 

pressure drops in flow segments 2-16, 32-46, 53-73, and 122-172 of the OME fuel 

side manifolding, The network resistances used in Fig. 24 were obtained from 

Eq. (2lb) using typical criteria for the Kf's and Kt'S as found in the SAE 

Aero-space Applied Thermodynamic Manual (Ref. 11). Using the exact geometry 

of the injector (as reported by Aerojet in Ref. 9), a total injector pressure 

drop of 54.8 psid was analytically calculated for a fuel mass flowrate through 

the injector of 7.19 Ibm/sec. This compares very well to the 57 psi pressure 

drop reported by Aerojet. 

Input Pressure 

For any feed system coupled instability above a fr~quency of 1000 hz, the com

bustion chamber response comes either from a combustion chamber resonance or 

from response of pressure in the cup of a recessed post injector. To analyze 

the case of a chamber resonant mode with the injector stability model, the 

relative amplitude and phase of the chamber prp.ssure oscillations across the 

injector face must be input to the model. 

An analytical formulation describing the perturbed flow in the combustion 

chamber was developed for the types of chamber instability modes commonly 

experienced during hot firing. This was especially needed in knmving how 

to input a standing tangential combustion chamber mode as opposed to a spin

ning tangential mode. 
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This analytical formulation, in the time dqmain, is shown in Appendix B. 

However, since the engine hydraulic stability computer model employs a 

frequency !"esponse solution, pressure inputs must be expressed in terms 

of gains and phases. For tangential pressure modes it is convenient to 

reference all pressures to the pressure at the combustion chamber location 

of r = r , and e = 0 (where r, r , and e are defined as in Appendix B). 
w w 

The standard procedure in Frequency Response Theory (Ref. 12) lS to define a 

new variable S such that m,n 

S m,n 

,oJ 

where P I is the perturbed 
m,n ref 

the Laplace transform defined as 

= 

where t time 

- m,n 
e J 
~S 

o 

pressure at r = and 8 =: 0, and ;t. is 

t 
p dt m,n 

Thus using Eq. (30) above, the time dependency can be removed from Eqs. 

(B-12) and (B-IS) of Appendix B. By replacing liS "'tolith "jw "(where 

(30) 

m,n m,n 
j :: .r-=r and w = frequency of oscillation in radians/sec) the frequency m,n 
input for a standing tangential wave is 

S = m,n 

(31) 

and for a spinning tangential ,vave 

[cos m 8 + j sin m e] 
(32) 
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where m = 0, 1, 2, 3, ... 
n == 1, 2, 3~ ... 

a = sonic speed in chamber c 
J Bessel function of the first 
m 

kind order m. 

Equations (31) and (32) above then give the needed information for expressing 

the chamber pressure input in terms of gains and phases. , This is because 

B is a complex vector on the S -plane. The magnitude of this vector 
m,n m,n 

is knmm as the gain, and the angle it makes with the positive real axis is 

knm,;n ~_s the phase. Graphically this is shown in Fig. 25 below. 

Imaginary (j) axis 

S - the gain m,n 

Figure 25. 

S - the phase 

The S -plane 
m,n 

Real axis 

From Eq. ~3l) and Fig. 25 it can be seen that standing waves havr only phase 

shifts of 0 and 180 deg~ees depending upon whether the expression on the right

hand side of Eq. (31) is positive or negative. On the other hand Eq. (32) 

shows that spinning waves will have phase shifts over the entire range of 0 

to 360 degrees. 

Figure B-3 of Appendix B shm'lS the normalized maximum amplitudes for the first 

and second tangential modes and for the first radial chamber mode as a function 

of the non-dimensionalized radius. To simplify the input to the model (the 

fuel side of the injector has 51 separate chamber pressure inputs), curve fits 

were made for these three modes. The curve fits used are: 
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IT Mode - standing 

Amp = (1.5056 R + .0641 R2 - .5697 R3) COS(S) 

IT Mode M spinning 

Amp (1.5056 R + .0641 R2 - .5697 R3) 

2T Hade - standing 

Amp (-.17 R + 3.583 R2 - 2.413 R3
) COS(26) 

2T Mode - spinning 

Amp = (-.17R + 3.583 R2 - 2.413 R3) 

lR Hade ... 

Amp 1 + .15R - 4.87 R2 + 3.315 R3 

where 6 is the selected injector tangential location and R is the normalized 

radius. The location where 6= 0 is defined as that location where the phase 

is zero degrees and the amplitude of a tangential input is maximum. The re

quired model inputs to input one of these chamber modes are the radius and 

angle for the location of each chamber pressure input, and whether the mode 

. is standing or spinning.* The model then calculates the amplitude and phase 

inputs for the selected chamber pressure mode. The model also has the option 

for any general input matrix •. That is, the programmer can specify the ampli

tude and phase at each chamber pressure input. 

INPUT AND OUTPUT ROUTINES 

The input and output formats used in the model are compatible with those 

employed in the feed system coupled model developed by Rocketdyne for 

NASA/JSC under contract NAS9-l43l5 in the event that incorporation of 

the injector model into the latter model be desired at some later date. 

Input routines were written which allowed the selection of either an imposed 

feed system pressure profile or an imposed chamber pressure profile (either 

uniform or characteristic of a particular c.hamber acoustic mode) ''lith an 

arbitrarily selected attendant oscillation frequency. Output routines 

consist basically of the determination of flowrate and pressure variations 

* A discussion of standing and spinning waves is found in Appendix B. 
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throughout the injector as a function of frequency for each imposed input pres

sure profile. 

To provide a simple way to evaluate any specific injection configuration, out

put routines were included which allow printout of various summations of the 

oscillatory injector flow (for a unit pressure perturbation). These summations 

include (1) a summation of all the absolute values of injector f1owrate, (2) a 

vector summation of all injector f10wrates (attempt to include phase angle), 

and (3) and (4) the previous two cases except that each injector flow is multi

plied by the relative amplitude of the chamber pressure that it feeds before 

making the summations. These summations are .given in both lb/sec/psi and per

cent chamber pressure. 

The first summation simply adds all the gains for all the injector flows. 

This provides a measure of the total injector flow response with no considera

tion as to how the flow could couple with the combustion process. The second 

summation considers the phase relationship between each injector flow and the 

chamber pressure flow that it feeds. If, for example, two flows that were 

180 degrees out of phase both fed chamber pressures that had the same phase, 

it is unlikely that both flows could cause coupling since one or the other 

would have the wrong phase relationship. Therefore, the second flow summation 

was made where the flows were vectoria1ly added. The phase assigned to each 

flow is based on the difference between the phase of the f}f1~~T and the phase of 

the pressure that it was feeding. 

Another characteristic that can affect the amount of coupling is the phase of 

the combustion chamber response. A flow that is feeding a location in the 

chamber that is a pressure node cannot cause coupling, whereas a flow feeding 

a pressure anti-node location would have maximum coupling potential. There

fore, the third and fourth sunnnations were made where the amplitudes of each 

flow was multiplied by the respective chamber pressure amplitudes before 
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sunnning the values. All four summat.ions are printed out so that the ll:;er can 

evaluate each of them.* 

In addition to printout of the sunnnation of injector flows (both absolute and 

vector), the ease of interpreting the output of the engine hydraulic stability 

computer model was also enhanced by an optional graphical display of the ampli

tudes of ring groove flows, ring groove pressures, injector flows, and chamber 

pressure inputs around each ring groove. 

MODEL CHECKOUT 

In order to first model the system the computer program must be told how many 

dependent and input pressure nodes there are. Also, the program must be told 

what flows are associated with each pressure node and what pressure nodes are 

input nodes. This tabular computer input is shown in Fig. C-l of Appendix C. 

Flows assumed to enter the node are denoted by a plus sign and each flow assumed 

to leave a node by a minus sign. Each pressure node can have up to 12 flow 

terminations (6 entering flows and 6 leaving flows). If the node has less 

than the maximum number of flow terminations, the additional flows are read in 

as zero. For pressure node 1, for example, flow 2 enters, and flows 3 and 17 

leave. 

The model was run for the fuel side of the Aerojet OME technolo&y injector 

using the resistances, capacitances, and inertias previously calculated, and 

using a spinning first tangential mode input at 2600 Hz (frequency of observed 

instability). The method for determining these resistances, capacitances, 

ine't'tias, and pressure inpu ts was the same as that outlined in the "Mechaniza

tion of Details" portion of this section of this report. 

* Generally, on the model simulations made so far in this program, all four 
summations tend to change in the same direction for any specific injector 
modification so that no one summation has to be considered the correct one 
to use. If one did have to be picked, the best one would probably be sum
mation number four that is the vector sum times the chauIDer amplitudes. 
Ho\Vever, in a case where a modification had different effects !In the dif
ferent sunnnations, any conclusions made should be considered questionable. 
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Appendix C gives a tabulation of the model input and output data for the fuel 

side of the Aerojet injector. A list of the input data deck used for this 

run is sho"~ in Fig. C-l. Fig. C-2 shows the amplitude and phase inputs cal

culated in the program. For each flow, the printout shows the upstream and 

downstream pressures, the input resistance and inertia, and the calculated 

outputs of gain and phase (Fig. C-3). The upstream and downstream pressures, 

as well as the resistances and inertances, are tabulated in this manner for 

each flow to simplify checking for proper input of the data. For each pres

sure mode, the printout shows the flows in and out, the volume and acoustic 

velocity, and the calculated outputs of gain and phase (Fig. C-4). Again, 

this format s:implifies model checkout. 

Also shown in Fig. C-3 are the four model summations of the injector flow

rates in both lb/sec/psi and percent flow per percent chamber pressure. 

The output of magnitude and phase gives information on the amount of response 

throughout the system. For example, nodes 49 through 60 represent the pres

sures in the outer ring groove. For this case, the amplitude of pressure node 

51 is 0.9399 at a phase angle of 335.3 degrees which is nearly the same as 

the maximum chamber pressure input. Therefore, the volumes in the injector 

manifolds are not so large as to filter out the pressure oscillations in the 

ring grooves. This means that the injector flow oscillations can be affected 

by changes upstream of the injector face. If there had been little or no pres

sure response in the ring groove, the only feed system modifications that could 

alter the system would be changes to the injector orifices. Another comparison 

that lends insight into the system respClnse is the amount of injector'flow to 

ring groove flow. The maximum amplitude for flm..r through the injector for the 

outer ring groove is 4.716 x 10-4 lb/sec per psi while the maximum ring groove 

flow is 3.396 x 10-4 . Since the ring groove flow is significant compared to 

the injector flow, dams in the ring groove could significantly affect the 

ring groove pressure response, and therefore the injector flow oscillations. 

This type of analysis for a specific injector has to be performed for each of 

the ring grooves, and throughout the rest of the injector flow passages. 
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Before any conclusions can be reached concerning injector hydraulic coupling 

in a specific injector, both the oxidizer and fuel feed systems must be ana

lyzed. The relative injector flow oscillations between the oxidizer and fuel 

sides may indicate the likelihood of one side being the controlling side, or 

indicate if both sides are important. Injector modifications could then be 

analyzed for possible beneficial effects. 
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SECTION IV 

MODEL CORRELATION 

Utilizing the model whose development is documented in Section III, three 

different test cases (injectors) for which test data exists and for which 

coupling between the injector hydraulics was known to occur were analyzed. 

The test cases selected were those cases for ~vhich solutions to the couplin~ 

problems were obtained and whose solutions could be analyzed using the 

developed computer model: to post-predict the influence of the solution rela

tive to the potential for coupling. These test cases were: the Rocketdyne 

Space Shuttle OME Technology Inj ector, the Rocketdyne Lance XFL Booster 

injector, and the Aerojet Space Shuttle OME Technology injector. 

REVIEW OF TEST CASES 

Compilation of test histories for the three above mentioned injectors are 

summarized below. These injectors most clearly exhibit a !lhigh-frequency!l 

coupling between the injector hydraulics and the chamber dynamics. Injector 

manifolding details for these injectors have been previously discussed in 

Section II of this report and reference is frequently made to figures pre

sented earlier in Section II. 

Rocketdyne Space Shuttle OME Technology Injector 

The Rocketdyne ss/oME technology engine produces 6000 pounds thrust at a cham

ber pressure of 125 psia using N204 /MMH propellants. Chamber diameter and con

traction ratio are 8.2 inches and 2.0, respectively. A like-doublet injection 

element pattern is utilized. The injector has a total of 186 primary elements 

(744 orifices) having orifice sizes of 0.032 to 0.038-inch diameter (ox) and 

0.028 to 0.033-inch diameter (fuel). Injector 6P's are 56 psid (ox) and 62 

psid (fuel). 

Details of the Rocketdyne OME technology injector were shown earlier in Figs. 

10-14. The inj ection orifices are fed by a. tota.l of 10 ring grooves (5 ox and 

5 fuel) behind the 8.2-inch-diameter injector face. The oxidizer ring grooves 
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are fed through slanted feeder passages from a central oxidizer manifold. The 

fuel ring grooves are fed through slanted feeder passages from an annular fuel 

manifold. 

A dual mode quarter-wave absorber with a contoured entrance (see Fig. 10, 

Acoustic Cavity) was included in the original OME technology injector design. 

The annular slot was partitioned radially by 12 dams. Eight of the twelve 

individual slots ,,,ere "tuned" to damp the IT acoustic mode of the chamber 

having a 1.60-inch effective slot depth and 0.5-inch slot width (14.8 

percent open area). The remaining 4 slots were tuned to damp the 3T, 1R 

acoustic modes of the chamber and had a 0.78-inch effective slot depth 

and O.S-inch slot width (7.4 percent open area). Hith this absorber con

figuration, the OME combustor was stable until the combustion 'vas perturbed 

by an explosive bomb. A 25-percent occurrence of dynamic instability was 

obtained, a 2600 Hz mode of instability being recorded. Analysis of this 

instability mode~'( indicated a coupling betHeen the inj ector hydraulics and 

the combustion process (Ref, 13). The addition of three radial dams in 

the annular fuel manifold succeeded in achieving a dynamically stable 

combustor, 

A slight alteration in slot width to obtain open areas of 12 percent (IT) 

and 6 percent (3T, lR), however, resulted again in a l2-percent occurrence 

of dynamic instability. The 2800 Hz instability mode ,,,as again believed 

indicative of hydraulic coupling and the addition of dams in the injector 

ring grooves was considered. No further testing of this injector was done, 

however. 

*The mode appeared to have the angular pressure distribution of a first 
tangential mode ,,,ith the nodal position influenced by location of the 
fuel inlet. 
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Rocketdyne Lance XRL Booster Injector 

The Lance XRL booster engine produces 42,000-lb-thrust at a chamber pressure 

of 950 psia using lRFNA/UDMH propellants. The annular combustor has a 12.5 

inch O.D. and a 7.0-inch I.D. Contraction ratio is 2.8. The injector pattern 

consists of fOtJr concentric rows of unlike doublets that il-'lpinge O. 250-inch 

from the iujector face. The orifice hole sizes are 0.073-inch diameter for 

the oxidizer and 0.0515 inch for the fuel. Injector ~p's are 184 psid (ox) 

.and 140 psid (fuel). Figure 7 shows the frontside view of this injector 

face. Top and side views of the overall injector are provided by Figs. 8 

and 9. 

During development of the flightweight engine system, oscillations with fre

quencies fr0m 1000 to 9000 Hz were incurred. Theoretical and empirical 

studies were conducted which culminated in the successful stabilization of 

this engine (Refs. 4 and 14). 

A four-vane, 5.75-inch-long injector face baffle (chordal alignment) was in

cluded in the injector design to preclude occurrences of tangential insta

bility. A combination of "L" shaped HelmhC'ltz resonators was included in the 

injector design as shown in Fig. 26 to preclude oscillatory frequencies be

lieved associated with second-baffle compartment modes (4400 Hz), the fourth 

tangential model (4800 Hz), the sixth and eighth tangential mode, and the 

first radial mode, and thus provide dynamic stability of the flightweight 

engine. The entrance to the modified Helmholtz cavity is located at the in

jector face and the cavity volume is located in the ablative thrust chamber 

body. The XRL booster engine incorporates 16 modified Helmholtz resonators 

(four per baffle compartment) tuned to 6120 Hz. Each resonator has an aper

ture area of 0.238 in. 2, an aperture length of 0.100 inch, and a cavity vol

ume of 0,.552 in. 3 • The absorber open area is thus 6.5 percent of the total 

injector area. The acoustic absorbers are designed to provide strongatten

uation over a wide band on either side of the tuned frequency. The absorbers 

proved completely successful in damping the modes of instability for which 

they were designed. 

Despite the presence of both baffles and acoustic absorbers~ the engine re

peatedly exhibited a unique 1300 Hz, sinusoidal, linear instability. The 
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Figure 26. Injector End Absorber 

observed instability was determined from test data and model simulation to 

be a chamber resonant mode with flow under the baffles combined "lith hydraulic 

coupling of the injector (Fig. 27). For this mode, pressures in adjacent 

baffle compartments were 180 degrees out of phase (observed fr?m pressure 

measurements in the various compartments). This resonant chamber mode is 

a slight variation of the second 'tangential mode in that, at the injector 

face, there is no £lO~'l but near the chamber throat the flow is tangential. 

This mode has a frequency lower than the second tangential (2490 Hz) due to 

the additional flow path length to get under the baffles. 

The oxidizer and fuel injector feed systems had four individual feeder arms 

that distributed propellants to ring grooves. From the ring groove, the pro

pellant flowed through the injector orifices into the combustion chamber. A 

"lumped parameter" injector model was made for each of the propellant mani

folds in the Lance XRL booster (Fig. 28) to analyze the unique 1300 Hz mode 

of instability. The model employed a numerical method of solution of the 
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continuity and momentum equations to obtain' a predicted injector response to 

a pressure oscillation mode imposed at the injector face. 

Thus, the response of the various elements was affected by tangential 

flow in the ring grooves. The ring groove pressures tended to follow 

the oscillations in chamber pressure. Therefore, in the ring grooves 

just above a baffle, the pressures tended to be out of phase which 

produced tangential ring groove flow. The net erfect was to produce 

the pressure distribution shown in Fig. 29. The shaded area then re

presents the oscillatory injector pressure drop which produced injector 

flow oscillations. By putting in ring groove dams just above the location 

of the baffles (location of dams above the baffles is very important), the 

pressure distribution shown in Fig. 30 was predicted by the model. 

The shaded area representing the oscillation in injector pressure drop 

was drastically reduced which made injector flow nearly constant. In

corporation of the ring groove druns in the XRL engine completely eliminated 

the 1300 Hz mode of instability with no change in injector pressure drops 

or other engine operating parameters. The Lance XRL booster engine is in 

production today and over 1000 have been produced, operating stably with 

ring groove dams, acoustic absorbers, and baffles. 

Aerojet Space Shuttle OME ~echnology Injector 

The Aerojet engine produces 6000 lbf thrust at a chamber pressure of 

125 psia, using nitrogen tetroxide, N
Z
04 , and monomethyl/hydrazine, MMH 

propellants. Details of the Aerojet injector are shown in Figs. 15 

and 16. An 867-element X-doublet platelet pattern (see Fig. 31) on the 

8.2-inch-diameter injector face is fed by a total of 15 ring grooves (8 

fuel and 7 ox). An outer ring circumferential fuel maILifold feeds an 

inner ring fuel manifold through 24 drilled holes. Fuel flows from the 

inner fuel ring through 3 downcomer slots to 3 pie-shaped manifolds. Down

comer slots from the pie manifolds feed each fuel ring. The oxidizer is 

fed through a central manifold to 3 pie-shaped manifolds. As in the case 

of the fuel, downcomer slots from the ox pie manifold feed each ox ring. 

A baseline :i,njector-acoustic cavity configuration was established, which 
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consisted of an X-doublet platelet injector, in conjunction with a circumfer

ential cavity housing. The cavity housing holds eight l-T (nominal 18% open 

area) and four 3-T acoustic cavities (nominal 9% open area). Cavities were of 

the quarterwave slot type. 

The primary mode of instability with the X-doublet pattern was resurging, which 

consists of periodic burst of a spinning l-T mode at about 2600 Hz. The fre

quency of these bursts is about 400 Hz. Three changes to the OME engine were 

tested to determine their effect on eliminating resurging. Two of these changes 

dealt with the OME injector, while the other dealt with the combustion chamber 

acoustic cavities. 

The most successful of the three changes was found to be the installatio~ of 

ring groove dams. These dams were installed at the three null points in each ~f 

the outer 12 ring grooves. The insertion of a ring in the fuel circuit torus as 

shown in Fig. 32 to increase the injector pressure drop was another change incor

porated in the injector to eliminate resurging. However, this had no demonstrated 

effect in changing resurge behavior. Finally, acoustic cavity geometry was al

tered considerably as the last of these changes. Both cavity inlet area and over

lap (see Fig. 33) were altered. The results showed that decreasing inlet area 

tended to give more acoustic mode instabilities with less resurging, but that 

increasing overlap improves stability. For more detail on the Aerojet OME in

jector, see Ref. 8. 

Thus, like the Rocketdyne OME technology injector, the Aerojet injector also 

exhibited a 2600 Hz instabili ty whose mode was feed system coupled. Instabil

ity was highly resistant to suppression with acoustic cavities alone, but was 

influenced by the cavity entrance configuration. As in the Rocketdyne case, 

instability suppression was most successfully achieved through the use of dams, 

PREPARATION OF MODEL INPUT DATA 

Model input data was prepared for the three chosen test cases. This 

included computing the capacitances, inertances, and linearized flow 

74 

-' 



1/4 in. Dia. Drilled Hole 

Outer Ring 
Manifold 

Figure 32. 

24 Places 
liP Ring 
O. 160 x O. 17 5 ) 

Inner Ring 
Manifold (0.160 x 0.630) 

I 
! ~ Downcomer Slot 
~ (3 Places) 
I 

?~'_Pie flanifold 
~ ______ --J (3 P1ac€s) 

Fuel Circuit Pressure Drop Ring 

75 

" .1: 
I ~ 



INJECTOR F~CE ~ 
NO. TESTS 

INSTABILITIES 

TESTS WITH POST 
BOi~B RES URGES 
(t·1ARG I NAL ) 

I 

0.007" ~ 
I 

19 

9 

a 

" I) 
0.042" --i ~ . 

~ 
4 

0 

4 

Figure 33. Cavity Overlap Results 

76 

-0.'-26" --.I--J
1 
~ ) 
,-

32 

0 
.'.-

0 

-



resistances for the "lumped" fuel and oxidizer sides of each injector test 

case as described in the previous section. Schematics of these lumped in

jectors are shown in the discussions to follow. 

Rocketdyne Space Shuttle OME Technology Injector 

Modeling of this injector was concentrated on the analysis of the fuel side 

due to the fact that all injector fixes were associated with this side. 

The fuel side of this injector was "lumped out" as schematically shown in 

Fig. 34 , with 78 pressure nodes (shown by rectangles), 168 flow segments 

(shown by lines) and 39 pressure input locations (sho~'m by circles). The 

black triangles in this figure and all further injector schematics denote 

the locations of injector dams which were later incorporated into the in

jector design after unstable operation occurred. The angular locations of 

these pressure nodes, flow segments, and dams can be determined from Fig. 35. 

By assuming negligible pressure drops in flow segments 100-138 for the non

dammed case, the fuel side was reduced to a simple network of series and 

parallel flows as shown in Fig. 36. This assumption is made from the fact 

that the time-averaged steady-state flow is very small in these segments 

g~v~ng a time-averaged pressure drop of zero. Based on a total flowrate of 

7.27 Ibm/sec an overall injector pressure dro~ of 51 psid was calculated. 

This compares to a reported pressure drop of 62 psid which gives a 17% error. 

The oxidizer side of the Rocketdyne OME technology injector was described 

as shown in Figs.37 and 38. The oxidizer side consists of 69 pressure 

nodes, 129 flow segments, and 31 pressure input locations. By assuming 

negligible pressure drops in flow segments 70-99 the oxidizer side was 

reduced to a simple network of series and parallel flows as illusrated 

in Fig. 39. Based on a total oxidizer flowrate of 12 Ibm/sec, an 

overall.injector pressure drop of 47 psid was calculated. This compares 

a reported pressure drop of 56 psid for 0. 17% error. 

Rocketd~ne Lance XRL Booster Injector 

The fuel side, schematically shown in Fig. 40, consists of 53 pressure 

nodes, 88 flow segments, and 28 pressure input locations. The angular 
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locations of these lumped constituents can be 'determined from Fig. 41. 

By assuming negligible pressure drops in flow segments 17-44 and 77-88 the 

fuel s.:~de was reduced to the simple network as shown in Fig. 42 • Based on 

a total fuel f10wrate of 33.3 1bm/sec an overall injector pressure drop of 

129 psid was calculated. This compares quite well to a reported pressure 

drop of 140 psid which yields an error of 8%. 

The oxidizer side, schematically shown in Fig. 43, consists of 61 pressure 

nodes, 108 flow segments, and 36 pressure input locations. The angular 

placement of these constituents can be determined from Fig. 44. By assuming 

negligible pressure drops in flow segments 37-72 the oxidizer side was reduced 

to a simple network of series and parallel flows as illustrated in Fig. 45. 

Based on a total oxidizer f10wrate of 133 1bm/sec, an overall injector pres

sure drop of 211psid was calculated. This compares to a reported pressure 

drop of 184 psid which gives a 15% error. 

Aerojet Space Shuttle O}lli Technology Injector 

The'fue1 side, schematically shown in Fig. 20 , consists of 99 pressure nodes, 

223 f1owrates, and 52 pressure input locations. The angular locations of 

these lumped constituents can be determined from Fig. 19. By assuming negli

gible pressure drops in flow segments 2-16, 32-46, 53-73, and 122-172, the 

fuel side ~\1as reduced to the simplified network shown in Fig. 24. 1m overall 

fuel side pressure drop of 58 psid was calculated based on a total fuel f10w

rate of 7.19 1bm/sec. This compared very well with a 57 psid pressure drop 

reported by Aerojet which gives an error of 2% between the two values. 

The oxidizer side of the Aerojet OME technology injector was schematically 

described as shown in Fig. 46. The oxidizer side consists of 71 pressure 

nodes, 171 f10,"7 set.ments, and 50 pressure input locations. The angular 

position of these components can be determined from Fig. 47. By assuming 

negligible pressure drops in flow segments 11-31 and 75-122, the oxidizer 

side was reduced to a simple network of series and parallel flows as illus

trated in Fig. 48. Based on a total oxidizer flowrate of 11.86 1bm/sec an 

overall injector pressure drop of 56 psid was calculated. This compares 

to a reported pressure drop by Aerojet of 44 psid for a 27% error. 

85 

I· 
f 



~-- Thrust Vector Control Line (6 lumps) 

Manifold (2 lumps) 

Feeder (1 lump) 

Fuel Supply Duct 
(1 1 ump) 

'--- Outer Ri ng Groove (16 1 umps) 

~--- Inner Ring Groove (12 1 umps) 

-1--___ Location of Injector Face Baffle 

Figure 41. Distribution of Lumps for Fuel Side of 
Rocketdyne Lance XRL Booster Injector 
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CORRELATION OF MODEL 

The engine hydraulic stability model was run for the Rocketdyne OME technology 

and XRL engines and for the Aerojet OME technology engine. Complete sets of 

input and output data are shown for each side of the three correlation injec

tors in Appendices C through H.* 

Rocketdyne Space Shuttle OME Technology Injector 

The Rocketdyne OME technology injector exhibited a IT mode of instability on 

25% of the tests ,,,here bombs were detonated in the chamber. By adding three 

radial dams in the annular fuel manifold, the instability was eliminated. 

The same injector with the dams and a different acoustic cavity design had a 

12% incidence of instability when bombed. This means that the incorporation 

of dams did reduce the loop gain, but the reduction was probably not a big 

reduction or the modification of the acoustic cavities Fould not have caused 

the instability to reappear. 

The lumped parameter representations for the fuel and oxidizer sides of the 

Rocketdyne OME technology injector are shown in Figs. 34 and 37. Input for 

the fuel side without the dams is shown in Appendjx E. The resistance values 

for flows 130, 133, and 136 (see lumped parameter description shown in Fig. 34) 

were set equal to 1010 when simulating the additi.1n of manifold dams to the 

fuel side of the injector. A standing first tallgc~tial mode (v 2600 Hz) 

in the combustor was input to the injector face. A summary of the injector 

flow results is shown in Table III. This table has the ~our different total 

injector flow summations with the output in both lb/sec/pGi and % flow/% Pc' 

The results presented in Table III show about a 17% reduc':ion in fuel flow 

with the radial dams. Plots for the outer fuel ring groo"le with and without 

dams are shown in Figs. 49 and 50. Therefore, it is concluded that adding 

the annular dams reduces the hydraulic coupling with the combustion chamber 

thus increasing, to a limited extent, the stability of the combustor. 

* These appendices show results for the injectors of interest without the 
inclusion of dams or any other injector "fix." 
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TABLE III. ROCKETDYNE OME TECHNOLOGY INJECTOR RESULTS 

Total Total Vector Total Injector 
Injector Injector Flow Proportioned 

Flow Flow by PC Amplitudes 

Lb/Sec % Flow Lb/Sec % Flow Lb/Sec % Flow 
Psi % P Psi % P Psi % P 

c c c 

.00633 .109 .00632 .109 .00442 .0760 

.00521 .0896 .00508 .0873 .00371 .0638 

.00551 .0574 .00550 .0573 .00370 .0385 

Total Vector 
Injector Flow 

Proportioned by 
i PC Amplitudes 

Lb/Sec % Flow 1 Psi % P c , 

I 

.00441 .0758 I 

.00367 .0631 

.00370 .0385 
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Rocketdyne Lance XRL Booster Injector 

The lumped parameter representations for the fuel and oxidizer sides of 

the XRL are shown in Figs. 40 and 43. The XRL had a 1300 Hz mode with 

chamber pressure amplitudes of 200 to 300 psi peak-to-peak on every test. 

Incorporation of ring groove dams at four locations in each ring groove 

~irectly above chamber baffle locations) eliminated the 1300 Hz mode. 

A summ?ry of the results for the oxidizer and fuel sides are shown in 

Table IV. The oxidizer side amplitude was reduced to less than one-third 

of the original value ~vhile the fuel side was reduced to about 70 percent 

of its original value. Typical plots for the oxidizer and fuel side with 

and without dams are shown in Figs. 51 through 54 .. The model shows a sub

stantial reduction in hydraulic coupling which is consistent ~;ith the ob

served results. 

Aerojet OME Technology Injector 

The lumped parameter representations for the fuel and oxidizer sides of the 

Aerojet injector are shown in Figs. 20 and 46. The Aerojet injector had a 

spinning IT mode at about 2600 Hz with resurging at about 400 Hz. Installa

tion of dams at the three null points in each of the outer 12 ring grooves 

was most successful in eliminating the instabi1it:,. 

Results of the model for the fuel and oxidizer side with and without dams 

is shown in Table V. These results show that the inclusion of 'dams on the 

oxidizer side had very little effect on the injector flowrates. However, 

inclusion of dams on the fuel side increased the injector oscillatory flow 

by a factor of 1.4. 

Initially, this seemed inconsistent with the observed results. However, a 

re-examination of the resurging type of instability experienced by Aerojet 

was made to determine whether the model prediction of increased injector 

coupling with a spinning IT chamber mode did indeed correlate with the ex

perimental results. The resurging instability is reported to manifest itself 

as periodic low frequency (~400 Hz) burst of high frequency (>2000 Hz) 
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TABLE IV. XRL INJECTOR RESULTS 

Total Total Vector Total Injector 
Injector Injector Flow Proportioned 

Flow Flow by PC Amplitudes 

Lb/Sec % Flow Lb/Sec % Flow Lb/Sec % Flow 
Psi % P Psi % P Psi % P 

c c 

.0551 1.34 .0544 1.32 .0551 1.34 

.0397 .966 .0394 .958 .0397 .966 

.1246 .911 .1242 .907 .1246 .911 

.0386 .282 .0270 .198 .0386 .282 

Total Vector 
Injector Flow 

Proportioned by 
PC Amplitudes 

Lb/Sec % Flow 
Psi % P c 

.0544 1.32 

.0394 .958 

.1242 .907 

.0270 .198 
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TABLE V. AEROJET OME TECHNOLOGY INJECTOR RESULTS 

Total Vector 
Total Total Vector Total Injector Injector Flow 

raj ector Inj ector Flow Proportioned Proportioned by 
F::'l Flow by PC Amplitudes PC Ampli tudes 

Lb/Sec % Flow Lb/Sec % Flow Lb/Sec % Flow Lb/Sec % Flow 
Psi % Pc: Psi % P Psi % P Psi % P 

c c c 

.0194 " .337 .!.f167 .290 .0149 .259 .0l30 .226 
'':',; 

I 
, 

.0267 .464 .0228 .396 .0211 .367 .0179 .311 

.0636 .670 .0587 .619 .0545 .574 .0504 .531 

.0629 .663 .0584 .616 .0532 .561 .0496 .522 
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instability. The resurge is reported in Ref~ 9 to originate with a low 

amplitude spinning IT wave which grows rapidly in amplitude and frequency 

until it becomes a detonation wave. The detonation wave is made possible 

because of an accumulation of unburned propellant (due to poor mixing in

herent with the x-doublet injector pattern) within the chamber near the 

injector face. The detonation wave makes one circuit of the chamber wiping 

out all propellant in its path. Pressure then decays (with acoustic ringing) 

and steady-state flow is re-established. Acoustic cavities were found to be 

unable to damp out the resurge and, in fact, were believed to foster the 

res urge by virtue of damping the high frequency modes which would normally 

promote mixing and combustion of the unburned propellant. Indeed, it is 

reported that when IT damping 'was removed from the system*, the resurging 

disappeared to be replaced by a normal (standing) IT or 2T acoustic mode. 

According to the engine hydraulic stability model, the addition of ring 

groove dams increases (not decreases) injector coupling with the spinning 

IT chamber mode. This is interpreted as decreasing the IT damping and 

promoting the mixing and combustion of the unburned propellant which other

wise would accumulate near the injector face and ultimately contribute to 

the resurging instability.** Therefore, it is concluded that the model 

does correlate with the observed test data. 

Typical plots for the outer ring grooves with and without dams are shown in 

Figs. 55 through 58, 

As described above, the engine hydraulic stability computer model was run for 

each of the "correlation" injectors with both pre-fix and post-fix injector 

model input. Examination and analysis of the model output reveals that the 

computer model successfully predicted that the fixes applied to each correla

tion injector would increase combustor stability with respect to the instabi

lity mode actually observed. 

*By virtue of changes in the acoustic cavity. 
**Sustainment of the IT or 2T mode is precluded by the presence of the 

acoustic cavities. 
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SECTION V 

SENSITIVITY ANALYSIS 

A systematic parametric variation of some major injector design variables was 

made to gauge the effect of the individual parameters on injector gain and 

to identify the most sensitive variables. The objective of this task was to 

aevelop, to the maximum extent possible, generalized design criteria to pre

clude coupling between the j.njector hydraulics and the combustion process. 

The "sensitive variables" whose effect was investigated (using the computer 

model) included: 

1. Propellant temperature 

2. Frequench of a particular mode 

3. Resistance values of the injector orifices 

4. Inertance values of the injector orifices 

5. Ring groove area (i.e., capacitance and inertance of the ring 

groove nodes) 

6. Chamber instability mode 

7. Presence of dams 

The effect of these variables was computed for the fuel and oxidizer sides 

of both the Aerojet and Rocketdyne OME technology injectors. Model predic

tions are summarized in Tables VI through IX. These same predictions are 

also displayed graphically in Figs. 59 through 67 where the gain plotted is 

based on the total vector injector flow proportioned by P amplitude. 
c 

It is evident from Tables VI through IX and Figs. 60, 62, 64, and 66 that 

any error in linearized resistance input to the model due to disagreement 

between calculated and experimental injector ~P* is unimportant from a 

* See Section IV. 
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TABLE VI. MODEL PREDICTION OF AEROJET FUEL SIDE GAIN* 

Off Nollinal Condition •• 

Variable I Input Vdut! 

I 
Noa!nal" 

Inj. temp. 700 r 

Inj. t@mp. 2000 r 

laj. trmp. 3000 r 

Frequency 2200 H. 

frequency 3000 Hz 

Jl:t!siatnnce 0.75 J. nOlI 

Rube_nce 1.25 R noa 

OrHice inertance 0.75 I nOWl 

Orifice inertance 1.25 I nOlI 

Ctrl£ice inertance 2.0 1 no. 

OrUtee inertanct! 3.0 I no. 

lUna IroOYt! ares. -25% nOll**· 

tins IrOQYfl ana +25% nOlI .... _. 
Standing IT 

-- Sunding 2T 

ting Groove Dams 

No 110 No No Yo. 

Tot.lnj. Flow fot. Vee. InJ. Flo" Tot. aPe Aap. Tot. Vee. a P 
< """. 

Tot. Inj. Plow 

.0194 .0167 .0149 .0130 .0267 

.0129 ,00637 ,0104 .00637 ,0160 

.0151 .0113 .0112 .00863 ,0231 

.0265 .0242 .0210 ,0192 ,0308 

.0117 .00304 .00866 ,00315 .0190 

.0283 .0261 .0224 ,0207 .0325 

.0207 .0167 ,0156 .0127 ,0296 

.0184 .0164 .0143 .0129 .0243 

,0188 .0161 .0144 ,0126 .0256 

.0200 .0173 ,0154 .0135 .0280 

.0224 .0197 .0173 .0153 .0324 

.0267 .0241 .0208 ,0189 .0392 

.0196 .0169 .0150 .0131 .0249 

.0190 .0164 .0147 .0128 .0284 

.0145 .00938 .00736 .00654 .0196 

.0185 .0148 .00958 .00810 .0181 

*Cain. (Ib/lec)/pai. 18 .hown for .. ell of the four .llllie value .~tion •• 

UNoa1nal cond1t1ona include Tinj - 2JoPr. i - 26nO HE, .pinning IT aode 

."0.75 C loJJJ I 
nOll. nOlI 

-·**1.25 Cnoa ' 0.8 1nOll 

V •• 

Tot. Vee. lnj. Plow 

.0228 

.00414 

.0183 

.0278 

.0113 

.0293 

.0238 

.0214 

.0218 

.0239 

.0281 

.0348 

.0214 

.0241 

.• 0124 

,0142 

.• :Y':"' 

V •• V •• 

Tot. CJ P <Mt>- Tot. Vee. 0 P <MI>-

.0211 .0179 

.0127 .00424 

.0181 .0143 

.0246 .0221 

.OU9 .00895 

.0259 .0233 

.0232 .01a5 

.0193 .OJ69 

.0202 .0171 

.0221 .0188 

.0257 .0222 

.0312 .0276 

.0195 .0167 , 

.0227 .. "'~ .0101 .00900 

.00984 .OO7~5 
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TABLE VII. MODEL PREDICTION OF AEROJET OX SIDE GAIN* 

otf "mrlnal Condition" 

Varia}\le. IDput Value. 

I 
NOtIIlnal 

Frequency 2200 Hz. 

Frequency 3000 H. 

Re.dstance O~7S R nOWI 

lte.1st.nce. 1.25 ~ nOlI 

Orifice inertance. 0.75 I neM 

Orifice. inertance 1.25 I nOlI 

Oritice inertance. 2.0 1 no. 

Orifice inertance 3.01 DOlI 

It1na Iroove eru -25% nc. 

Il1ns Iroove area +25% _ 

-. StandinA IT 

-- St.DC!1n& ZT 

RinS Groove 0 ... 

Mo No No No Y •• 

Tot~ Inj. Flow Tot. Vee. Inj. Plow Tat. 0 Pc ~ Tot. Vee .. 0 P clap· Tot. rnj. 'low 

.0636 .0587 .0545 .0504 .0629 

.0580 .0512 .0495 .0441 .0618 

.0560 .0522 .0479 .0446 .0543 

• 0829 .0762 .0710 • .0656 .0827 

.0521 .0481 .0446 .0411 .0514 

.0627 .0574 .0536 .0492 .0622 

.0629 .0585 ,0539 .0501 .0618 

.0533 .0504 .0457 .0432 .0518 

.0390 .0374 .0334 .0320 .0378 

.0609 .0563 .0519 .0481 .0598 

.0661 .0610 .0568 .0524 .0653 

.0432 .0388 .0269 .0256 .0429 

.0219 .0164 .0127 .00970 .0218 
----" 

AGain (lb/aec)/pal, h .hawn for each of the four alnlle. .... lu • • ~tlO118 • 

•• oa1oal condition. iDclude f • 2600 Hz, aplonlnt IT .xie\ 

Y •• 

Tot. Vee. Inj. Plow 

.0584 

.0542 

.0516 

.0759 

.0481 

.0574 

.0577 

.0492 

.0364 

.0560 

.0603 

.0389 

.0134 

",.',:: ......... '.~ --:,Vt::~";n'im'7-;:~". <,;"",1-
,-.::"_------, 

Y •• Y •• 

'!ot.o Pc ~ Tot. Vee. a , e MIp. , 

.0532 .0496 

.0521 .0462 

.0459 .0438 

.0701 .0647 

.0434 .0407 

.0526 .0487 

.0524 .0491 

.0440 .0418 

.0321 .0310 

.0509 .0477 

.0559 .0517 

.0264 .0253 

.0140 .00844 
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TABLE VIII . MODEL PREDICTION OF ROCKETDYNE FUEL SIDE GAIN* 

Off Na.slnal Condition 
.. 

Variable Input Value 

Noainal 

Frequency 2200 nz 

Frequency 3000 H. 

!teshe.nee o.n R nom 

Reaistance 1.25 R nom 

Orifice inertance 0.333 I nos 

Orifice inertance 0.50 I nom 

Orif ice inertance 0.75 I nom 

Orifice inertance 1.25 I nDlD 

lUng ,roove area -25% na. 

ling Iroovl! area +25% nOlI 

Hod. Spinning IT 

JUUI ,roave d_ -
'--- ---- ------ --_ .. _----

Annular Manifold Dams 

No No No No Yes 

tot. Inj, Flow Tot. Vee. Inj Flow Tot. a Pc Amp. Tot. Vec~ aPe Amp. Tot. Inj. Flov 

.00633 .00632 .00442 .00441 .00521 

.00818 .00817 .00567 .00566 .00134 

.00460 .00457 .00325 .00324 • "?311 

.Q()637 .00636 .00445 .00445 .00523 

.Q()621 .00626 .00437 .00437 .00518 

.00856 .00849 .00601 .00598 .00715 

.00786 .00782 .00551 .00550 .00652 

•• 00701 .00699 .00490 .00490 .00578 

.00577 .00576 .00402 .00401 .00477 

.00623 .00622 .00437. '.00437 .00512 

,00661 .00659 .00463 ,00'63 .00520 

.00988 .00986 .008&3 .00882 .Q()827 

,00524 .00510 .00382 .00378 .00468 
--- ----- ------- --

-Gain (lb/ll!c)/pal, is shown .for each of the four single value _=-atton •. 

**!ica1nal condition. include Tinj • 2000 F, f - 260fl H&, atanding IT .. de. 

Y •• Ye. 

Tot. Vee.. lnj. Flow Tot. a P cAmp. 

.00508 .00311 

.00731 .00517 

.00224 .00212 

.00511 .00373 

.00504 .00368 

.00648 .004Q7 

.00606 .00457 

.00552 .00409 

.00470 .00340 

.00494 .00366 

.OO37~ .0037' 

.Q()805 .00750 

.00318 .00310 

T •• 

Tot. Vee::. CJ Pc Mp. 

.00367 

.Q()51~ 

.00185 

.00370 

.00364 

.00480 

.00445 

.00402 

.00338 

.00361 

.Q()373 

.00735 

.00266 
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TABLE IX. MODEL PREDICTION OF ROCKETDYNE OX SIDE GAIN* 

Off Noainal Condition •• Rinl Groove Dama 

Vadable Input Value No No No No Ye. Y •• 

Tot. Inj. Flow Tot. Vee. Inj Flaw Tot. a P c~ Tot. tl P cMp. Tot. Vee. aPe Aalp. Tot. Vee. lnj. 'low 

Nominal .00551 .00550 .00370 .00370 .00535 .00535 

Frequency 2200 Hz ,00738 ,OO73? .00503 .00503 .00721 .00721 

Frequency 3000 Hz .00386 .00386 .00251 .00251 .00371 .00371 

Resistance 0 .. 75 R ora .00552 .00552 .00371 .00371 .00337 .00536 

Resistance 1..25 It nOlI .00529 .00548 .00369 .00368 .00534 .00533 

Orifice inertance 0 .. 333 I n~ .00712 .00710 .00468 .00467 .00686 .00684 

Orifice inertance 0.50 I noe ,00661 ,00660 .00438 .00437 .00639 .0063~ 

Orifice inertance 0.75 I nma 
,00600 .00599 .00400 .00400 .00582 .00581 

GriUce inertance 1.25 I natl 
.00510 .00509 .00344 .00344 .00497 .00496 

JUnl aroov!! area -25% nOlI 
.00558 .00558 .00376 .00376 .00499 .00498 

tinA: aroQye area +25% nOlI 
.00543 • .00542 .00363 .00361 .00523 .00523 

Hod. Sp1nn1na IT 
,00880 .00880 .00739 .00739 .00830 .00820 

--------- ----

-Caln Ub/.ee)/pai, ie ahown for each of the four dna!e value ._tiona . 

•• oa1nal co.ltiona include f • 2600 Hz, .t~dlr-s IT .ode . 

. ...,., 

Y •• 10. 

Tot. a Pc Amp. Tot. Vee. a Pc: Aap. 

.00346 .00346 

.00478 .00477 

.00228 .00228 

.00347 .00347 

.00345 .00345 

.00432 .00431 

.00406 .00405 

.00373 .00373 

.00321 .00323 

.00322 .00322 

.00333 .00332 

.00701 ,00691 
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model correlation standpoint. That is, the difference in gain between the 

base case and the base cas~ with injector fix is not a function of the linear

ized resistance OVer the range of uncertainty in injector ~P. 

It is observed in Figs. 59 through 67 that the general effect a specific para

meter has on the gain varies between the Aerojet and Rocketdyne injectors 

and, indeed, between the fuel and oxidizer side of the Aerojet injector itself. 

In order to gain an understanding of why the predicted gain varies in a par

ticular manner for various changes, an evaluation of the expected system 

responses was made. It is recalled that the linearized equation for flow

rate across a segment is: 

where 

p - p 
u d 

= 
R + IS 

N 

P is the oscillatory upstream pressure 
u 

,.. 
P

d 
is the oscillatory downstream pressure 

R is the linearized resistance 

I is the inertance 

Assuming that the flow segment is just upstream of the combustion chamber 
,.. '" 

(33) 

(the orifice) P
d 

= Pc' and setting S = jw, Equation (33) may also be written 

as 

where 

,.. -P -P 
u c 

l/R 

1 + (I/R) jw 

l/R = 
1 + jw/wb 

w is frequency in radians/sec 

wb is termed the break frequency R/I 

.~.~" 

... ;,: •... , •. 
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Figure 68 sho~vs a plot of log gain* versus log frequency. At low trequencies, 

i.e., w much less than wb ' the gain #OJ "'" .... 
w,' (P -P ) 

u c becomes simply l/R since 

Log Gain 
Gain ... 

Log Frequency (w) 

Figure 68. Gain versus Frequency 

'~In Fig. 68 gain is denoted by the expression ~ttP -P ) whereas in the computer 
model output (see Tables VI through IX) gain is Men8ted by ~/P c' The latter 
term is employed in the model since it most effectively represents that quantity 
by which an injectors sensitivity to coupled instabilitv is expressed. The 
term Pu in the gain shown in Fig. 68 is, of course, an ~dditional variable 
whose value (for fixed P ) is dependent upon R, I, and w. 

c 
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the jw/w
b 

term in the denominator of Eq. (34) becomes small compared to 

unity. At high frequencies, i.e., W much greater than wb ' the gain becomes 

a function of both the inertance and the frequency (l/Iw) since jw/wb be

comes large compared to unity. For frequencies near the break frequency, 

resistance, inertance, and frequency all affect the gain . 

. The break frequencies for the fuel and oxidizer sides of both the Aerojet 

and Rocketdyne OME technology injectors (calculated from injector orifice 

resistances and inertances) are: 

OME Technology Injector 
Break Frequency 

Radians/sec Hz 

Aerojet fuel side 38,696 6,159 

Aerojet Ox side 23,500 3,740 

Rocketdyne fuel side 7,581 1,206 

Rocketdyne Ox side 4,727 752 

Looking at the sensitivity analysis results for the Rocketdyne injector 

shown in Tables XIII and IX, it is observed that gain is independent of 

orifice resistance, but a function of both orifice inertance and frequency. 

Since the results shown in Tables XIII and IX were obtained for a IT mode 

frequency of 2600 Hz, these observed model results are consistent v;rlth the 

auticipated results based on the consideration of the break frequency. That 

is, since the break frequencies for the Rocketdyne injector (1206 Hz-

fuel and 752 Hz-ox) are significantly less than the model input fre~uency 

(2600 Hz), the flowrate gain should be primarily affected by inertance and 

frequency (higher inertance or frequency should reduce the gain) and not 

affected by resistance changes. Figures 64 - 67 show these trends. 

For the Aerojet injector, the break frequencies (6159 Hz-fuel and 3740 Hz-ox) 

are higher than the input frequency (2600 Hz). Thereforf~, for a fixed input 

(P ~ ) amplitude at 2600 Hz, it is expected that resistance increases will 
u c 

decrease the flow gain while inertance and frequency variations should have 
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little or no effect. The actual model results shown in Tables VI and VII do 

not agree well with these expectations. Thus, a closer examination of the 

model results was made. The model results showed that the injector pressure 

(P ) was changing substantially, therefore overcoming the effect on flow gain 
u 

due to resistance variation alone.* The model results also show (see Figs. 

60-63) that orifice inertance (I) and frequency (w) affect the flow gain as 

well. These observed results indicate that some other mechanism is affecting 

the model output for the Aerojet injector. 

Prior to proceeding with the identification of the mechanism believed res

ponsible for the unexpected trends in the gain of ~he Aerojet injector, an 

expedient effort ~vas undertaken to. clarify the difference in gain bet~]een 

the Aerojet and Rocketdyne OME technology injectors. A total of seven addi

tional computer runs were made. These are summarized in Table X. Base runs 

for the above two injectors were made using identical input modes (spinning 

IT) and frequency (2600 Hz). L]so, a common fuel injection temperature 

(230oF) was employed. Results from these four runs are shown in the first 

four lines of Table X. 

Table X shows that fuel side gains for the Aerojet injector are approximately 

two times as high as gains for the Rocketdyne injector. Oxidizer side p:ains 

for the Aerojet injector are approximately seven times as high as gains for 

the Rocketdyne injector. 

One possible explanation for these differences in gain is the difference 

bety,Teen the ring groove volumes and orifice inertances/resistances for the 

two injectors as summarized below in Table XI. 

,., N N 

*From Eq. (34), for W « wb ' wi (P -P ) = l/R. Therefore, 
,., '" N U C 
w/p c = HPu ' l/R). 
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Injector 

Aerojet 

Aerojet 

Rocketdyne 

Rocketdvne 

Rocketdyne 

Rocketdyne 

Aerojet 

TABLE X. COMPARISON BETI{EEN MODEL OUTPUT FOR AEROJET 
~TD ROCKETDYNE OME TECHNOLOGY INJECTORS 

Total Total Vector 
Fuel or Freq. I.nj. Flow Inj. Flow 
Ox Side Hz Mode Mod. (lb/sec)/psl (lb/sec)/psl 

Fuel 2600 Sp I n IT .0194 .0167 

Ox .0636 .0587 

Fuel .00941 .00938· 

Ox .00880 .00880 

Fuel Aero] e t. .0102 .00963 
Ring Grooves 

Ox 
& OrifIces 

.00970 .00181 

Ox Decreased 

~~4~__ J' 00)05 
Volume of 
Pie Manrfold 
by Factor of 
10 

---- -~~-

Tot. Vector 
Tot. Inj. Flow Inj. Flow 
Proportioned Proportioned 
by P Ampl. by Pc Ampi. c 
(Ib/sec)/psi (lb/sec)/psi 

.0149 .0130 

.0545 .0504 

.00844 .00843 

.00739 .00739 I 
I 
I 
I 

.00912 .00888 ! 

.00813 .00272 

.0118 .00287 



TABLE XI. INJECTOR COMPARISONS 

Aerojet Rocketdyne 
Inj ector Injector 

Fuel Ring Groove 
\!olume, in. 3 4.182 1. 80 

Oxidizer Ring
3
Groove 5.39 0.78 

Volume, in. 

Average Fuel Orifice 2.3xlO -2 -2 6.2xlO 
Inertance 

Average Oxidizer Orifice 2.0xlO -2 5.5xlO -2 

Inertance 

Average Fuel Orifice 8.9xlO 2 4.7xlO 
2 

Resistance 

Average Oxidizer Orifice 4.7xlO 2 2.6xl0
2 

Resistance 

nolO additional runs were therefore made for the Rocketdyne injector in which 

inputs representing the ring grooves and orifices were modified to simulate 

the substitution of the Aerojet injector ring grooves and orifi~es in the 

Rocketdyne injector. In general, this resulted in fuel and oxidizer side 

gains which fell in between the gains reported for the Aerojet and Rocketdyne 

injectors (see Table X). Although, this inpu~ modification shifted the results 

in the right direction (i.e., towards the Aerojet injector) the extent of the 

shift was not nearly as great as was expected (especially in the case of the 

oxidizer side). Consequently, the difference in predicted gain between the 

Aerojet and Rocketdyne injectors could not be explained totally from the stand

point of ring groove volume and orifice inertance/resistance differences. 

It was thus postulated that whatever mechanism was responsible for the un

expected trends of the Aerojet injector was also responsible for thequalita

tive difference in gain between the Aero,i et and Rocketdyne injectors. 
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In order to determine what this mechanism was; a detailed evaluation of the 

injector inertances and volumes upstream of the orifices was ma.de. Schematic

ally, the oxidizer and fuel sides of the Aerojet injector are as shown in Fig.69. 

The pie manifold feeders have a high enough inertance that they have little 

oscillatory flow in the frequency range of interest. The ring groove volumes 

P 
c 

.------Feeders (inertance) 

-' --Pie Hanifold (volume) 

------Downcomers (inertance) 

---Ring Groove (volume) 

Orifices (resistance, 
inertance) 

Figure 69. Aerojet Injector System Schematic 

are small compared to the pie manifold volumes. Therefore, this system can be 

closely apPLoximated by a simplification (Fig. 70) that is essentially a 

---Pie Manifold + Ring Groove 
(volume) 

---- Downcomers + Inj ector (inertance) 

Figure 70. Aerojet Injector Simplified System Schematic 
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Helmholtz resonator. The resonant frequency of a Helmholtz resonator is: 

where 

f 

f 

a 

v 
g 

I 

J 1 
v g I 

resonant frequency, Hz 

acoustic velocity - in./sec 
3 volume, in. 

386.4 lb in./1bf sec2 

m 2. 2 
inertance, 1bf sec /lbm In. 

Therefore, the calculated Helmholtz resonant frequencies for the Aerojet 

oxidizer and fuel sides are 2460 Hz and 4290 Hz, respectively. This means 

that peaks in the flow gain Hou1d be expected at these frequencies. Figure 

62 shows a peak in the oxidizer side at 2600 Hz which is quite close. On 

the fuel side (Fig. 60) the gain is increasing for increasing frequencies 

below the resonant frequency, which is also expected. The plots of gain 

versus inertance for both the oxidizer and fuel sides (Fig. 61 and 63) are 

also consistent. On the fuel side, increasing inertance 10Hers the Helmholtz 

frequency and therefore, causes an increase in ga~n (Fig. 61). On the oxi

dizer side, the actual resonant frequency was very near the input frequency 

(2600 Hz). Therefore, either an increase or decrease in inertia would move 

the resonant frequency away from the input frequency causing a reduction in 

gain (Fig. 63). 

To further verify the hypothesis that the Aerojet pie manifolds (especially 

the oxidizer manifold) were acting like Helmholtz resonators in resonance 

with the imposed pressure oscillation frequency and, thus, contributing to 

the relatively high gains associated with that injector, a final computer 

run was made in which the volume of the oxidizer pie manifold was decreased 

by a factor of 10. Since this ~vottld increase the Helmholtz resonant frequency 

by over a factor of three, a significant reduction in flow Rain would be 

expected. The results (see Table X) showed that the gain dropped to 0.12 -

0.24 of the value with the correct pie manifold volumes, depending on which 
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of the four flow summations were used. Therefore, the hypothesis that an 

effective Helmholtz resonance occurs involving the pie manifD~ds is ana-

lytically predicted. r<t~I:'; 

(f~i:" 

The results of this run (see Table X) were also in very good agreement with 

results obtained for the Rocketdyne injector with modified ring grooves and 

o~ifices. Thus, it was concluded that the differences in gain between the 

Aerojet and Rocketdyne injectors are attributable to (1) the presence of the 

pie manifolds in the Aerojet injector (primary), and (2) differences in the 

ring groove areas and orifice inertances/resistances (secondary). 

Another model result observed in Tables VI through IX is that a higher gain 

results from a spinning IT mode than for a standing IT mode. A r,pinning IT 

mode chamber pressure input for any ring groove is the same amplitude with 

various phases. The phase of a standing IT mode is either at zero or 180 

degrees, but the amplitude varies with the sine of location of the input. 

Therefore, since the average value of a sine function is 0.64 times the 

maximum value, the average input magnitude for a standing mode is 0.64 

times the average input for a spinning mode (the reference pressure in'both 

cases is the pressure at the maximum amplitude). This difference in flow 

gains for a IT standing mode versus a IT spinning is close to the same ratio. 

As previously mentioned, the objective of the sensitivity analysis was to 

determine generalized injector design criteria to preclude hydraulic coupling. 

It is obvious from the preceding discussion concerning the Rocketdyne and 

Aerojet injectors that the sensitivity analyses were not successful in esta

blishing generalized injector design criteria. This is due to the complex 

interactions which may exist between the constituent portions of an injector. 

The analyses did result in a number of observations, however: 

1. Any uncertainty in the linearized orifice resistance due to uncer

tainties in the analytical calculation of injector ~p should not 

appreciably alter the effect observed by the addition of dams to 

the inj ector. 
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2. If the ring groove flow calculated by the model is significant com

pared to the injector flow, dams in the ring groove could signifi

cantly affect the ring groove pressure response, and therefore the 

injector flow oscillations. 

3. For injectors in which complex interactions are absent, the injector 

gain can be simply related to linearized orifice resistance (R), 

orifice inertance (I), and instability frequency (£1.1) through a 

4. 

term called the break frequency (w
b

) which is simply the linear

ized orifice resistance divided by the orifice inertance. These 

simple relationships are: 

gain is proportional to l/R for lJ.l < wb 

gain is proportional to l/lW for W > ~ 

The presence of large manifold volumes in critical locations may 

introduce complicating mechanisms by acting as Helmholtz resonators 

in resonance with the imposed pressure oscillation. Such action 

can greatly increase the injector gain and nullify completely the 

simple gain relationships presented above. The engine hydraulic 

stability model can be used to show the effect of such large mani

fold volumes and suggest design changes to avoid adverse effects. 

Therefore, the engine hydraulic stability model must be utilized in order to 

obtain a quantitative, and in many cases even a qualitative, evaluation of 

geometric injector design options, or operating condition changes, on stability. 

To illustrate the use of the model for such purposes mentioned above, refer

ence can be made to the results shown in Tables VI through IX. Figure 59, 

for example, appears to indicate that a reduction in fuel injection tempera

ture (for the Aerojet injector) from 2300 F to 700 F would decrease the flow 

gain, thus providing less stabilization against the spinning IT mode and 

more stabilization against the resurge mode. Caution must be exercised in 

making such a prognostication, however, since Fig. 59 considers only the 

effect of fuel injection temperature on the injector side of the coupling. 
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The effect the fuel injection temperature has on the combustion side of the 

coupling is, of course, not predicted by the model, and could be overwhelming. 

Of particular interest to the injector designer are the model predictions 

for the Rocketdyne injector. It is recalled that this technology injector 

had only Q"1TlUlar fuel manifold dams. No ring groove dams were ever tested 

on e~~ne_ the fuel or oxidizer sides of the injector. According to Table VIII, 

the fuel side gain* is decreased from 0.00441 (lb/sec)/psi to 0.00367 (lb/sec)/ 

psi when the annular fuel manifold dams arc added. This corresponds to a 

percentage reduction in gain of 16,8 percent. If three symmetrical ring 

groove dams were added to each fuel ring~~* instead of the three synunetrical 

manifold dams, results from the model show (see Table VIII) that the fuel 

side gain* would be 0.00378 (lb/sec)/psi or a reduction of 14.3 percent 

from the nominal gain with no injector fix. Thus, for the fuel side of the 

Rocketdyne OME technology injector, the addition of manifold dams is predicted 

to be a bit more effective than the addition of ring groove dams in preventing 

coupled instability. However, as shown in Table VIII, simultaneous emplClyment 

of both manifold and ring groove dams would reduce the Rain from 0.00441 

(lb/sec)/psi to 0.00266 (lb/sec)/psi. This corresponds to a reduction in Rain 

of 39.7 percent. 

The advisability of adding ring groove dams to the oxidizer side of the 

Rocketdyne injector was also explored using the model. These results are 

shown in Table IX. The addition of three synunetrical dams to each ox ring 

(at common theta planes***) is shown in Table IX to reduce the ox side gain 

from 0.00370 (lb/sec}/psi to 0.00346 (lb/sec)/psi. This 6.5% reduction in 

ox-side gain is less than half the percentage 'reduction predicted for the 

fuel side. 

* Using the total vector injector flow proportioned by P amplitude. c 
** Dams positioned in each fuel ring 

(see Fig. 35). 

*** See Fig. 38. 

at same theta planes as manifold dams 
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No effort was made in this program to investigate the effect of ring groove 

darn location on the predicted gain. Such effect may be of considerable im

portance*, however, and can be easily studied using the engine hydraulic sta

bility computer model. 

* For instance, the location of the ring groove darns in the XRL injector was 
analytically shown to be most critical (Ref. 4). 
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SECTION VI . 

CONCLUSIONS AND RECOMMENDATIONS 

The engine hydraulic stability computer model developed during this program 

is deemed to be of sufficient worth to be included among those models com

monly used to investigate combustion i~8tability in rocket engines. The 

range of model applicability is summarized in Table XII. The engine hydrau

lic stability model is de.signed to specifically investigate coupling between 

the combustion chamber and the injector hydraulics. It may, however, be input 

in such a fashion to permit the open-loop analysis of feed system hydraulics 

as well. 

The engine hydraulic stability computer model was successful in predicting 

that injector hardware fixes' applied to each of three correlation injectors 

would increase combustor stability with respect to the instability mode actu

ally observed. 

The model is extremely well suited to: 

1. Quantitatively evaluate the effect of proposed injector fixes on 

stability 

2. Quantitatively evaluate (from a stability standpoint) geometric 

design options or operating condition changes relative to each 

other 

3. Determine potential optimum locations for injector fixes or modi

fications such as dams 

4. Determine the depth of penetration of injector face oscillations 

into the feed system or manifold 

The open-loop model is unable to predict stability per se. However, the model 

can be used to look at the injector design detail and indicate what changes 

to make to reduce a high value of injector gain at expected instability fre

quencies. 
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TABLE XII. RANGE OF MODEL APPLICABILITY 

Evaluation I Range of 
Range of Correlation Model 

Parameter Interest Test Cases Limitation 

Propellants acid/amine IRFNA/UDMH Liquid propellants 

LOX/amine N204 /MMH only 

acid/ 
hydrocarbon 

LOX/ 
hydrocarbon 

Thrust 25 to 50,000 6,000 to 42,000 lbf None 
lbf 

Chamber 100 to 1000 125 to 950 psia None 
Pressure psia 

Mixture Maximum per- 3.99 (IRFNA/UDMH) None 
Ratio mance ±20% 1.65 (N2O/MMH) 

Fuel 400 F to 00 2000 F (MMH) Liquid propellants 
Temperature sub cooling at 65°F (UDMH) (no two-phase in-

injected j ec tor flow) 
conditions 

Acid 400 F to 00 650 F (N204) Liquid propellants 
Temperature sub cooling at 65 0 F (IRFNA) (no two-phase in-

injected jector flow) 
conditions 

LOX -2980 F to 00 
Liquid propellants 

Temperature subcooling rlt (no two-phase 
injected injector flow) 
conditions 

Orifice 0.020 to 0.040 0.020- to O.073-in. dia None 
Size 0.040-in.dia 

Orifice ~P 25 to 50 psid 44 to 184 psid None (no local 
(or 15% P ) c (15 to 50% P ) c cavitation) 

Frequency 100 to 3000 Hz 1300 to 2600 Hz Injector description 
range of limited to 8 lumps 
coupling per wavelength for 
problem optimum accuracy 
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It is not recommended that the model be ueed in an attempt to predict such 

things as a preferred mode or the effect of propellant injection temperature 

since these quantities affect both the combustion side as well as the injector 

hydraulics. The combustion-side response is, of course, input like a boundary 

condition in the model in order to calculate the injector response. The effect 

of variabJes on the combustion side response is, therefore, not calculated in 

any manner whatsoever and must be assumed. 

The sensitivity analyses were not successful in establishing generalized in

jector design criteria to preclude hydraulic coupling. This is because of 

the complex interactions which may exist between the constituent portions of 

the injector. The analyses were most informative, however. For injectors in 

which complex interactions are absent, the injector gain can be simply related 

to orifice resistance, orifice inertance, and instability frequency through 

a term called the break frequency which is simply the orifice resistance 

divided by the orifice inertance. The8c. FJ';~T'le reJ.ationships are: 

gain is proportional to, l/R f.'r W "' wb 

gain is proportional to l/Iw for w > lllb 

The presence of large manifold volumes in critical locations may introduce 

complicating mechanisms by acting as Helmholtz resonators in resonance with 

the imposed pressure oscillation. Such action can greatly increase the in

jector gain and nullify completely the simple gain relationships presented 

above. The engine hydraulic stability model can be used to predict the ef

fect of such large manifold volumes and suggest design changes to avoid ad·,· 

verse effects. 

The attainment of additional experimental data with which the model can be 

correlated is deemed to be of most urgent concern. In particular, the at

tainment of data for which such injector parameters as manifold volume, 

ring groove volume, feed passage inertance, and dam location have been var

ied is considered necessary. Such experimental effort would best be conducted 

in conjunction with parametric studies of the experimental variables using 
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the engine hydraulic stability model. Results from the model could then be 

used to help guide the experimental effort. 

Therefore, it is highly recommended that an experimental evaluation of in

jector/combustion-coupled instability be conducted* in conjunction with addi

tional sensitivity analyses and parameter variation studies. Such effort 

would ~nclude the design and fabrication of a versatile injector, testing of 

that injector to determine the most effective means of preventing injector 

hydraulic-coupled instabilities, and attendant analysis and evaluation to 

improve the analytical computer model and develop design criteria and 

recommended procedures. The inj ector should have sufficient flexj.bility 

to permit configurational changes (such as the cap~bility for readily in

stalling or removing ring groove dams, manifold baffles, orifices in injector 

feed passages, resonators, and the inlet configurations) which are predicted 

to substantially effect the oscillatory flm., behavior of the inj ector but, 

nevertheless, be representative of good injector design practice and fabri

cation techniques. 

* Such an effort was originally proposed as Phase II of the Engine Hydraulic 
Stability Contract (NAS9-14801) and is detailed in Ref. 15. 
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APPENDIX A' 

DEVELOPMENT OF GOVERNING E~UATIONS 

FOR LIQUID ROCKET FEED SYSTEMS 

GENERAL FUNDAMENTAL EQUATIONS OF 
CON~INUITY P~D MOMENTill! 

The following discussion relates to the development of the differential 

equations governing viscous fluid flow as applied to the analysis of 

liquid rocket feed system stability. Using tensor notation, the contin

uity equation describing general fluid motion is (Ref. A-I): 

~ -'I- 'I ' (pv) at ~ 
o 

where 

P is density (mass/volume) 

v is the velocity vector (distance/time) -t is time. 

From isentropic relations, for compression and expansion 

ap 2 
-= a 
Clp 

where 

P is pressure (force/area) 

a is the sonic speed of the hydraulic fluid (distance/time). 

(A-I) 

(A-2) 

Thus substituting Eq. (A-2) into Eq. (A-I) will yield a continuity equation 

of 

1 .a!'.. + V • (pv) """2 at ~ 
a 

o 

Again, using tensor notation, and ignoring body forces, the equation 

governing momentum conservation can be written as (Ref. A-I) 

A-I 

(A-3) 



p [ d!. + v . 'i/ v ] = 
dt - -

- 'i/P + h -
where 

h .is the momentum head loss vector due to viscous - surface forces (force/volume) 

Equations (A-3) and (A-4) above are the generalized equations describing 

viscous fluid flow. A few assumptions are introduced to allow the use of 

present mathematical techniques in the solution of the set of equations. 

These assumptions are: 

a. Assume that the system undergoes an initial transient period 

followed by steady state. Thus, only the steady-state solu

tion will be sought. 

b. Assume that the steady~state solution can be characterized 

(A-4) 

as being composed of time average values with small perturbed 

values superimposed on top. This is the perturbation assumption. 

Thus let 

- .., 
p p + P 

v v+~ - - -
p p + P 

and 
- AI h = h + h - - -

where (-) denotes time averaged values 

( N) denotes small perturbed values which 

approximately equal zero. 

Additionally assume that: 

c. The time averaged velocity vector is also small, 

although v is greater than V, and - -
d. That the fluid is incompressible, that is the 

time averaged density, p, is constant. 

A-2 

(A-Sa) 

(A-Sb) 

(A-Sc) 

(A-Sd) 



Assumptions a, b, c, and d above, reduce Equations (A-3) and (A-4) to a 

time averaged steady-state form for continuity 

'il.y = 0 -
and for momentum conservation 

'ilP = h -
and,finally, a perturbed steady-state form for continuity 

,., 
1 ~ + P 'il.~ = 0 
2 at -a 

and for momentc.m conservation 

- a~ ... "" p - = -Ii P + h 
at -

(A-6) 

(A-7) 

(A-B) 

(A-9) 

It should be pointed out that p and a are the only constants in Eqs. (A-6) -

(A-9) and their values are known for most liquids. 

DEVELOPMENT OF THE VISCOUS 
MOMENTUM HEAD LOSS VECTOR 

Until now no attempt has been made to quantify the viscous momentum head 

loss vector, h. The following discussion will begin this development for -
both general multi-dimensional flow and one-dimensional axial flow in pipes. 

General Multi .... dimensional Flow 

It has been shown in Bird (Ref. A-I) that the viscous momentum vector for 

laminar flm., can be represented in tensor form as 

where T is the viscous surface force tensor. 

A-3 

(A-lO) 



The expressions for, as developed in Schlichting (Ref. A-2) for Newtonian 

fluids are: 

, 
xx 

T 
. yy 

dV z 2 
'zz = -2~ ~ + 3 ~ (v.y) 

T 
xy 

T 
yz 

T 
ZX 

, 
yx 

, 
zy 

" = xz 

_~ (dVX + d
Vy\ 

dy dX I. 

(a
v avz) 

_~ -L+_ 
dZ 3y 

( 
dV dV ) 

_~ __ z + ~ 
dX dZ 

where ~ is the dynamic viscosity (mass/time-distance) 

and x, y, and z denote direction 

(A-lla) 

(A-llb) 

(A-Ilc) 

(A-Ild) 

(A-lle) 

(A-llf) 

Using Eq. (A-IO) and assumptions (a), (b), and (c), a steady-state time·

averaged~representation and a steady-state perturbed representation of h 

can be obtained. However, this will not be done here since Eqs. (A-IO) and 

(A-Il) would add too great a complexity in the solution of Eqs. (A-3) and 

(A-4) to be treated in this discussion. 

One-dimensional Axial Flow in a Pipe 

For steady-state incompressible isothermal flow in pipes of constant cross

sectional area, the Fanning or Darcy equation (Ref. A-3) has shown that the 

pressure changes according to 

p 
-4£ .!:. 

D 
L\P -= 

2 (11-12) 
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where 

/ / denotes absolute value 

~p is the pressure change across the length of 
pipe section in the positive axial direction 

f 

D 

L 

v 
x 

is the fanning friction factor 

is the hydraulic diameter 

is the length of pipe section (always positive) 

is the axial fluid velocity in the positive 
x-direction 

The Fanning equation above has been written in such a fashion as to show 

that in the positive x-direction, the pressure will decrease for positive 

axial fluid velocities, and increase for negative axial fluid velocities. 

Using assumptions (a), (b), and (c), it can be shown that Eq. (A-4) will 

be reduced to the one-dimensional non-perturbed form of 

ClP 
-= h 
Clx x (A-l3) 

Since these assumptions state that transient terms can be ignored along 

with the non-linear velocity term, Substituting Eq. (A-12) into Eq. (A-13) 

yields an expression for the momentum head loss of 

-2fp Iv /v 
h = ___ """""x,--_x 

x D 

Now substituting Eqs, (A-Sb), (A-5c) , and (A-Sd) from assumption (b) into 

Eq. (A-14) gives for a time averaged head loss term, 

-2fp /v /v 
h = ______ ~x __ ~x_ 

x D 

A-5 

(A-l4) 

(A-15) 



and for a perturbed head loss term, 

N ~4fp Iv Iv h = ___ -.-;.;x~=x 
x D (A-16) 

Finally, using Eq. (A-IS), the one-dimensional representation of Eq. (A-7) , 

and remembering that ~p is opposite in sign from v will show that the 
x 

perturbed head loss term can also be expressed as, 

IOJ 

h 
x 

= -21~pl 
Llv I 

x 

I'OJ 
V 

X 

BOUNDARY CONDITIONS FOR 
FUNDAMENTAL EQUATION 

(A-17) 

This discussion relates to the boundary equations needed to solve Eqs. (A-6) 

through (A-9). The spatial flow parameters of pressure and velocity on a 

boundary can be characterized as consisting of the sum of two functions; 

one time dependent, the other time independent. Mathematically, this can 

be represented as 

where 

is the pressure or velocity boundary condition 
at a surface 

BBC(x,y,z) is some time independent function 

BBc(x,y,z,t) is sorre time dependent function 

(A-18) 

No boundary conditions are needed for the viscous momentum head loss vector, 

h, since it is a function of velocity (see Eqs. (A-IO), (A-II), and (A-14). 

Then from Eq. (A-18) the time averaged boundary conditions used in Eqs, (A-6) 

and (A-7) can be expressed as 

(A-l9) 

A-6 



and the perturbated boundary condition used in Eqs. (A-8) and (A-9) can 

be written as 

BBc (x,y, z, t) 

Finally, since assumption (a) states that the solution is a steady-state 

representation, the initial conditions given for Eqs. (A-8) and (A-9) at 

t = 0 can be taken as equal to zero, Mathematically this is expressed as 

where 

AI 

B (t = 0) = 0 Ic 

N 

B
Ic 

is the perturbed pressure or velocity initial condition 

The importance of feed-system stability lies in the development of the 

perturbed steady-state equations. Therefore, continued development of the 

general time average steady-state equations, Eq. (A-6), (A-7), and (A-19), 

will be dismissed from further discussion. 

MULTI-DIMENSIONAL INVISCID PERTtffiBED FLOW 
(THE WAVE EQUATION) 

In the previous sections, a complete multi-dimensional perturbed flo~'7 re

presentation can be given by Eqs. (A-8) and (A-9), and the perturbated 

description of Eqs. (A-lO) and (A-II). However, as was stated before, 

(A-20) 

(A-21) 

Eqs. (A-IO) and (A-Il) will add too great a complexity to the solution of 

Eqs. (A-8) and (A-9). Therefore, in the case of general multi-dimensional 

fluid flow, assume that any viscous effects are negligible on the perturbed 

flow, i.e., 

N 
h~O -

Then, using Eq. (A-22), it can be shown that Eqs. (A-8) and (A-9) can be 

combined to yield, 

I ,,2"'p 2 
o 'i/ p 

a 2 ~= 

A-7 

(A-22) 

(A-23) 

" I 

i 
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and that Eq. (A-9) alone reduces to 

_ a.5L N 

PTt= -VP (A-24) 

Equation (A-23) above is a partial differential equation more commonly known 

as the "wave equation". It can be solved by the method of separation of 

variables, or by the use of Green's function. Once the solution to Eq.(A-23) 

is known, the time history of the perturbed velocity can be found directly 

from Eq. (A-24). 

ONE-DINENSIONAL VISCOUS PERTURBED FLOW 
IV 

The perturbed one-dimensional axial flow momentum head loss vector, hx' 

given by Eqs. (A-16) or (A-l7) is of simple enough form that viscous effects 

can easily be included in one-dimensional flow representations. Expressing 

Eq. (A-8) in one-dimensional form yields for continuity 

IV av 
1 ap + - x 0 

2' at Pax= 
a 

By substituting Eq. (A-l7) into Eq. (A-9) , the one-dimensional momentum 

equation becomes 

N 
V 

X 

A-8 

(A-25) 

(A-26) 
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INTRODUCTION 

APPENDIX B 

CLASSICAL CHAMBER ACOUSTICS 

OF CYLINDRICAL COMBUSTORS 

When studying liquid rocket feed system dynamics it is necessary to know 

the pressure profile at the injector face. This pressure profile is needed 

for use as a boundary condition on the hydrodynamic feed system differential 

equations. To know how the pressure profile varies across the injector face, 

means that the dynamics of the combustion cht!llber itself needs to be known. 

This by no means is an easy task since in marty cases the dynamics of the 

combust jon chamber are coupled with the dynamics of the feed system. But 

assuming that the combustion chamber and feed system are not dynamically 

coupled, a first approximation to the pressure profile on the injector face 

may be found. The discussion which nmv follows is the simplified or classical 

development of cylindrical combustion chamber acoustics. It will begin by 

first defining a chamber geometry and coordinate system. Once this is done, 

simplifying assumptions for the analytical derivation will be listed with 

the mathematical solution following. 

GEOMETRY 

As stated previously, the geometry of the combustion chamber is cylindrical 

with'the spatial coordinates placed as shown in Fig. B-1. Every location 

within the combustor can be described by its radial direction (r), its tan

gential direction (8), and its axial direction (x). The injector face is 

located at x = 0, and the radius of the combustor is given by 

B-1 

r . 
w 



(radius of combustor) 

'.,:;:;. ---. 

r-------------------------~~ X 

o 

Figure B-1. Combustor Geometry 

ANALYTICAL DEVELOPMENT 

Before the equation governing fluid flow within the combustor is written, 

it is best to first list the assumptions which go into its formulation. 

These assumptions are given as follows: 

and 

a. Assume that the system reaches steady-state, so that only a 

steady-state solution will be sought. 

b. Assume that this steady-state solution is a perturbed solution 

such that it is composed of small oscillatory perturbations of 

pressure, density, velocity, etc., superimposed on top of their 

time-averaged steady-state values. 

c. The time-averaged steady-state velocity is small. 

d. The fluid is considered incompressible. That is the time

averaged density is constant. 

e, The fluid flow is inviscid. 

f. The flow is homogeneously non-reacting. That is, the reaction 

kinetics are infinitely fast such that the reaction takes place 

and is completed at one axial, z location. This axial location 

will be considered at the injector face (x = 0). 

g. G~adients in the axial direction are negligible. 

B .... 2 



Using assumptions (a) - (g), the continuity and momentum equations can be 

combined to yield a partial differential equation for the perturbed chamber 

pressure. This equation is developed in Chapter A and given by Eq. (A-23) 

as 

~lhere ... 
p 

a 
c 

t 

') N 
a~ p 
~+ 
or 

1 of 1 a2 p 
r ~ + 2" ~ 

o r as 

perturbed pressure (force/area) 

sonic speed of the gases in the combustion chamber 
(distance/time) 

time 

r,S = spatial coordinates 

(B-.l) 

The solution to Eq. (B-1) is edsily obtained when the functional form of the 

dependent variable can be represented as a product solution of the independent 

variables. 

It has been shown experimentally that t~'lO types of pressure waves exist in 

the tangential (e) direction of cylindrical combustors. They are standing 

tangential ~.,aves and spinning tangential waves. Figure B-2 belQ1'l graphically 

shows the difference between the t~!O; for a given radial location and one 

period wave (the first tangential). 

t 

Figure B-2a shows that a standing wave is characterized by spatial osc:llatory 

pressure nodes and anti-nodes, much like a vibrating string. However, Fig. B-2b 

clearly shows that spinning waves have no such spatial nodes. All 8 locations 

experience the full amplitude of the tangential wave. It is because of this 

difference that Eq. (B-1) will need to be solved for both these modes. 

THE STANDING TANGENTIAL t~AVE 

For the standing tangential wave it will be assumed that the solution to 

Eq. (B-1) can be represented as 

P = R(r) 0(e) T(t) 

B-3 

(B-2) 
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amp 
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'" p 
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P 

2n o (I n rad I ans) 

a) The Standing Tangential Wave 

N 

P 

radians) 

b) The Spinning Tangential Wave 

Figure B-2. The J:i'irst Tangential Standing and Spinning ,.,rave -(at a given radial location with amplitude, P ) 
amp 
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where R is some function in r 

8 is some function in e 
T is some function in t 

Further, Fig. C-2a shows that the functional form of T can be given as 

T = sin wt 

~here 

w angular frequency of oscillations (radians/time) 

Substituting Eqs. (B-2) and (B-3) into Eq. (C-l) will yield 

2 d 2R 
+ 

dR [w2 r2 _ m2 ] R = 0 r 
dr2 

r- + -dr 2 a 
c 

and 

d
2e 2 

0 ') + m 8 
de'-

where m = separation constant. 

Solving Eqs. (B-4a) and (B-4b) will then yield a solution to Eq. (B-2) of 

where 

[c3 cos me + c4 sin me ] sin wt 

J = Bessel function of the first kind, order m 
m 

Y Bessel function of the second kind, order m 
m 

cl ' c 2' c3 ' c4 = arbitrary constants 

(B-4a) 

(B-4b) 

(B-S) 

The boundary conditions of a standing wave which are needed to solve for the con

stants in Eq. (B-S) are 

B-3 



J 

... 
Per = 0) = finite (B-6) 

IV 

ap 
0 ar (B-7) 

r = r w 

- 0) 
N 

(e 2'1T) pee = P (B-8) 

and 
N 

Ie 

N 

ap 
ap I 0 = ae 0 ae e 2'1T = = 

(B-9) 

Applying Eqs. (B-6) and (B-9) to £q. (B-S) shows that the constants c 2 and c
4 

equal zero. 

that 

For Eq. (B-8) to hold, the constant "m" must be an integer, so 

m = 0, 1, 2, 3, • . • • •• (B-10) 

Finally, applying Eq. (B-7) to Eq. (B-S) will show that the system must oscil

late at discrete frequencies such that 

dr 

where 

r = r w 

= 0 (B-lla) 

n 1, 2, 3, • • • • . (B-llb) 

Table B-1 below shows some of the solutions to Eq. (B-ll), giving the eigen

values of w m,n for the various transverse modes. Fig. B-3 then graphs out the 

Bessel function, Jm, versus 

and second tangentials, and 

the non-dimensional radius, (r/r ), for the first w 
the first radial acoustic modes. 
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TABLE B-1. TRANSVERSE ACOUSTIC MODES 

m n (wm~: rw) Transverse Mode 

1 1 1.8413 First tangential 

2 1 3.0543 Second tangential 

0 2 3.8317 First radial 

3 1 4.2012 Third tangential 

0 3 7.0156 Second radial 

1 2 5.3313 Comb ined firs t tangential and 
first radial 

1 3 8.5263 Combined first tangential and 
second radial 

2 2 6.7060 Combined second tangential and 
first radial 

Thus, in light of the previous discussion, Eq. (B-5) finally reduces to 

-P m,n 
(B-12) 

N 

Where P
rad 

= c l c
3 

(the amplitude of the first radial mode at r = 0). 

Equation (B-12) shows the ~omplete functional form of all the oscillatory modes 

associated with standing tangential waves. The actual oscillatory pressure for 

a given "r", "6", and "t" is made up of the sum of the contributing pressures 

of each mode so that 

00 

N 

P LL 
m=O n-l 

N 

P 
m,n (B-13) 
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1.0 

F Firs t Rad I a I (m = O. n = 2) 

.9 

.8 

,7 

.6 (m = 1 • n = 1) 
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,--... .3 
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3
i /u 
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,2 
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E -, 
, J 
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.... J 
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-.3 

""',4 
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0 • J .2 .3 .4 .5 .6 .7 .8 .9 1.0 

r -
rw 

Figure B-3. Bessel Functions for the First Three Acoustic 
Nodes Plotted Versus Non-Dimensional Radius 
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THE SPINNING TANGENTIAL l-lAVE 

For the spinning tangential wave it will be assumed that the solution to 

Eq. (B-1) can be represented as 

~ 

P R(r) F(e,t) 

where F is some function in e and t. 

Further, Fig. B-2b shows that the functional form of F is given by 

F sl.n (CI!t + me) 

Substituting Eqs. (B-14) and (B-1S) into Eq; (B-1) will yield 

, 

m21 2 d2 
R + r dr + I :> r2 - R = O. r 

dr2 dr 

(B-14) 

(13-15) 

(B-4a) 

This is the same result for the radially dependent function that was obtained 

for the standing wave. Thus the solution to Eq. (B-14) is simply 

N 

P (R-16) 

The boundary conditions of a spinning wave are the same as those for standing 

waves (Eqs. B-6) - (B-8», w·ith the exception being that Eq. (B-9) is given 

only as 

ali'I ae e 

Therefore once again c2 equals zero, "m~~ is given by Eq. (B-10), and the 

system will oscillate at the same frequencies given by Eq. (B-11). 

Thus for a cylindrical combustor with spinning tangential waves the 

oscillatory pressure is given by 

B-9 

(B-17) 



N 

P m,n 

N 

where here Prad = cl (again the amplitude of the first 

radial mode at :r:: = 0). 

As is easily seen, the only difference between Eq. (B-12) for standing 

waves and Eq. (B-18) for spinning waves is in replacing I'COS mS sin wt" 

(B-18) 

by "sin (wt + mS)". Therefore Table B-1 and Fig. B-3, which were generated 

from the radial function only. will still apply to both standing as well 

as spinning waves. 
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APPENDIX C 

COMPUTER HODEL 

DOCUMENTATION OF AEROJET 

OME TECHNOLOGY INJECTOR 

FUEL SYSTEM FREQUENCY RESPONSE 
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,.--- Number of Dependent Pressure Nodes 

Number of Input Pressures 

Number of Flows per Pressure Node 

Flows for Pressure Node 1 

_~ F1=s for Pressure Node , 

5? ~ 
-~ 13 -4 -18] 

4 -5 -1 Q 5 -6 -20 --6----..:,'1 "-·-2 i .... --.-... -----... 1---.:.8 .. ·· -22 

e -9 -23 1 9' -10 -24 
10 -11 -25 11 -12 -26 
12 -13 -21 13 -14 -28 
14 -15 -2~ 15 -16 -30 
16 -2 -31 11 32 -33 
"'llf --·--33"-·'-"':'34"---::-4-1 ~.--"-- ... '- -_ ... - 19 34 -35 -48 
20 35 -36 71 36 -31 
22 31_ ... -38 23 38 -3q 
i4 39 -40 -50 25 40 -41 

-4q 

26 41 -42 21 42 -43 
23 4'3 -44 -51 29 44 -45 ·-jci---45··----46-------------··--·j-i--·4i,-- - -32 

_~52 - .... '--" 

48 -53 -56 -75 -31 -81 56 -57 -54 -93 -99 
51 -55 -105 -111 -111 41 53 -58 -74 -80 -Sf> 
58 . 54 . -59" -92 -90 59 55 -104 -110 -115 
50 -60 -6, -77 -83 -89 63 -61 -64 -95 -101 
64 -62 -107 -113 -ll~ .. ___ ._ 4.~_ ... _ 60 . -65 
61----6·5--":.::66- '-'-94 -100 62 66' -106 

-16 -82 -88 
-Ill' -118 

52 -61 -70 -19 -85 -Ql 70 -68 -71 -91 -103 
11 -69 -10Q -115 -121 51 61 -72 -78 -84 -<)0 
68 72 -13~96 -102 69 13 -108 -114. -120 

122 -123 -173 74 123 -124 -114 
15 124 -125 _ -=:!.'?_?. .. __ . __ .. _ .. ___ ._... 125 -126 -116 

126"-:'121--:'177 76 127 -128 -118 
77 128 -12q -179 129 -130 -180 

130 -131 -181 78 131 -132 -182 
79 132 -133 -183 133 -122 -184 

134 -135 -185 80 81 135 -136 -186 
13t- -137 ··un ~ . _ ........ __ 137 :-1313 .-188 

82 83 13~ -139 -199 139 -140 -190 
140 -141 -lQ1 84 85 141 -142 -192 
142 -134 -193 143 -144 -194 

Figure C-l. Data Deck for Aerojet Injector Fuel Side 
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. 

-. 

86 87 144 -145 -195 14'5 -146 -196 
146 -147 -197 88 147 89 -148 -198 
14f' -1'.9 -199 149 -1~0 -200 

"--f5l ----:?O 1 '.--- ~ -... ~-.. 
151 -143 -202 90 en 150 

97 152 -153 -203 93 153 -154 -204 
j 94 154 -155 -205 95 155 -156 -206 

96 156 -157 -707 97 157 -152 -208 
98 158 -159 -20 9 99 159 -160 - -210 

; 100 160 -161 -211 101 161 -162_ -212 
102 162 -163 -213 103 163 -158 -214 

- ,0< • -i04--'-105 -. 164 -165--::2 i 5 --- -.---~. 

106 un 165 -166 -716 
108 109 166 -164 -217 110 111 161 -163 -218 
ll? 113 168 -169 -219 114 115 169 -167 -220 

.116 117 170 -171 -221 118 119 171 -172 -222 
'120 121 112 -170 -223 

~Fl0WS Terminating in In~ut Pressures 

1 -173 -174 -175 -176 -177 -178 -179 __ ~180 . :-lEH · .. T8~::i 8!'---=YS6-::YS 'i--':lifs -=i 3~ --::'19 ri'-'--191 -192 -I Q 3 
-196 -197 -198 -199 -200 '-201 -202 -203 -204 -205 
-708 -209 -210 -211 -212 -213 ~214 -215 -216 -217 
-:?20 -221 -222 -223 

__ ------: _~ (One Frequency at' 2600 Hz) 

It 2~OOY 
1 1'1' Morlp) 2 1 (Spinning) 

~. 3.~3e 315. 3.e33 345. 
15. 3.838 45. 3.838 15. 
105. ___ ._. __ .. 3.838 135. 3.838 165. 
195.- 3.838 225. 3.838 255. 
285. 3.312 320. 3.312 O. 
~O .: ____ .....;:.3..::;... 3~.L _______ .!}O! ... ______ ? 312 _._ .. _120. _____ .. 
)60. 3.312 200. 3.312 240. 
280. 2.188 320. 2.738 O. 
40. 2.788 80. 2.788 120. 
160. 2.789 200. 2.788 240. 
280. 2.262 330. 2.262 30. 
90. 2.762 150. 2.762 210 ... __ . ___ _ 
270. i: 73·8-·-·---330~"------1·. 738-··-----30. 
~O. 1.738 150. 1.733 210. 

Angle and Radius for Each Chamber Pressure Input 

Figure C-l. (Continued) 
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-182 
-194 
-206 
-218 

3.838 
3.838 
3.838 
3.838 
3.312 
3.312 
3.312 
2.788 
2.788 
2.788 
2.262 
2.762 
1.738 
1.738 

-183 
-195 
-207 
-219 



;;,.j 

270. 1.212 O. 1.212 
240. .688 O. .688 
2'40. .162 O. .162 

.740. ___ .. _._ ... __ .... __ ... ____ . ____ . _________ . __ . _____ ... 
0.0 
0.0 

120. 
120. 
120. 

1.212 
.688 
.162 

t01 R=16*O.,15*23.3,lS*O •• 6*2.02,21*O •• 6*.?23,6*.287;6*.354,6*.5, 
6*.761,6*1.33,6*7.,t*41.7,0.O,3*O.0,O.O,3*O.0,0.0,3*0.0, 
0.0.2*0.,0.0,2*0.,0.0,2*0.,0.0,?*0.,0.0,2*0., 
~.O,2*O.,O.O,O.,o.~,n •• n.o,9·,0.0,0~,o.0,n.,- _ 

-- 0 ;O~ 0.0, 3*0 ~O, 6*0.0,12 *1294 .,9 *'3'39. , 9*b63. ,6 *534.,6*648. , 
3*474.,3*8a3.,3*~4:'8., 
Z;16*.C04604,15*.C44C7,15*.03732, _ 
6*.006545,.008757,.005913,.002841,.005693,.009231,.095693,.OC9231 • 
• 008757 •• 005913,.007e41 •• 0C56Q3,.009231,.OC5603,.009?31,.008757, 
.OC5913,.002841,.005693,.OOq2~1,.0056Q3,.C09231,6*.C06959,6*.005274, 
6*.0067GB,6*.009161,6*.CI342.6*.02233,6*.06481,6*.2637,1~*.174~, 
~*.1255,9*.1202,6*.1735,6*.173?,3*.3447,~*.21,3*.07531,12*.03307, 
9*.01429,9*.016S4,6*.013~7.6*.0165'),3*.OI20Q,3*.02245, 3*.Ob286, 

V=15.2.756,.1313,?*.2383,3*.1913,2*.2383,3*.IS13,2*.2383,2*.1613,1.195, 
.5272, .1576, 1 • 195, .527 2, • 1576, :1.1 q 5, .5272, • I 576,1. 1 Q 5, .5272, .1576, 
1.195,.5272,.1576,1.195,.5272,.1576,.06416,.0642,.0642,.06416, 

_ .• 064.:16 ,2~. 0642 ,2 *..06416, 2oe.. 064?, .06416 ,2'~. 1192, • 1192 ,2*. 1192, • 1192, 
2*.1192 •• 1J92,2*.03Q4 •• C994,2*.0894,.0894,2*.0894,.0894,.09369, 
.0937,.09369,.0937,.09369,.OQ37 •• 057?4,.0~72,.05724,.0572,.05724, 
.0572,3*.1172,3*.064 14,3*.07.318, 
C;Q9*47B80, &END . 

17.19 125./--Hainst<!Be Flowrate and Chamber Pressure 
f' 1 

-- --4c1----6-1---'70---7q----'!35 .- 91--- 94·' 97 2 ·14 23 32 

38 44 47 50 173 185 194 203 209 215 218 221 
122 134 143_ 152 158 164 167 170 12 9 9 6 

6 , 3 3 
~ERnJE T CME INJECTOR "-Data for Plot Setup 
FUEL SlOt, NO Rl"JG DAMS, lHiP=230 F ________ . _. __ _ 
SPINNING FIRST TANGU-lTIAC-~r.rlE-· 

, ~Input for Labeling Plots and Printed Output 

Figure C-l. (Continued) 
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REAL INPUT MATRIX AMPLITUDES - PSI 
0.0 1.0711E-Ol ~.6593f-Ol 9.6593E-01 1.0111E-01 2.5082E-Ol 

-2.5882E-01 -7.0711~-01 -9.6593E-Ol -9.6593E-Ol -1.07IlE-01 -2.58B2E-Ol 
Z.58f12F-01 1.51'.0~-01 9.8089E-01 7.5140f-Ol 1.7033E-Ol -' •• 9044c-OI 

-q~2173E-01 ":"9. 2173E-Ol ~-4.QO/i4E-Ol-·T.1033E-Ol-· 6. 964'tE-01 ·9.09HE-Ol 
6.9644E-Ol 1.5787E-01 -4.5457E-Ol -8.5432E-Ol -8.5432E-Ol -4.5457f-Ol 
1.5787E-Ol 6.B675F.-Ol 6.8675E-01 0.0 -6.~675E-Ol -6.0675E-Ol 
0.0 5.5607.E-01 5.56C2F-01 0.0 -5.5602E-01 -5.5602E-Ol 
0.0 4.6390E-01 -2.3195E-Ol -2.3195E-Ol 2.6867E-r\ -1.3~34E-Ol 

-1.3434F-Ol 6.3622f-02 - 3. Iflllf-02 -3.1811 E-02 

IMAGINARY INPUT ,I.\ATRIX AIoIPLIlUDES - PSI 
0.0 -7.0711E-Ol -2.5882E-Ol 2.5882~-Ol 
9.6593F-Ol 7.0711E-Ol 2.5882E-Ol -2.5882E-Ol 

-9.6591E-Ol -6.3050E-Ol 0.0 6.3050E-Ol 
3.3548E-Ol -3.3548E-Ol ~8.4947E-Ol -9.6599E-Ol 
5.8439E-Ol 8.9533E-Ol 7.8734E-Ol 3.1095E-Ol 

-8.9533E-Ol -3. 9650E- 01 3.9650F-Ol -7. 92CJ'IE-Ol 
-1.9299F-Ol -3.21021:-01 3.2102E-Ol 6.420'IE-Ol 
-6.4204E-Ol 0.0 4.0l75E-OI -4.0115E-Ol 
-2.3268E-OI0.0 5.5098E-02 -5.5098E-02 

7.071 1 f.-O 1 
-1. 0711 E-O 1 

9.6599F-Ol 
-5.8439 E-Ol 
-3.1095E-Ol 

3.9650E-Ol 
3.2102E-Ol 
0.0 

9.6593f-Ol 
-9.6593E-Ol 

tl.4947E-Ol 
0.0 

- 7.873 4 f- 01 
-3.9650 E-O 1 
-3.2102E-Ol 

2.3268E-Ol 

Figure C-2. Real and Imaginary Input Matrix Amplitudes 
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FLOW 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
lR 
19 
20 
21 
22 
23 
24 
25 
26 
21 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 

IJPSTRFflM OO!.JNS TRE AM RESISTANCE I'lPPTANCF AMPLITUDE PI-AS F 
PRESSURE PRESSURE SEC /IN SO SEC SQ/IN SO LO/ SEC! PS I OE-GREES 

PIN! 1 I P! 8) 0.0 4.604E-03 1.021E-03 130.7 
P (15) PI 11 .-.... 0.0 4.60'tE-03 1.891E-03 :i4.6 
PI 1) PI 21 0.0 4.604E-03 2.694f-03 70.8 
PI 21 PI 3 ) 0.0 4.604£:-03 ·2. /t47E-03 342.0 
PI 3 ) P ( 4) 0.0 

... 
4.604E-03 2.315E-03 295.9 

PI 4) PI 5) 0.0 4.604E-03 1.1313f.-03 251.8 
PI 5) PI 6) 0.0 4.604E~03 l.bODE-03 1£i6.0 
PI 6) PI 7) 0.0 't.60'tE-03 2.128E-03 131.3 
PI 1) PI 8) 0.0 4.604f-03 2.575E-03 85.6 
PI 8) PI 91 0.0 4.604F-03 3.216E-03 71.6 
PI 9) PliO ) O~O 4.60'tE ... 03 1.689E-03 40.1 
P 1101 PIll I 0.0 4.604E-03 1 .'t68 E-O 3 290.1 
PO 1) PI 12) 0.0 4.604[-03 2.97'tf-03 253.3 
PI 12 ) P ( L3) 0.0 4.60'.E-03 3.109E-03 225.9 
PI L31 Pl141 0.0 4.604E-03 2.466E-03 192.6 
PI 14) P'L51 0.0 4.604E-03 I.3't6E-03 136.6 
PI 11 PI 16) 2.330E+Ol 4.401E-Q? 5.287E-04 43.9 
PI ?) PI 17) 2.33CF.+Ol 4.407E-02 I.100E-03 59.5 
P ( 3 ) PI 18) 2.330E+Ol 4.401E-02 1.055E-0) 70.5 
PI 4) PI L 9 ) 2.3301:+01 4.407E-02 4.980E-04 85.6 
PI 5) P(20) 2.3301:+01 't.407E-02 3.442E-04 123.9 
PI 6) P (211 2.330[+01 4.'.01E-02 5.234E-04 161.2 
PI 1) PI22l 2.33CF+01 4.407[-02 1.111E-03 177. Z 
PI 8 ) P(23) 2.330E+01 4.407E-02 1.114E-03 187.9 
P: 9) P(24) 2.330F+Ol 4.407E-02 S.250E-04 204.6 
PlIO) P(25) 2.330E+Ol - 4.407E-02 3.695E-04 246.2 
PI III P(Z61 2.330[=+01 4.40-/[=-02 5.624E-04 2B3.6 
PI 12) P (271 2.330[+01 4.407E-02 1.161E-03 29<).6 
P ( 13 ) P (28) 2~ 330E +01 4.407E-02 1.099E-03 312.3 
P ( ltt! P(29) 2.330E+01 4.407E-02 S .19'1 E-04 328.4 
P ( 151 PI 30) 2.330E+01 4.401E-02 3. S11E-Oft 7.2 
P130} P ( 16) 0.0 . 3.782E-02 5.885E-04 72.5 
P(16) P (17) 0.0 3.182E-02 9.511E-04 55.8 
PI 11) PI 18) 0.0 3.1!l2E-02 5.422F-05 126.0 
PI 18) P (l91 0.0 3.782(;-02 8.6 24E-0 It 252.3 
P (lq) P(20) 0.0 3.782E-02 5.644E-04 232.3 
P(20) P( 211 0.0 3.782E-02 5.702E-04 19' .. 7 
P (21) P(22) 0.0 3.732[-02 8.951E-04 174.6 
P(22) P(23) 0.0 3.782E-02 7.451E-05 72.1 
P(23) Pl241 0.0 3.782E-02 8.933E-04 11.6 
P(24) pelS. 0.0 3.782E-02 S.354E-04 350.0 

:Figure C-3. Input and Output Data for Flowrates 
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42 P(25) P(26) 0.0 3.78;?E-02 5.687f-04 312.2 
43 P(26) P(27) 0.0 3.782E-02 9. Cl/t 3 E-O It 293.5 
44 P(27) P(2S) 0.0 3.782E-U2 7.8S8E-05 217.9 
45 P(28) P(2!}} 0.0 3.782E-O:? 8.456f-04 131. 1 
46 P(29) P(30) 0.0 3.782E-llt 5.284E-04 113.4 
47 Pfl7J P(34) 2.02CE+OO 6.545f-03 1.492E-03 57.5 
48 P (18) P (311 . 2.020E+00 6. 545f-v'3 l.352F-J3 73.0 
49 P(2?) P(40) 2.02CE+00 6.S45F-03 1.462F-03 115.5 
50 P(2'3) P ( 371 2.020E+uO 6.:545E-03 1. .416£-03 193.7 
51 P(27) P ( 46 r ' .. 2.02CE.00 6.545E-0] 1.580E-03 296.6 
52 P(28) P(43) 2.020F+00 6.545E-03 1.392E-03 316. 1 
53 P ( 31 ) P!34 ) 0.0 8.157f-03 i.444E-04 42.0 
54 P(32) P (35) 0.0 5.913E-03 5.673E-04 30.5 
55 P(33) P (36) 0.0 2.8411:-03 1.472E-04 30.5 
56 P( 3 L ) P(32) 0.0 5.6931"-03 1.073E-03 255.3 
57 P(32) P(33) 0.0 9.231f-03 5.059£:-04 273.0 
58 P(34) P(35) 0.0 5.693E-03 8.907E-0', 274.5 
59 P(35) P(36) 0.0 9.231E-03 ~ .• lllE-04 2',9.6 
60 P(37) P(40) 0.0 ·8.757E-03 1.566[-04 168.7 
61 P(3S) P (41) 0.0 5.913E-03 5.700t:;-04 151.5 
62 P(39) P(42) 0.0 2.84LE-03 i.479E-04 151.5 
63 -P (37) .- _ .. P (38) .-- O.0.----· ... ·-·-S.693E-03· 1.067F-0 3 15.6 
64 P{381 P (39) 0.0 9.231E-03 5.061E-u4 33.1 
65 P(40) P (4Ll 0.0 5.693,E-03 9.081E-0't 35.1 
66 P (411 P(42) 0.0 9.231E-03 7.157E-04 10.0 
67 P( 43) P(46) 0.0 8.757E-03 1.282E-04 288.7 
68 P(44) P ( 47) /).0 5~913E-03 5.576E-04 271.0 
69 PI4S) , P (48) · .. ···--0.0 2.841E-03 1.447E-04 271.0 
70 P (43) P (lt4) OeO 5.693f-03 1.044E-03 135.5 
71 P(44) P(45) 0.0 9.23lE-03 5.012E-04 153.8 
72 P(46) P (47) 0.0 ' 5.693E-03 8.671(-04 156.9 
73 P (47) P (48) 0.0 9.231E-03 7.016E-04 130.5 
74 P(34) PISO) 2.230E-Ol 6.959E-0'3 8.317E-05 312.8 
15 P ( 31 ) PC 5U' ----- - 2. 230F-01" . . 6.959E-03 5.770E-O'. 212.4 
76 P(40) P(54) 2.230E-01 6.959E-03 8.779E-05 74.4 
77 P(37 ) P(55) 2.230[-01 6.959E-03 5.748E-04 332.6 
18 P(46) P(5B) 2.230E-Ol 6.959E-03 8.271E-05 201.4 
79 P(43) P(59) Z.230F-OL 6.959E-03 5.686F-04 92.1 
80 P (34) P(62) 2.870E-Ol 5.274E-03 5.178E-04 21!:!.4 
81 P(31) P(62) '2.8 7 01:'-01 5.274F-03 2.7')lC-04 215. '2 
82 P(40) P(65) 2.870E-01 5. ;?HE-(l3 5.231E-0/t !40.6 
83 P f 371 P(65) 2.870E'-01 5. 274E-03 2.691E-04 332.5 
84 P(46) P(6S) 2.870E-Ol 5. 274F.-03 4.898E-04 99.6 

Figure C-3. (Continued) 
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85 P(431 P (68) 2.670[-01 5.27'tE-03 2.818E-04 92.6 
86 P(34) P (71) 3.54CF.-Ol 6.788F.-03 4.828t=-04 225.5 
87 P (31) PI71 I "'I. 5'tOr:-() 1 6.188f-03 2.9"11E-04 221.6 
88 P (ttO I P(74) 3.540E-01 6.788f-03 4.Bg3E-04 .3'/7.3 
89 P(371 1'(14) 3. 540E -01 6.788f-03 2.875(=-04 3'.6.1 
90 1'(46) PI71 ) 3.540E-Ol 6.188F-03 4.608E-04 106.9 
91 P(43) P (11) 3. 540E -01 6.788E-03 2.955f.-04 105.8 
9? P ( 35) P(79) 5.0001:-01 9.16lf-03 4.932f-04 27i1.6 
93 P(32) PIBO) 5.0COE-Ol 9.161E-03 - 1.358 F.-O 3 232.4 
94 P(41) P' 8 1) 5.0eOE-ot 9.161F-03 4.91<?E-04 38.9 
95 PI381 PI B2) 5.0eOE-01 9.161F-03 1.359E-03 352.7 
96 P(47) PIB3) 5.0 OCE -01 9.161E-03 4.B69E-O/, 160.5 
91 P (44) P(B4) 5.000=-01 9.161f-03 1.341E-03 112.1 
98 P05 ) PIB5) 7.61 CF.- 01 1.342E-02 6.3B3E-04 274.5 
99 1'132 ) P(86) 7.61CE-01 1.342f-02 1.0631:--03 237.4 

100 P 141 ) P(87) 7.610E-Ol 1.342f-02 ·6.424E-04 34.7 
101 PI381 P(88) 7.61CE-Ol 1.3'/2E-02 1.065f-0 3 357.7 
102 P(47) P(89) 7.610E-Ol 1.342E-02 6.336 [-04 155.7 
103 P 144 I P(90) 7.610E-01 1.3'.2E-02 1.050E-03 117. A 
104 P(36) P 191) 1.330F.+OO 2.233f-02 4.631E-0', 255.9 
105 P(33) PI911 1.330E+00 2.233E-02 4.501E-04 257.6 
106 1'(42) 1'(92) . 1.330F+00 2.233E-02 4.648E-04 16.3 
107 P(39) P(92) 1.330E+00 2.233E-02 4.516E-04 11.9 
lOB PI 'tB I PI(3) 1.330E+00 2.233[-02 4.579[-04 136.9 
109 P(45) P(93) 1.330E+00 2.233E-02 4 .452!:- 04 138. C 
110 P(36) P(94) 7.0CCE+00 6.481E-02 3.321[-04 250.0 
111 P(33) P(94) 7 .OOOF +00 6.'tB1F-02 3.271F-04 250.1 
112 P(42) 1'1(5) 7.000E+00 6.481f-02 3.336E-04 10.1 
lL3 P(39) P(95) 7.000F+00 6.481E-02 3.286F-04 10.8 
114 P ('t8) ? (96) 7.000F:+00 6.481f-02 3.304E-04 130.7 
115 Pl /t5) 1'196; 7.0COE+00 6.481 [-02 3.2.55E-04 131.4 
116 P136~ P(97) 4.170E+01 2.637E-01 1.650E-04 240.1 
117 p (31) P1(7) 4.170F+Ol 2.6371:·-01 1.637E-04 240.4 
118 PI421 P(98) 4.l70E+01 2.637F-Ol 1.6~OE-04 . 0.1 
119 P (39) P(98) 4.1 70E+ 01 2.637E-Ol 1.646E-04 0.4 
120 P(48) P(99) 't.170E+01 2.637E-Ol 1.648E-O/, 120.7 
121 P(45) P(99) '/.170E+01 2.637F-Ol 1.635E-0'. 120.9 
122 P(60) P(49) 0.0 1.742E-01 1.759E-04 96.7 
123 P(l,9) P (50) 0.0 L.742E-Ol 1.348E-04 L4 I .0 
124 PISO) P lSI) 0.0 ~~ .. - ------ 1.742E-01 3.081E-05 20B.5 
125. PI511 P15?1 0.0 1.142E-0 l. 3.396[-04 193.1 
126 P(52) P(53) 0.0 1.742E-Ol 1.766f.-04 216.3 r 
121 PIS3) P(54) 0.0 1.742E-01 1.360E-04 260.7 

Figure C-3. (Continued) 
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128 P(54) p (55) 0.0 1.742E-Ol 3.126F-05 330.2 
129 P(S51 P(56) 0.0 1.74?E-Ol 3.396(-04 313.3 
130 PI561 P(57) 0.0 1.742E-Ol 1.7731:-0', 336.7 
131 P1571 P(5S) 0.0 1.742E.=-01 1.373E-0', 22.1 
132 r(58) PI 59) 0.0 1.7',2E-Ol 3.001E-05 89.6 
133 P(59) PloO) 0.0 1.742E-01 3.362 E-04 73.3 
134 P(6Q) P (61) 0.0 - 1. 255E-Ol 2.800E-04 109.1 
135 P (611 P(62) 0.0 1.255F-01 1.714E-04 142,,2 
136 P(62) P(6)) 0.0 1.255E-Ol 4.825E-04 189.'/~ 

137 P(63) P ( 6't) 0.0 1. 255E-Ol . 2.801E-0', 22fl.7 
138 P (6'd P(651 0.0 1.255E-Ol 1.72'1E-04 261.9 
1"39 P(65) P(66) 0.0 1.255E-Ol 4. B 21E:-0 4 309.7 
140 P(6!» P(67) 0.0 1.255E-01 2 • 8 1 5 E- 0 I, 348.9 
141 P (67) P(6S) 0.0 1.255E-Ol 1.754F-04 23.3 
142 P(613) r>(69) 0.0 1.255E-01 4.770[-04 69.6 
143 P(78) P (70) 0.0 1.202E-01 2.68&E-0', 106.2 
144 P(70) PC7l1 0.0 1.202E-Ol 1.634E-0', 129.9 
145 PI711 P (72) 0.0 1.202E-01 4. B 08 E-(j 4 L 95.3 
146 P(72) P(73) 0.0 1.202E-Ol 2.692E-04 225.8 
141 P (73) P(74) 0.0 1.202E-Ot 1.649E-04 249.8 
148- P (74) PI 75) 0.0 1.202E-Ol 4.807E-04 315.5 
149 P (75) P (76) 

,----- 0:' 0"------- -. 1:202E:'01---'" 2".705E-04 346.0 
',. 

150 P (76) PI 77) 0.0 1.2 02E-0 1 1.665£:-04 11.3 
151 P( 77) P (78) 0.0 1.202E-Ol 4.754E-04 75.5 
152 P(34) P(79) 0.0 1.735f-Ol 4.655E-04 86.8 
153 P(79) P(80) 0.0 1.735E-01 7.621E-05 212.3 
154 PISO) P(81) 0.0 1.735E-01 4.686E-0't 206.4 
155 P(81) P( 82) .... ~--.. "- . .. 0.0'- ' .. - ··--·1';735E-01------7.625[-05 332.6 
156 P(fl2) P ( 83) 0,0 1.735[-01 4.695E-04 326.9 
151 P(83) P(84) 0.0 1.735E-01 1.578[-05 92.5 
158 P(90) P(85) 

. - ...... -
0.0 

.~- -. - ... 
I. 732E-0 1 4.370E-0', 85.2 

159 PC8S) P(86) 0.0 1.132E-0) 7.152E-05 204.6 
160 P (86) P(87) 0.0 1.732E-Ol 4. 'tOOE-O 4 1.04.8 
161 P (87) P(88) -·---·b~o --_·_····{.·732E:.:.01"·· '··-7~149E-05· 324.9 
162 P(88) P (89) 0.0 1.732E-01 4.40BE-04 325.3 
163 P(89) P(90) 0.0 1.732E-Ol 7.104E-05 84.7 
164 P (93) P (91) 0.0 3.447F.-Ol 2.085F-04 85.3 
165 P(91) P (92) 0.0 3.447[-01 2.096E-04 204.9 
166 P(92) P(93) 0.0 3.447E-Ol 2.104(-04 325.3 
167 PIQ6) P (94) .-- ... -- 0.0-------··-_· 2~ 100E-O 1---- 2. 508E-04 82.0 
168 P(94) P (95) 0.0 2.100E-01 2.522E-04 201.6 
169 P(9S) P(96) 0.0 2.100E-01 2.53IE-04 322.0 
170 . PI9Q) P(97) 0.0 7.531E-02 1.8 02E-0 4 86.8 

~ 

.:. 

Figure C-3. (Continued) 
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111 P(97) P(98) 0.0 7.531E-02 1.814E-04 206.5 
112 P(98) P(99) 0.0 7.53IE-02 1.818E-04 327.0 
173 P(4 Cl , PIN( 2) 1.2<)4[+03 3.307E-02 5.7601"-05 206.6 
174 ?(50) PIN( 3) 1.294E+03 3.307F.-02 - - 1.588E-04 229.0 
175 PI 51 ) PPH 4) 1.294E+()3 3.307[-02 4.716E-04 237.6 
116 PIS?) PIN( S) 1.2S4E+03 3.307E-02 1.247E-04 222.8 
177 PIS3) PINI 6) 1.294E+03 3.307f-02 5.644F.-OS 328.1 
178 PIS4) PINI 7) 1.ZC;'IF+03 3.307F-02 I.S65E-04 350.4 
179 PISS) PINI 8) 1.2S4E+03 3.307E-02 4.704E-04 357.8 
180 -- P(56) -- PIN ( 9) 1'-294E+03 ---- 3.307F-02 -- 1.244E-04 ". ~4 2.7 
1 B 1 P(57) PINIIO) 1.2 S4E+03 3.307F-02 S.343E-OS 87.4 
182 PI58, PINll11 1.2CJ4E+03 3.307E-02 1.486E-04 108.6 
183 P(59) PIN(12) 1.294E+Ol 3.307E-02 4.634E-04 117.7 
184 P(60) PIN(13) 1.294F.+03 3.307F-02 1.229E-0't 103.5 
185 P(61) PI~(14) 5.59CE+02 1.4291::-02 1.9641::-04 196.9 
186 P16n- PINe 15) 5.5901:+02 1.429E'""02 7.289F-04 233.5 
187 P (63) PIN(16) S.5<JOr:+02 1.429E-02 1.516E-04 222.6 
188 P(64) P IN I 17) 5.5 <JOE+02 1.429(-02 1.9'171:-04 317.4 
189 P165' PIN(18) 5.590E+02 -1.429f-02 7.250E-04 354.0 
190 P(66) PIN(19) 5. SSOE+02 1.42C;E-02 1.513E-04 343.0 
191 - PI 67) PIN(20) 5.590E+02 1."429E-02 1.903E-04 77.2 
192 P(68) PIN( 211 5.5CJOF+02 "1.42CJF.-02 7.076E-04 113.4 
193 P(69) PIN(2?l 5.5CJOHOZ 1.429E-02 1.4H2E-04 103.8 
194 P (70) PIN(23) 6.630E+02 1.6841::-02 1.271E-04 188.8 
195 P(71) PIN(24) 6.630E+02 1.684E-0? 5.96BE-04 241.5 
196 P(72) PIN(25) 6.630H02 1.684F-02 1.786E-04 20F.!.6 
197 P (73) PIN(26) 6.630F+02 1.684E-02 1.250E-04 309.4 
198 P(74) "---"PIN(27) b.630F+02 -- 1.6[341.:-02 5.944F-04 2.1 
199 P 1751 PIN(2S) 6.630F.+02 1.6['.4E-02 1.781E-04 328.8 
200 P (76) PIN(29) 6.630E+02 1.684{:'-02 1.212E-04 68.6 
201 P (77) PIN(30) 6.630E+02 - 1.684F-02 5.792E-04 121.7 
202 P(18) PIN(3}) 6.630E+02 1.68'IE-02 1.746E-04 89.2 
203 P(79J PIN(32) 5. 340E +02 1.367[-''02 1.795E-1)4 282.8 
204 P(80) P IN(3) 5. 3 1,OF + 02 -1.167E-02 1.204E-03 2'12.8 
205 P(Bl) PIN(34) 5.340E+02 1.367£;-02 1.830['-04 44.8 
206 PIR2) PIN(5) 5.34CE+02 1.361F-02 1.204E-03 3.0 
207 P(83) PIN(36) 5. 340F +02 1.367E-02 1.728 E-O 4 168.8 
20U PIB4) PIN(31) 5.340E+02 1.367E-02 t. UI9E-03 123.2 
20<) P(85) PIN(38) 6.480E:+02 1.655F-02 2.886E-04 285.3 
210 P ( 86 1- PIN(39) 6.480E+02 1.655F-02 B.817E-04 251.1 
211 P( 81) PIN(40) 6.480E+02 1.655E-02 2.914E-04 '16.3 
212 P(88) PIN(411 6.4801;+02 1.655E-02 8.(j21E-04 11.4 
213 P(89) PINI'12) 6.480E+O? 1.655E-02 2.839E-04 168.2 

Figure C-3. (Continued) 
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214 P(90) PI/II(43) 6.'.80[:+02 1.655E-02 8.714£-04 
71S PI91 ) PIN(44) 4.740£+02 1.209E-02 7.829[-0't 
216 PIn) P!/II I 45) 4. 140F +02 1.209E-02 7.842E-04 
211 P(91) P1N(46) 4.740F+02 1.209F-02 7.730E-04 
21B P(94) PINI't7) 8.830E+02 2.245E-02 3.485E-04 
219 P(95) PIN(48) 8.83CE+02 2.245E-02 3.487[-04 
220 P(96) PIN(49) 8.810F+02 2.2't5E-02 3.456[-04 
221 P' 97) P1NlSO) 2.45I3E+03 6.2B6E-02 3.165E-05 
7.27 P(98) PINI')l) 2. 458F +C1 6.2861.'-02 3.084£:-05 
223 P(99) P1N(52) 2.458E+03 "6.286E-02 .. 3.115E-05 

AFRQJET O"1E !NJ FC TOR 
FUEL SIDE, /110 RING Dt\"1S, TEMP=230 F 
SP1t-!NING FIRST TANGENTIAL MODE 

-'lRISfCI PS I 
TOTAL INJ~CTOR FlOW= 1.9386E-02 
TOTAL Vr-CTOR INJECTOR FlOW= 1.6699[-02 
TOTAL INJFCTOR FLOW PROPORTIONED BY PC AMPlITUDES=·_····---··1.4869E.:...02 
TOTAL VECTOR INJECTOR FLOW PROPORTIONED BY PC AMPLITUDES= 1.2977£-02 

Figure C-3. (Concluded) 
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PRESSURf VOLUME AC. VEL. I'4hGNITUOE PHASE FLOWS IN FLOWS OUT 
WlOE ell IN IN/SEC PSI/Pst O'=GRfES 

1 2.756f+00 4.788f+04 Z.394E-Ol 83.1 2 :; 17 
2 2.756F.+OC 4.7£l8F+04 1. 116"=- 01 25.6 3 4 18 
3 2.156E+00 4.738E+04 t.342E-01 289.0 4 5 19 
4 2.756F+00 4.7!l8E+04 2.322E-Ol 24 O. 9 5 6 20 
5 2.756f+00 4.7R8f+0'f 2.907F-Ol 213.5 6 1 21 
6 _ 2. 756E+00 'f .1fl8F +0 1, 2.583E-Ol 189.1 7 8 22 
1 2.756E+OO 4.788E+0', 1.497E-Ol 154.3 8 C) 23 
8 2.756E+00 4. 783E+0 4 7.678E-02 40.7 1 9 10 24 
9 2.7'>6E+00 4.788f.+04 2.890E-Ol 354.8 10 11 25 

LO 2.756E+OO 4. 7R 8 F +0', 3.896E-Ot 341.5 11 12 26 
11 2.756E+00 4.188E+04 3. 11 OE-O 1 328.7 12 13 21 
12 2.756F+00 4. 738E .. 0', 1.101E-01 297.9 13 14 28 
13 2.756E+00 4.788E"01, 1.335E-01 150.6 14. 15 29 
14 2.7561:+00 4.788F+04 2.921E-Ol 122.4 15 16 30 
15 2.756E+00 4.788E+04 3.'318E-01 105.2 16 2 31 
16 1.8l3E-01 4·.788E+04 2.874E-01 351.0 17 32 33 
17 2. 383F- 01 4.788E+04 8. 565E-0 1 334.0 16 33 34 47 
18 2.383E-01. 4.788E+04 8.529E-01 331.8 19 34 35 48 
19 1.8 13E- 0 1 4. 788E +0'. '3. 433F-0 L 315:2 20 35 36 
20 1. 813E-0 1 4.788E+01, 4.323E-02 221.6 21 36 37 
21 1.813E-01 ',.7a8E+04 3.35CE-01 111.4 22 37 38 
22 2.383E-Ol 4.78BE+0', 8.65'E-Ol 94.6 23 38 39 49 
23 2. 383f:-0 1 4.788E"04 8.488F-Ot 91.8 24 39 40 50 
24 1. 8BE-0 1 ',.788E+04 3.520E-01 66.3 75 40 41 
25 L. 813E-0 1 4.7'38E+04 1. 299E-O 1 356.4 26 41 42 
26 1.BUE-Ol 4.788E+04 2.769E-Ol 24t.8 21 42 't 3 
27 2.383 F.- 01 4.1881:'+04 8.430E-Ot 215.2 28 43 44 51 
28 2.383f:-Ol 4.7881:'+04 8.46 7E-0 1 212 .• 0 29 '.4 45 52 
29 1.813E-01 4.788E+04 3.6B5E-01 190.2 30 45 't6 
30 1.8131:-01 4.188F+04 8.982E-02 134.5 31 46 32 
31 1.195f+00 ' •• 788F+04 9.956F.-01 333.2 48 53 56 15 81 87 
32 5.272 E- 01 4.7B8E+04 8.982J;-01 331.9 56 57 54 93 99 
33 I.S16E-Ol 4.788E+04 B.338F-Ol 329.2 57 55 l05 111 117 
34 1.195E+OO 4.788E+04 1.0 15H 0 0 332.8 47 53 58 ·74 80 86 
35 5.2 72f:- 0 1 4.788[+04 (j.454E-Ol 33 0.2 58 54 59 92 98 
36 1.57 6E- 0 1 4.788E+04 B.39BF-01 329.0 59 55 104 110 116 
37 1.195E+OO 4. lAflF+04 9. 979E-() 1 93.4 50 60 63 77 113 89 
38 5.2721:-01 4.78BF+04 9.012E-Ol 92.1 63 61 64 95 101 
39 1.576F.-Ol 4.78BEt04 8.367E-Ol B9.4 64 62 107 113 119 
40 1.195F+00 4.788F+Ot. 1.020HOO 93.1 49 60 65 76 82 88 

Figure C-4. Input and Output Da.ta for Pressure Nodes 
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'.1 5.272F-Ol 4.788E.-04 9.490E-01 90.'. 61 65 66 94 100 
42 1.576F.-01 ' •• 788E+04 8. 42 8~-01 8 <). L 62 66 106 112 lle 
43 1.195E+00 ' •• 7q(\[ +04 9. Q22E-O 1 213.9 52 67 70 79 85 91 
44 5.272E-Ol 4.708F+04 8.973E-Ol 212.6 70 68 71 97 103 
45 1. 576E-0 1 4.788E+04 8.335E-Ol 210.0 71 69 109 1 15 121 
46 1.195[+1)0 4.798E+04 1.010F+00 211.6 51 67 72 18 84 9P 
47 5. 272~-(1l 4.738r.:+04 9.436E-Ol 210.9 68 72 13 CJ6 102 
48 1.576E-Ol 4.788E+04 8.394E-Ol 209.7 69 73 108 114 120 
49 6.'t16E-02 4.788E+04 1.00<;E+00 310.4 L22 123 113 
50 6.420F.-02 4.7B3E+04 1.CI2HOO 332.'3 74 123 124 174 
51 6.42IJE-02 4.788F+04 9.399E-Ol 335.3 75 124 125 175 
52 6.416E-02 4.1SElE+04 8.384E-01 40.8 125 126 176 
53 6.'.16E-02 4.708[+04 1.011E+00 70.5 126 127 177 
54 6.420F.-02 4.788[+04 1.016£+00 92.5 76 121 128 178 
55 6. 420F.-0 2 4.788[1-04 9.425E-Ol 95'.4 77 128 129 179 
56 6.416E-02 4.788E+04 ,- 8. 387E-Ol'--' 16 O~ 9 '129-" " 130 180 ~ . --. , ~ ..... -. 
57 6.416F.-02 't.788E+04 1.009E+00 190.8 130 131 181 
58 6.420E-02 4.788[+04 1.008E+00 213.1 78 131 132 182 
59 6.47.0E-02 4.' 788E. 04 9.3aOE-01 216.0 79 132 133 183 
60 6.1t16E-02 4.788[:+04 8.416E-Ol 280.8 133 122 184 
61 1.192E-Ol 4.788E+04 9.66'.E-Ol 313.0 134 135 185 
62 1.1CJ2F-01 4.708E+04 ""9.745E-01 --333.9 80 81 135 13 6 186 
63 -I. 192E-0 1 4.7!.18E+04 8.987E-01 37.5 136 137 187 
64 1.192E-Ol 4.788F1-04 9.6'16E-01 13.1 137 138 188 

t 65 1.192E- 01 4.788E+04 9.781E-Ol 94.1 82 83 138 139 189 
66 1.192E-Ol 4.788£:+04 ,8.991E-01 157.5 139 140 190 
67 1.1 92E-O 1 4.788[+04 9.672E-Ol 193.3 140 l't! 191 
68 1. 192'::-01 4.788f+04 -- 9.716E-Ol--'''214. 6· 84 85 141' 142 192 
69 1.192 E- 0 1 4.788E+04 9.014E-01 277.5 142 134 193 
70 8.940=-02 4.7BBF+04 B.842E-Ol 314.4 143 14't 19'} 
71 8.940E-02 4.788Et04 9.639'::-01 333.8 86 87 144 145 195 
72 8.940E-02 4.788E+04 7. B37E-01. 38.2 145 146 196 
73 8.940E-02 4.788E+04 8.855E-Ol 74.5 146 147 197 
74 -- 8. 9 /f OF- 02 4.188F+04' 9.675F-Ol' --94.0 88 147 89 148 198 
15 8.940E- 02 4.7R8E+04 7.842E-Ol 158.2 148 149 199 
76 8.940E-02 4.7fl8E+04 8.84CJE-01 1 (14.7 149 150 200 
17 8. C)40E- 07 4.7fl8E+04 CJ.612E-Ol 21'te 5 90 91 150 151 201 
78 8.940E-02 4.780F+04 7. S69E-01 278.1 151 143 202 
7,9 9.369E-02 4.788E+04 B.886E-Ol 327.2 92 152 153 203 
80 C).370E-02 4.788(+04 6.987E-Ol _. 334.7· 93 153 '154 204 
81 9.369E-02 4.7ABE+04 8.9181:-01 87.4 94 154 155 205 
82 Q.370E-02 4.788E+0', 7.015E-01 9't.8 95 155 156 706 
83 9.369'=-02 4.788E+04 8.884F.-Ol 208.0 96 156 ' 157 207 

Figure C-4. (Continued) 
tJ 
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64 9.310~-02 4.78B[.·04 7.001E-01 215.5 97 157 152 208 
85 5.72'tF;-02 4.7B8E+04 fl.333E-01 V4.0 98 158 159 209 
86 5.72 Qf-02 4.71)8[+1)4 6.662E-01 333.6 99 159 160 210 
$17 5.72'.[-02 4.78E'[+04 8.362E-01 84.9 100 160 [61 21.1 -
88 5.770E-07 4.71'8[:+04 6.688E-Ol 93.6 10 L 161 167. 212 
89 5.7?'IE-07. 4. 70iH: +04 8.329E-0.1 205.5 102 162 163 213 
90 5.720':-02 4. 7U8E +Olt 6.683F.-Ol 214.4 103 163. 158 214 

"91 1.172 E- 0 1 4.788E+04 6.798E-Ol 324.9 104 105 164 165 215 
92 1.172E-01 4.76AF.·04 6.8231:-01 B5.0 106 107 165 166 216 
93 1.172F-Ol 4.7138[+04 6.814E-Ol 205.6 100 109 166 164 217 
94 6.414.~-02 't.788F+O'1 4.985E-fll 321.5 110 III 167 168 218 
95 6.414F.-02 4.78Flf+() I, 4.9971:-01 81.7 112 113 168 169 219 
96 6. 41'IE- 02 4.7fl8E+04 4.996E-Ol 202.4 11'+ 115 169 167 220 
97 ?31flE-02 4.78flE+0/t 1. 290E-0 1 325.B 116 117 170 171 221 
98 2.31 8E- 02 4.708E+04 1.2HE-Ol 86.7 118 119 171 172 222 
99 2.310E-02 4.788E+04 "l.295E-Ol 207.7 120 l~l 172 170 223 

Figure C~4. (Concluded) 
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AfROJ ET OME INJECTOR 
OXIDIZER SlOE, NO RING D M\ S 
SPINNING FIRST TANGENT IAl ~IODE 

71 51 6 
1 -2 -3 -4 -74 2 -5 
3 -7 -8 -70 -71 4 -9 
6 -11 -14 -57 -63 14 -12 

_15 -13 -33 -39 5 11 
12 16 -17 -'14 -50 13 17 

8 -18 -21 -59 -65 21 -19 
22 -20 -35 -41 1 18 
23 19 -2't -46 -52 20 24 
10 -25 -28 -61 -67 28 -29 
29 -27 -37 -43 9 25 
26 30 -31 -48 -54 27 31 
75 -76 -123 76 -77 
32 77 -78 -125 33 78 
79 -80 -121 00 -81 
81 34 -82 -129 35 82 
83 -84 -131 84 -85 
36 85 -133 -86 86 37 
87 -88 -135 38 39 
89 -90 -137 YO -91 
40 't 1 91 -92 -139 92 -93 
93 -94 -141 42 43 
95 -87 -143 96 -97 
44 45 97 -98 - 145 98 -99 
99 -100 -147 47 100 

101 -102 -149 102 -103 
46 49 103 -104 -151 10't -96 
50 105 -106 -153 51 106 
52 107 -10e -155 53 108 
54 109 -110 -157 55 110 
56 111 -112 -159 57 112 
56 113 -114 -161 59 114 
60 115 -116 -163 61 116 
62 63 117 -118 -165 6'1 65 
66 61 119 -ll1 -167 68 69 
70 11 121 -122 -169 12 73 
74 -111 

1 -123 -124 -125 -126 -121 -128 -12Q 
-134 -135 -136 - t37 -138 -t3'1 -lila -141 
-146 -147 -148 - L49 -l~O -151 -152 -153 
-158 -1.59 -160 -161 -162 -163 -164 -165 
-170 -171 

Figure D-l, Data Deck for Aerojet 
Injector Oxidizer Side 

D-2 

-6 -72 -13 
-10 -68 -6 <i 
-15 -45 -51 
-16 -56 -b? 
-32- -38 
-22 -47 -53 
-23 -58 -64 
-34 -'to 
-26 -49 -55 
-30 -60 -66 
-36 -42 

-124 
-79 -126 

-128 
-1'3 -130 

-132 
-75 -134 

08 -89 -D6 
-138 
-140 

94 -95 -142 
-l't4 
-146 

46 -lOt -148 
-150 
-152 
-107 -15'1 
-109 -156 
-105 -158 
-113 -160 
-115 -162 
-Ill -164 

118 -Ll9 -1{,o 
120 -121 -16 fl 
122 -120 -110 

-130 -13L -132 -133 
-142 -143 -144 -145 
-154 -155 -156 -157 
-166 -167 -l£>8 -169 



1 2600 
1 2 1 

O. 3.706 345. 3.706 15. 3. -{06 
45. 3.106 75. 3.706 lO!i. 3.706 

135. 3.706 165. 3.106 195. 3.706 
225. 3.106 255. 3.706 ?liS. 3.706 

·315. 3.181 20. 3.181 60. 3.!!! 1 
100. 3.18 i 140. 3.181 180.- 3.1L1. 
220. 3.181 260. 3. 181 300. l .1S 1 
340$ 2.656 20. 2.656 60. 2.656 
100. '2.656 140. 2.656 18 O. 2.656 
220. 2.656 260. 2.656 300. 2.656 
340. 2.131 30. 2. L31 90. 2.131 
150. 2.131 210. 2.131 210. Z .131 
330. 1.606 30. 1.606 90. 1.606 
15O. 1.606 2LO. 1.606 270. - 1.606 
3360. 1.081 O. 1. 081 180. 1.081 
300. .556 . 300. .556 180. .556 
60. O. O. 
0.0 0.0 
0.0 0.0 
&DL R=0.,3*1.49,6*0.,21*O.,6*.318,6*.323,6*.403,6*.53,6*.945, 
6* 2.31, 6* 1. 2. , 22. 5,0. (), O. Q, 3*0. :l, ~. C,3 *-1. 0, 0. J, 2 *0. ,0. ° , 
2*0 •• 0.0,2*0.,0.0,2*1.,0.0,2*0.,0.0,2*0.,0.0, 
2* 0.0, o. 0, 0.0,0. C, 0.0, 0.0, 0.0 ,0.0, C. 0, O. 0, O. 0, 
O.O,0.O,6*0.0,1.2*411.,9*3~8.,9*443.,6*352.,6*461 •• 3*37J., 
3*l38.,2600.,l=4*.005978,6*.OOOSl4,.0015l6,.003933,.006185,.006625, 
.0036l4,.006625,.003&74,~001576,.003933,.006185,.0~6625,.003674, 

.006625, .003674, .00 1. ~ 76, .003933, • 0 OS 18 5, • J06 62 5, .003674, .0)6625, 

.003674,6*.006055,6*.00722,6*.00d928,6*.OL17d,6*.01711 ,6*.03183, 
6*.06082, • 124, 12 *. 08256,9* • 1 09,9 *. 1071 ,6*. 1 568,6*. t 5 9 <; , 3 ~c. 2~ 21, 
3*.1449,12*.01747,9*.01522,9*.01887,6*.01496,6*.01964,3*.01571, 
3*.0'3131, .1048, 
V=17.6,3*.364,.565,1.224,1.59,.565,1.224,1.59,.565,1.224,1.59,.565, 
1.224, 1 .59, • 565, 1. 224, 1 • ?9 , • 565, 1. 224, 1 • 59, 2 *. 118 , 2 *. 11 tJ , 2 *. 118 ,2*. 118, 
2*. 118, 2*. 118, • t 17, 7. *. 117, • 11 7 ,2 *. 11 7, .117,2 *. 117, .0832, .0832, .0 !:! 32, 
.0832,2*.0832,.0832,2*.0832,6*.149,6*.101,3*.123,31.'.0802,.0152, 
C=71*39612., &ENO 
1l.8b 125. 

7 1 
,23 35 
44 47 

LO 5 111 

44 
123 
117 

53 
135 
120 

59 
144 

12 

65 
153 

9 

68 
159 

9 

2 
165 

6 

Figure D-l. (Continued) 
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RFAL INPUT MATRIX AMPLITUOES - PSI 
0.0 9.6593E-Ol S.6593E-Cl 

-7.0711f-OI -9.6593~-01 -9.65~3F-Cl 
7.0711E-Ol 9.2C22E-01 4.fI964F:-01 

-7.5017F-01 -1.7005E-Ol 4.U964E-Ol 
-l.5661E-Jl -6.9116~-01 -9.0224E-Ol 

8.41b3F-01 6.7431F-Ol 0.0 
6 • 7 43 1 E- 0 1 5 • 3 5 3 1 E - 0 Ie. 0 

-3 4 0906~-O 1 4.3048E-Ol - 4. 3048f- 01 
1.1210E-Ol 0.0 0.0 

1.0711E-Ol 
- 7 • 011 1 E- 0 1 
-1.70C:-E-Ol 

9.20221:-01 
- b • ':1116 E- 0 L 
-6.14311:-01 
-5.3531E-Ol 

2.1524E-Ol 

IMAGINAPY INPUT ~\I\TRIX A:-1PL [TIlDES - PSI 
0.0 -2.5882E-Ol 2.5882[-Cl 7.071lE-OI 
7.0711E-Ol 2.58B2E-Ol -2.58e2E-CI -1.0711E-Ol 

-7.07llE-Ol 3.3493F-Ol 8.48csr-Cl 9.6440E-Ol 
-6.2947E-Jl -9.64'.OE-Ol -8.48CElE-Ol -3.3493E-Ol 

8.8853E-Ol 5.7995F-Ol 0.0. -5.7995E-Ol 
__ -3.085.'1E-Ol 3.8nlE-01 7.1862E-Ol 3.8931E-Ol 

-3.8931E-Ol 3.C9C6E-Ol 6.1813E-Ol 3.0906E-Ol 
-- S.3531E-Ol 0.0 0.0 -3.1281[-01 
_ I. 9 52 0 E- 0 1 O. 0 o. 0 

. 1 _ 

AERnJET C~E INJECTOR 
OXI~llER SIDE, NO RING DAMS 
SPINNING FIRST TANGFNTIAl MODE 
I 

-j 
! INPUT fREQUENCY: 26)0.0 

2.5882E-Ol 
-2.,)882E-Ol 
-1.5017 E-O 1 

8.4781E-Jl 
-1.5667E-Ol 
-6.7431E-~H 

- 5.3531 E-Cl 
1.1270E-Ol 

9.6593[-01 
-C).6593E-Ol 

6.29't7E-01 

3.0858(-01 
-8.88531:-0L 
-3. 893lf-Ol 
-3.0<iObE-OI 
-1.9520E-Ol 

-?5882E-Ol 
2.53H2t-Ol 

-9. 7927f-0 1 
I, • 5 11 2 E: - 0 1 
It .5112[-01 
0.0 
G.O 
-Z.25~OE-Ol 

9.6593E-Ol 
-9.6593E-Ol 

0.0 

7. 8136E-0 1 
- 7 • 8 13 6 E- 0 1 
-7.7862F-Ol 
-6. L8DE-O] 
0.0 

Figure D-2. Real and Imaginary Input Matrix Amplitupes 
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HOil UPSTREAM cnWNS TRE AM RES I STANCE INERTANCE AM?L1TUDE PI-' i\S E 
PRESSURE PRFSSURF SECIIN SQ SEC SQII N SO LtU SE:CI PS I CfGREES 

1 PIN ( t) PC 1 I 0.0 5. 'HHf-03 7.b4uE-05 If 6.5 
2 PI II PI 21 1.490[' +00 5. <i78E-03 5.633E-03 53.7 
3 PI 11 PI 31 1.4<)01:+00 5.978E-03 5.6l',E-03 175.6 
4 P' 11 PI 41 1.4SCE+CO 5.978E-03 5.649E-03 290.2 
5 PI 2' p ( 8) 0.0 8.2'tOE:-04 2.876E-0' 56.9 
6 PI 21 PI 5 I J.O 8. 240E-04 2.5831:-03 51. (; 
7 PI 31 Pl141 0.0 8.240F.-04 Z.890E-03 1H.7 
B PI 3) P (11) 0.0 8.240f-04 2.'j/.bE-03 173.4 
9 PI 4i P(20) 0.0 S.240E-04 2.628E-03 297.1 

10 PI 41 PII71 0.0 8.240[-04 2.f.l75E-03 285.3 
11 PI 51 P ( 8) 0.0 1.576E-03 2.023E-04 95.1 
12 P ( 61 PI 9) 0.0 3.933E-03 4.983E-04 88.4 
13 PI 71 PliO ) 0.0 6.185F-03 4.686E-J4 82.'t 
14 PI 51 PI 61 0.0 6.625f-03 2.78'tE-03 50.9 
15 PI 6) PI 71 0.0 3.674f-03 1 .. :l'tOE-03 52. S 
16 PI 81 PI 9' 0.0 6.6251:-03 <'. 988E-O 3 51.7 
17 PI 9) P (10) 0.0 3.674E-03 2.093E-03 55.0 
18 PI 11) PI 1't I 0.0 1.576E-03 2.Z10E-04 212.2 
19 PI1Z1 P 1151 0.0 3.933E-03 4.98'tE-04 200.9 
:::0 P 113' PI161 C.O 6.185E-03 '10 693E-0', 202.6 
21 P ( 11 ) PI 12) 0.0 6.625E-03 3.03')E-03 173.6 
22 P (12' P (l31 0.0 3.67',[- 03 2.007E-03 17:>.3 
23 P Cl41 PII5, 0.0 6.625f-03 3.242E-03 176.0 
24 P !l5) PI161 0.0 3.67',E-03 2.266E-03 177.0 
25 P!l1J PI201 0.0 1.576E-03 3.215E-04 4',.8 ?' 

26 PII8) PI211 0.0 3.933f-03 ' •• 857E-04 330.9 
27 P(l91 P (221 0.0 6.185E-03 'to646E-04 323.2 
28 PIl7) P(181 0.0 6.625F-03 7. /dlE-03 298.1 
29 P (18) PI191 0.0 3.6HE-03 1.622E-03 30:). L 
30 P(20) Pl211 0.0 6.625E-03 2.676E-03 299.8 
31 PI Z1I PIZ21 0.0 3.6'T',f-03 1.895£-03 301.3 
32 P (101 P(251 3.1 BCE-Ol 6.055[-03 2.220(-03 225.4 
33 PI 71 P(261 3.1&0(-01 6.055E-03 3 .36!:lE-J 3 238.0 
34 PI 16) P(291 3.18CE-Cl 6.055[-03 ?198E:-03 347.3 
35 P(13) PI 30 I 3.180[;-01 6.055[-03 3 .3u /tE-Q 3 359.4 
36 PI2?, P(33 ) 3.180E-01 6.0551:-03 7.1281:-03 103.3 
37 PI 19) P(34) 3.100E-01 6.05'>E-03 3.260';:-03 117. 1 
38 P (10 I P (36) 3.230[-01 1.220[:-03 1.985£--03 '::3 It .3 
39 PI 71 P(36) 3.23 CF - 0 1 7.220E-03 1.642E:-03 227.(1 
40 P(16) PI391 3.2 30E- 0 1 7.220E-03 1.lJ811:-J) 355.7 
41 PI nl PI391 3.23Cf-01 7.220E-03 1.633f-Q1 jt.q.3 

42 P(221 P ( 't2 I 3.23C[-01 "1.220[:-03 1.913F.-03 113.3 
43 P ( 19 I PI421 3.23GF-Cl 7.220E-03 1.581F-03 106.1 
44 PI 9' PI451 4.03CE-01 8.928E-OJ 1.5031:.-03 231.6 

45 P ( 61 PI451 4.030F-Ol 8.928F-03 1.33', E- 03 225.9 
46 P (l51 P (481 4.030[;-01 8.928F-03 1.4951:-03 3n. t) 

47 PI121 P(48) 4.03CF-Ol B.92AF-O) 1 .;\ ;u, r-o 3 347.2 

Figure D-3. Input and Output Data for Flowrates 
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48 PC21' P(51) 4.030E-Ol 8. '128f-03 1.457[:-03 110.5 
49 Pllal Pl511 4.030[=-01 8.928f-03 1.302F-03 104.4 
50 PC 9' PI53, 5.300E-01 1.178E-02 1.735 E-03 226.5 
51 PI 6) PI 54) 5.3 COE- 01 1.178E-02 2.584E-03 2'/3.1 
52 P ( 15) P('55' 5.300E-Ol 1.118[-02 1.123[-03 3/t 8.3 
53 P (}2) P(56) 5.3CCE-Ol 1.116E-02 2.571[;-03 ~.2 

5't PI 21 ) P(57) 5.300E-Ol 1.17UF-02 1.682F-C.3 104.9 
55 P (18) P(58) 5.3 OOE-O 1 1.178E-02 2.505(-03 12?Y 
56 PI 8 ) PI 59) 9.4501:- 01 1.711[-02 . 1.05H·-03 219.9 
57 PC 5) P(601 9.450E-Ol 1.111E-02 1.419E-03 239.1 
5e P(141 P(61) 9.450E-01 1.711E-02 9.305E-04 336.9 
59 P 1111 Plb2) 9.450[-01 1.711F-02 1.312E-03 359.2 
60 PI201 P(63) 9 .450E- 01 1.111E-;)2 8.14U[-04 913.6 
61 PI 17) P I 6't ) 9. 450E- Cl 1.711E-02 8.534F-04 194.5 
62 P ( 8) PI651 2.310E+00 3.163E-02 2.980E-04 222.6 
63 P( 5) P(651 2.310E+00 3.183E-02 2.921E-04 22 L. 1 
64 P ( l't ) P ((,6 I 2.310E+00 3. 163E-02 6.208E-04 356.2 
65 p (11) p (66 I 2 ~310E +00 3. 183E- 02 6.120E-04 35~.6 
66 P(20) P(61) 2.31CI:'+00 3.183[--02 6.319[-04 112.1 
67 P(7) P (1"'1) 2.31CE+00 3.183[-02 6.383E-0'. 110.7 
68 PI 4) PI6tJI 1.2CCE+Ol 6.082[-02 3.160E-04 IH •• 3 
69 PI It) P(68) 1.2 COE *01 6.082[-02 3.160E-04 116 • .3 
10 P( 3) P(69) 1.2(')OE+Ol 6.0B2E-02 3.078E-04 359.3 
11 PI 31 P{(9) 1.200E+01 6.082(-02 3.07tJE-04 359.3 
72 P( 21 P(10) 1.200E+Ol 6.082E-u2 3.189f-0't 238.2 
73 P( 21 P (70) 1.200£:+01 6.0B2E-Oi' 3.189E-04 238.2 
14 PI 1) PI1l) 2.250E+Ol 1. 240F.-0 1 1.6121.'-.06 269:6 
75 P (34) Pi23' 0.0 B.256E-02 1.008£-03 <;7.5 
76 P(23) P(24) 0.0 8.2561:'-02 9.332E-05 138.4 

"77 P ( 2't ) P(25) 0.0 8.256E-02 It.O 12F-0 4 341.9 
18 P(25) P(26) 0.0 8.256E-02 1.301E-04 260.5 
19 P(26) P 1271 0.0 8.256£:-02 1.047.E-03 217. :i 

"80 P(21) P(28) 0.0 8.25f>E-02 9.84J£-05 249.9 
81 P(28) PI291 0.0 8.256£-02 3.903E-04 104.5 
82 PC 2<n p nO) 0.0 8.256E-02 1.303E-04 20.6 

"03 P' 30 , P(31) 0.0 8.256E-02 1.050£-03 338.8 
~Jlt P (31) P(321 0.0 8.256£-02 1.08"lF-04 16.4 
85 P132 ) P (331 0.0 8.256F-02 3.fl77E-0'; 218.0 
86 P (33) P (34 I 0.0 B.2561:'-02 1.290f-04 140.8 
87 P(43) P (35) 0.0 1.090E-Ol 1.668E-04 116.4 
88 P (35) P (36) 0.0 1.090E-Ol 3.560[-04 343.6 
89 P (36) P (371 0.0 1.090E-01 8.72CJE-04 215.7 
90 P (17) P(3B) 0.0 1.0IJOf-01 1.627E-04 293.4 
91 P (38) P13<)1 0.0 1. O~OE -0 1 3.465E-04 106.0 
92 P(39) P(40) 0.0 1.090E-Ol 8.785E-0't 336.9 
93 PI401 PI4U 0.0 1.090E-Ol 1.7 20E-0 't ~3. 7 
94 P (411 P(421 0.0 1.090£-01 3.'t32f-O't 219.9 
95 P(42) P(43) 0.0 1. 090E-0 1 8.449E-O'. "95.5 

Figure D-3. (Continued) 
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Q6 P(52) P(44) 0.0 1.011£=-01 1.263[-04 173.5 
v 97 P(44) PI[.')) 0.0 1.071E-01 3.204F-04 3 /,4.3 

98 P(45) P(46) :).0 1.071E-Ol 7.653[-04 218.3 
99 P(46) P(47) 0.0 1.07lE-01 1.2 ::>2f-0'. 289.9 

100 P(47) P (48) 0.0 1.07lE-01 3.1191:.-04 106. I 
101 P(48) PI 49) 0.0 1_ 071F-01 7.6741:-04 ~39. " 

.102 P(49) P(50) 0.0 L.011E-Ol 1.326E-04 ~ t. 3 
IJ3 PI5,)) PI"I) J.O L. 071E-0 L 3.143F-04 221.1 
104 P(51) PI 52) 0.0 1.071E-01 7.'.501:-04 98.0 
105 P(58) PIS3) 0.0 1.56BE-Ol 3.553E-04 73. 'I 
106 P(53) PI 5'1) 0.0 1.S6RE-Ol ').198£:-05 27i.9 
107 P(54) PISS) 0.0 L.568E-Ol 3.766E-04 19~.b 

108 P(55) PI 56) 0.0 1. S68E-Ol q. 16'tE-0 5 32.7 
109 P(56) P(57) 0.0 1.568E-Ol 3.58HE-04 317. 1 
110 P(57) P(58) 0.0 1.568E-01 9.063E-05 152.4 
111 P1(4) PI 59) 0.0 1. 599E-0 1 3.498E-04 79.6 
112 PI591 P(60) 0.0 1.599£:-01 6.031 E-J 5 2713.4 

'113 P(60) PI611 0.0 1.599E-01 2.013[;-04 199.7 
.1l4 P(61) P(62) 0.0 1.599[-01 6.852~-05 33.5 
115 P(62) P1(3) 0.0 1.599E-Ol 1.941E-01\- 315.1 

. 116 PI (3) P(64) 0.0 1. 59<JE-Ol 1.40ZE-04 236.e 

.117 P(67) P(65) 0.0 2. 821E-0 1 1.377E-04 75.2 
110 Pl(5) PI 66) 0.0 2.021E-Ol 1.31<:-1:-04 213 .9 

'119 -. Plo6) P(b7) 0.0 2.821E-01 9.496E-J5 320.9 
.120 P(70) P (68) 0.0 1.449E-Ol 1.794C-04 254.2 
121 P(68) P(69) 0.0 1.449£:-01 1.6%E-04 135.6 
122 P1(9) P(70) 0.0 1.4'19E-Ol 1.784E-04 17.6 

,123 P(23) PINI 2) 4.110[:+02 1.7'.7E-02 5.786E-04 98.3 
12't PI2 td P IN ( 3) 4.110£:+02 1.747F-02 4.812[-04 206.9 
125 PI2S) P IN I 41 4.110E1-02 1.747F-02 2.348E-03 234.1 
126 P(26) PINI 5) 4.11CE+02 1.747E-02 2.852E-03 245.4 
127 P(27) PIN l 6) ',.1101:+02 1..747E-02 6.0Lj6E-04 218.7 

128 PI2B) PIN l 1) 4.110E+02 1.747E-02 4.160J:;-OLj 32B. ·r 
129 P! 2'1) PIN ( 8 ) 4.110[+C2 1.747E-02 2.336[-03 355.8 
130 PDO) PIN ( 9) 4. 110{:+0<:' 1.747E-02 2.8541=-03 6.8 
131 P (31) PINlle) 4.110E+02 1.747(-02 6.1 [,61:-04 339.5 
132 P(32) PINtlll 4.110E+02 1.7471"-02 4.462E-04 84.5 
133 P (33) PINt 12) 4.110E+02 1.747{:-02 2.251[=-03 11.2.6 
134 P(341 PIN ( 1.3) 4.110E+02 1.. 747E-02 2.747E-03 124.6 
135 P(35) P IN l 1. 4) 3.580E+02 1.522E-02 5.296E-04 211.8 
136 P(36) PIN(15) 3.5 ao[ + 02 1.522E-02 3.081E-03 2[12.1 
137 P (37) PIN(l6) 3.'.58C[=+02 1.522E-02 4.727E-04 210.4 
138 P(38) PIN(17) 3.580H02 1.522E-02 5.280E-04 333.4 
139 P(39) P INI 18) 3.580E+02 1.522E-02 3.074E-03 3.6 
140 P(40) PIN(19) 3.580[+C2 1.522E-02 4.786E-04 331.6 
141 P(41) PIN(<:'O) 1.5 EOE +02 1.522E-02 4.980E-04 90.6 
1 [.2 P (4?l PIN(21) 3.5flOE+02 1.522E-02 2.962E-03 t 21. 0 
141 PI431 P IN (22) 3.51l0E+02 1.522E-02 4.492E-04 89.6 

Figure D-3: (Continued) 

D-7 



1',4 P(44) PINI231 4.4301:"02 1.887E-02 4.157E-'J4 199.5 
145 P(45) P IN I 24} 4.4301':+02 1.887E-02 2.224f-03 240.6 
146 P(46) PINI;?,)} 4.430E+02 1.8871:-02 5.0&7E-04 211.9 
H7 P1471 PINI?6) 4.4 30E +02 1.887E-02 4.101(-04 320.7 
148 P:481 PIN(27) 4.4 30t' +C? 1.887E-02 2.210E-03 1.9 
149 P (I,9) PIN(28) 4.43CF+02 1.88 7E -02 5. UJl [-04 332.0 

_ 150 P(50) PIN(29) 4.430E+02 1.887E-02 3.996E-04 77.1 
151 PI511 PIN(30) 4.430~+02 1. 8U 7E -02 2.16 OE-O 3 119. [, 

-152 PI521 P I ~I I 3 1 ) 4.430E+02 1. 887E-02 4.')2:)E-04 91.0 
153 PI 53) PIN(32) 3.~2CF+02 1.496[-02 1.70&£-03 22). 1 
15', P ( 5't ) PINI33} 3.520£:+02 1.496£-02 2.651 E-O 3 248.4 

-15') PISS} P I~J (34) 3.520E+02 1.496E-02 1.6113E-03 342.7 
156 P 156 J P IN 13') 3.520[+C2 1.496F-02 2.660E-03 9.6 
157 P (571 PIN(36) 3.52CF+02 1.496E-02 1.6 [, 7E-0 3 9U.6 

-158 P(58) P IN I 37) 3.52CE+G2 1.496F-02 2.57 L E-03 127.8 
159 P(59) P I"J I 38) 4.61JE+02 1.964E-02 8.999E-04 205. U 
160 P(60) PIN (39) 4~610E+02 1.964F-02 1.3'JSE'-03 244.8 
161 PI611 PIN(40) 4.610E+02 1.96"1: -02 8.7 ::'>8 E-O 4 328.9 

_162 P(62) PIN!4ll .4.610E+02 1.964E-02 1.376E-03 5.5 
163 P(63) PIN! 42) 4.61CE+02 1.96',E-02 9.688F-04 89.2 
16 't P (64) PIN(43) 4.610E+02 1.964E-02 1.044E-03 204.1 

_165 P(65) PIN(441 3.7COE+02 1.571E-02 5.57fl:-0't 221.7 
166 P(66) PINI4S) 3.7CO(+02 1.571 E-02 1. 180E-0 3 354.3 
167 P(67) PINI't6) 3.7COE+02 1.571E-02 1.203E-03 112.8 
168 P(68) PIN (47 ) 7. 380E +02 3.131F-02 lh I. 5 9E-04 122.7 
169 P(69) PINI4S) 7.3eOE+02 3.131E-02 4.022E-04 5.9 
170 P (70) P IN I 49 ) 7.380E+02 3.1.31[=-02 4.099E-04 245.3 

_171 P 171 ) P IN I 50) 2.600E+03 1.048[-01 1.77 3E-0 6 259.6 

I 
AEROJET n~E I NJ EC TOR 

-OXIDIZER SIDE, NO RING DAMS 
_ SPINNING FIRST TANGENTIAL ~IODE 

I 
lB/SEC! PS I ~ fLOW/% PC 

TOTAL I NJ ECToP FLOW= 6.3636£-02 6. 7070E-0 1 
TOTIIL VECTOR INJ EC TOR FlOW= 5.8723E-02 6.1891E-01 
TOT AL INJECTOR FL (JW PROPDRT [QNED BY PC AMPLl TUoES-= 5.4482F-02 5.7422E-01 
Tor Al VECTOR INJECTOR FLOW PROPORTIONED BY PC Af.-1PLl TUDES= 5.0354F.-n 5.3071E-Ol ~ 

Figure D-3. (Continued) 
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PRESSUR[: VOLUME AC. VEL. ,Io1A GN lTUDE PJ-IASE FLOWS IN HOi<; S OliT 
NODE CU IN IN/SEC PSI IP S I DEGREES 

1 1.160[+01 3.q61f+O~ 7.4671:-03 316.5 1 2 3 4 14 
2 3.6/~OE-0 1 3.961E+04 5.576E-Ol 322.7 2 5 6 72 73 
3 3.64CE-Ol 3.961E+04 5.43 1E- 01 84.1 3 7 8 70 71 
4 3.640E-Ol 3.':l61E+04 5.4R4f-Ol 200.0 4 9 LO 68 69 
5 5. 650E-O 1 3.9611:+04 5. 924E-0 1 322.7 6 11 14 57 63 
6 1.224E+OO 3.961F+04 8.93(;E-Ol 322.1 14 12 15 45 51 
7 1.59CE+OC 3.961E+04 1. C04f +00 322.2 15 13 33 39 
8 5.65CE-Ol 3.961E+04 5. '102E-01 323.0 5 1-1 16 56 62 
9 I.224E+OC 3. Y61( +04 9. 196E-Ol 323.3 12 l( .. 17 44 50 

10 1.590E+00 3.961E+04 1.045E+00 323.5 13 17 32 38 
~ 11 5.650E-Ol 3.961E+04 5.78CE-Cl 84.0 8 18 21 59 65 

12 1.224E+OC 3.961E+04 s. C6SE-Ol 83.9 21 19 22 47 53 
13 1.590E+00 3.96Lf+04 1.027E+OC 84.0 22 20 35 41 
14 5.650E-Ol 3.96LH04 5.825E-Ol '84.4 7 IF 23 58 64 
15 1. 224E +0 0 3.961E+04 Ci.J33E-OL 85.0 23 19 24 4l, 52 
16 1.59CE+00 3.961[+04 1. C6SE+OC 85.2 20 2'4 34 40 
17 5. 650E- 0 1 3.961E+04 5.8b9E-01 L C; 9. 7 10 25 28 61 61 
18 1.224E+OC 3.961F.+04 8.45SE-Ol 202.3 28 29 26 49 55 
19 1.590HOO 3.961E+04 9.425E-Ol 203.1 29 27 37 43 
20 5.650E-Ol 3.961E+04 5.835E-Ol 200.5 9 25 30 60 66 
21 1.224E+00 3.961E+04 8.705E-01 203.6 26 30 31 48 54 
22 1.590f+00 3.961F+04 9.834E-Ol 204.5 27 31 36 42 
23 1.180E-Ol 3.961E+04 7.697E-Ol 356.5 75 16 123 
24 1. HIOE-Ol 3.961E+04 8.531E-01 3.1 76 11 124 
25 1.180E-Ol 3.961F+04. 8. 284E- 0 1 325.6 32 17 78 125 
26 1.180E- 0 1 3.961E+J4 1;;.. 733E-Ol 319.3 33 1e. 79 126 
27 1.180E-OI 3.961[;+04 1.587E-01 11 7. 0 79 80 121 
28 1.180E-01 3.96lf"04 8.607E-Ol 123.0 80 81 128 - 29 1.180E-Ol 3.961H04 O.546E-01 81.3 81 34 82 129 
30 1.180E-0 1 3.961E+04 6.966E-Ol 81.6 35 82 63 130 
31 1.18CE-Ol 3.961H04 7. 523E-0 1 231.1 83 8 /t 131 
32 1.180E-0 1 3.961F+04 8.544E-Ol 244.5 84 85 132 
33 1.180E-Ol 3.961E+04 7.78 CE- 0 1 201.5 36 85 133 86 
34 1.180E-0 1 3.961E+04 6. ?lIE-01 201.1 86 37 15 134 
35 1.170E-Ol 3.961E+04 8.3 76E- 0 1 fl. 5 87 8E1 135 
36 1.170E-Ol 3.961E+04 S.111E-01 323.3 38 39 88 89 136 
31 1.170E-Ol 3.961E+04 8. Ul6E-01 100.3 89 90 131 

. 38 1. 110E- 0 1 3.961E+04 8.434E-01 128.3 90 91 136 
39 1.170F.-Ol 3.961F+04 8.356E-Ol 85.2 40 41 91 92 139 
40 1.170E-Ol 3.961E+0', 8.138E-Ol 228.2 92 93 140 

. 41 1.170E-01 3.961£+04 8. 412E-O 1 249.4 93 94 141 

Figure D-4. Input and Output Data for Pressure Nodes 
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42 1.170E-Ol 3.961[+04 1. 518E- 01 204.9 42 43 94 95 142 
43 l.170E-01 3.'1611:+04 8.280E-01 347.9 95 81 143 
44 8.320E-02 3.961E+04 7.282E-Ol 10.0 96 97 1't4 
45 8.320E-02 3.96IE+04 7.005E-01 323. B 44 45 97 98 145 
46 8.320E-02 3. CJ6 1 F +0 4 6.89<;E-Ol 1 12. 5 98 99 146 
41 8.320E-02 3.961EH)4 7.33'tE-01 129.9 99 100 147 
48 6.320E-02 3.CJ61E-t04 7.155[:-01 85.7 41 100 46 101 148 
49 8.320E-02 3.961Et04 6.85 SE-C 1 232.'t 101 102 149 
5Q 1l.320F.-02 3.961F.+04 7.282E-01 251.0 102 103 1 '>0 
51 8.320E-02 ].961 E +04 e.5tl'tE-Ol 204.6 48 4-9 103 lOll 151 
52 8.320E-02 3.961E+04 6. 985E-0 1 352.3 10't 96 152 
53 1.48 OE-O 1 3.(161[+04 5. 895E-0 1 321.2 50 105 l06 153 
54 1.480E-Ol 3.961[+04 4.180E-Ol 308.4 5l 1 C6 107 154 
55 1.480F-Ol 3.961~+04 6. 054E-- 01 88.7 52 107 108 155 
56 1.480E-01 3.961f.+04 4.313~-01 71. 0 53 l CP 109 156 
57 1. I .. SOE-Ol 3.961H-04 5.529E-01 20 S. 7 54 109 110 157 
58 1.480[;-01 3.961[+0'. 3.819E-01 18<;.1 55 110 105 15i; 
59 1.010E-Ol 3.96LE+04 3.16 CE-O 1 335.4 56 In 112 159 
60 1. ,)1 OE-O 1 3.961E-+04 2.0]27E-01 310.4 ';)1 112 Jl3 160 
61 1.010E-0-l 3.961004 3.43 €[-O 1 91.6 58 113 11 II 161 
62 1.010E-Ol 3.961E+04 1.98 eE- 01 14.5 59 11', 115 162 
63 1.01 OE-O 1 3.961 E: +0 4 3.47<JE-Ol 208.8 60 115 116 163 
64 1.01 OE-O 1 3.961E+04 6.123F.-Ol 176.9 61 116 111 164 
6"5 1.230 E- 01 3.961E+04 4.44 8E-0 1 326.1 62 63 111 118 1-,)5 
66 1.230 E- 0 1 3.961E+04 2.600E-Ol 82.4 64 65 118 119 166 
67 1. 230E- 01 3.961E+04 2.551E-Ol 198.1 66 61 119 117 167 
68 8.020E-02 3.961Ef-04 2.379E-Ol 192.6 68 69 120 121 168 " 
69 8.020E-0? 3.961E+04 2.40 If- 01 78.3 70 11 121 122 169 
10 8.020E-02 3. 961E +0 4 2.432E-Ol 316.5 12 13 122 120 170 
11 1.520E-02 3.961E+04 5.520E-03 292.9 14 17L 

I I I -AERC'J ET eMf INJECTOR 
ox If) I l fOR SIDE, N-O RING DAMS I SPINNING FIRST T ANGENTI AL "'ODE I 

Figure D-4. (Continued) 
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APPENDIX E 

COMPUTER MODEL DOCIThmNTATION OF ROCKETDYNE 

OME TECHNOLOGY INJECTOR 

FUEL SYSTEM FREQUENCY RESPONSE 
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ROCKETDYNE OME INJECTOR 
fUEL S I DE, NO RINS DAtiS 
STANDING FIRST TANr;r:NTIAl I-1OIJE 

78 39 12 
1 130 -10 -18 -i,6 -64, -73 -131 
2 131 -11 -29 -1,7 -48 -65 -14 -132 
3 132' -12 -30 -49 -66 -15 -133 
4 133 -13 -31 -50 -67 -16 -134 
5 134 -14 -32 -51 -52 -68 -77 -135 
6 135 -15 -33 -53 -6e; -1B -136 
7 136 -16 -34 -54 -10 -19 -117 
8 137 -11 -35 -55 -56 -11 -80 -138 
9 138 -18 -36 -51 -72 -81 -130 

10 -19 
11 -20 
12 -21 
13 -22 
14 -23 
15 -24 
16 -25 
17 -?6 
18 -21 
19 100 -101 -139 
20 101 -102 -140 
21 102 -103 -141 
22 103 -104 -142 
23 104 -105 -143 
24 105 -106 -144 
25 106 -101 -145 
26 101 -108 -l46 
27 108 -100 -141 
28 -31 
29 -38 
30 -39 
31 -40 
32 -41 
33 -42 
34 -43 
35 -44 
36 -45 
31 109 -110 -148 
38 110 -111 -149 
39 111 -112 -150 
40 112 -113 -151 
41 113 -114 -152 
42 114 -115 -153 
43 115 -116 -154 
44 116 -111 -155 

Figure E-l. Data Deck for Rocketdyne O}lli 
Technology Injector Fuel Side 
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45 117 -109 -1~6 
46 47 -58 
48 49 -59 
50 51 -60 
52 53 -61 
54 55 -62 
56 57 -63 
58 118 -119 -151 
59 119 -120 -156 
60 120 -121 -159 
61 121 -122 -160 
62 122 :-123 -161 
63 123 -U8 -L62 
64 65 66 -89 
61 68 69 -91 
70 71 12 -93 
13 14 75 -82 -68 
16 11 18 -83 -90 
79 80 81 -84 -92 
82 -85 
63 -86 
84 -81 
85 124 -125 -163 ... -- _._". 
86 125 -126 -164 
87 126 -124 -165 
88 -94 
89 -95 
90 -96 
91 -97 . __ . __ .-.. .. __ .. _- ._--_.-
92 -C)8 
93 -99 
94 95 127 -128 -166 
96 91 128 -129 -161 
98 99 129 -127 -168 

1 2 3 4 5 6 7 6 9 -139 -140 -141 
-142 -143 -144 -145 -146 -141 -148 -1't9 -150 -L51 -152 -153 
-154 -155 -156 -157 -158 -IS'> -160 -161 -162 -':"163 -:"164 -165 
-166 -167 -168 

1 2600 
1 10 0 
0 3.C)3 340 3.93 20 3.93 

60 3.93 100 3.93 L40 3.93 
180 3.93 220 3.93 260 3.93 
300 3.17 340 3.11 20 3.11 
60 3.11 100 3.17 140 3. 17 

180 3.11 220 3.L7 260 3.17 
300 2.43 350 2.43 50 2.43 

Figure E-l. (Continued) 
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110 
290 
2.60 
260 

2.43 
1.69 
.945 

170 
20 
20 

2.43 
1.69 
.945 

o 0 0 0 
o 0 0 0 

&01 R=9*O.0,18*5.qq,18~I.B7,5.2q,2*lO.6,2*5.29,2*10.6, 
2*5.2Q,2*IQ.6,5.29,6*3.52,18*7.07,3*4.J3,3*6.99, 
6*5.31,6*3.55,30*0.0,0.0,2*0.0,0.0,2*0.0,0.0,2*0.0, 
q*681.,q*389.,6*351.,3~'480.,.3>!'?75. , 
V=q*1.34,9*.0443,9*.J434,q*.J941,9*.05~1.6*.J94, 

6*.0935,3*.078,3*.167,3*.068,3*.0507,6*.0442, 
3*.0776, 
l=9*.0103,18*.0303,18*.0198,.0453,2*.0906,2*.0453 
2*.0906,2*.0453.7*.0906,.0453,6*.0303,9*.1121, . 
9*.0523,3*.04g1,3*.0~05,.0186,.0585,.0386,.0585, 

.0386,.0585,6*.0211,Q*.443,S*.251,6*.1187,3*.2,3*.4154, 
9* .0112, 9~·.0 802, 9'~. 0575,6* .05,3* .0686,3*.0392, 
C:8L*50400., &ENO 
7.25 125. 

5 1 
19 37 

160 166 
3 

52 
169 

61 
100 

76 
109 

10 
118 

19 
124 

28 
121 

Figure E-l. (Continued) 
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140 
140 

o 
o 

37 
9 

142 
6 

2.4~ 

1.69 
.945 

o 
o 

151 
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REAL INPUT MArRIX AMPLITUDES - PSI 
0.0 
0.0 

-1.7365E-Ol 
8.994 4f-O 1 

-7.3323E-Ol 
-8.08 31!:-J 1 

3.3624F-Ol 

0.0 
0.0 

-7.6604E-Ol 
8.~994'tE-01 

- L • 66 21 E- 0 1 
- 5 • 2 15 8 E- 0 1 
-7..7411E-Ol 

0.0 
0.0 

- I. OOOOE+OO 
4.785AE-Cl 
4.7858[- Cl 
2.fl072C:-01 

-6.2135[-02 

0.0 
9 • 3969 r: - 0 1 

-7.660'tE-OL 
-1.6621E-Ol 

0.0831 E-Ol 
5.76971:-01 

IMAGI~ARY INPUT MATRIX A~PL IlUDE S - PSI 
0.0 0.0 0.0 
0.0 0.0 C.O 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 

ROCKETOYNE OME INJECTOR 
FUEL SIDE, NO R,ING DA~S 

STANDINC FIRST TANGFNTJAL MODE 

-\ 

INPUT FHQUfNCY= 2600.0 

0.0 
0.0 
0.0 
0.,0 
0.0 
0.0 

0.0 
9.3969E-Ol 

-1.7365 f -0 1 
- 7 • 3323 E -01 

5.275BE-Ol 
-4.7035 f-Ol 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
5.0000£:-01 
5 .OOOOE-O 1 

-9.571&E-Ol 
-2.8072E-Ot 
- t • 0 6 6 2 E- 0 1 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

Figure E-2. Real and Imaginary Input Matrix Amplitudes 
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FLOW UPSTR EAM DOI-INSTRfM: RES ISTAt\CE INERTANCE AMP 1I JUDE PHASE 
PRESSURE PRESSURE SEC liN SQ SEC SOil N SO lB/SECI PS I OEGkEES 

1 PI IJ ( U P( 1) 0.0 1.030E-02 1.2231--03 100.3 
2 PINI 2) P( 2 ) 0.0 1.030[-02 1.251 F-03 100.2 
3 PPH 3) PC 3) 0.0 1.030E-02 7.325 E -0 't lCO.l 
4 PIN( 41 P ( 4) 0.0 1. OJOE -02 3.363[--04 279.U 
5 PIN( 5) PI 5) 0.0 1.030[:-02 1.020E-03 280.2 
6 PPH 61 P ( 61 0.0 1.030£:-02 1.258E-03 280. 't 
1 PINI 7) P( 71 0.0 1.030E-02 8 .86'+f-O 4 280.5 
8 PIN( 81 PI 8) 0.0 1.030[-02 2.312E-0', 280.2 
9 PIN' 91 PC 9) 0.0 1.030E-02 5.252E-0't 100.7 

10 P ( 1) PII01 5. q.,OE +00 3.030E-02 3.~41E-04 102. fl 
11 P( 2) P( 1 U 5.9<;CE+00 3.030f-02 3.!>33E-04 102.6 
12 P( 3 J P ( 12) 5.9C;CE+CO 3.030E-02 1.828f-)4 102.5 
13 1'( 4) P ( 13) 5.9<;CE+OO 3.030E-02 5.795E-05 2 P 1. 4 
14 P( 5 ) p, 14) 5.9t;CE:+00 3.030E-0? 2.&80[-04 262.6 
15 P( 6) P ( 15 ) 5.9 seE +0 C 3.030E-02 3.797£--04 282.9 
16 P( 1) P ( 16) 5.9<JOE .. 00 3.030E-02 2.96 L [-0 't 2t13.0 
17 P( 8 J P (17) 5. 9.,OE +00 3.030[-02 6.529f;-05 2R2. (, 
18 P( 91 Ptl81 5.9t;OE+00 3.030E-02 1.96<1E.-04 IG3.? 
19 PliO) P ( 19) 5.9C;OE+00 3.030E-02 3.121E-:>'t 103.0 
20 P( 11 J P(20) 5.9'>OE+00 3.030E-02 3.10<:;(:-04 102.9 
21 P ( 12) P(21) 5. C)<;OE +00 3.030E-02 1.593[-04 102.7 
22 P (13) P(221 5. 9t;CE+00 3.030E-02 4.857E-05 281.6 
23 P ( 14) P(231 5.990E+00 3.030E-02 2.535F-04 282.9 
24 PI 15) P(24) 5.9<;;CE+00 3.030E-02 3.358f-0'. 2fl3.1 
25 PI161 P(25) 5.9.90[+00 3.030E-02 2.636E-04 283.2 
26 P ( 111 Pl26) 5.990E+00 3.030E-02 5.746E-05 <'fl2.'> 
27 P ( 18' P(27) 5.9t;CE+00 3.030E-02 1.7tJSE-04 103.4 
28 P( 11 P(28) 1. 8 70F +00 1.9801:-02 4.986E-04 100.3 
29 P ( 2) 1'(29) 1.87CE+OO 1.980E-02 4.980E-0'. 100.2 
30 P ( 3) PI 30 J 1. 87CE +00 1.980E-02 2.572 E-04 100.0 
31 P( 41 P(3l) 1.87CE+00 1.98:>E-02 8.120E-05 278.9 
32 1'( 5' P(32) 1.870E+00 1.980E-02 4.06nE-04 280.2 
33 P{ 6) P ( 331 1.810E+OO 1.980E-02 5.350E-OI, 280.4 
34 1'( 7) P(34' 1.87CE+00 1.980E-02 4.175E-0't 280.6 
35 P( 8 ) P(351 1.870'=+00 1.980E-02 9 .202E-,) 5 2130.2 
36 P( 9) P(36) 1.87CE+00 1.980E-02 2.718E-04 100.8 
37 P(28) p(37) 1.8 70E' +00 1.930E-02 4.128 E-O 4 100.3 
38 1'(29) P (38) 1.870E+00 1.980E-02 4.111E-J/t 100.2 
39 PDO' P(391 1.87CE+00 1.980E-02 2.0(19[:-04 100.0 
40 PUll P(4J) 1.8 70E +00 1.9!)OE-02 6.1l;3F-J5 278.13 
41 P(32J P (41 J 1.61CE+CO 1.980E-02 3.3511.:-04 280.2 

Figure E-3. Input and Output Data for Flowrates 
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42 P D:\) P(42) 1. 81Cf +CO 1.980f-02 4.450f-04 280. 'I 
43 P134) p ( 43) 1.8l0E+OO 1.9801;-02 3. 51IJ:~-04 280.6 
44 P ( 35) P(441 1.8 7eE +- 00 1.980E-02 1.596(-05 21.10.2 
45 PI361 P(45) 1.81Jt'+OO 1.9BOE-02 2.361[-04 lOO. d 
46 P( 11 P(461 5.2<;C[+00 4.530E-02 2.47SE-04 98.1 
41 PI 21 P(46) 1.0bOF+Ol 9. 060E -02 1.205E-04 9B.l 
48 P( 21 P(47) 1.06CE+-Ol 9.060E-02 3.776(;-05 9 /t.7 
49 PI 31 P(47) 5.2 SOH 00 4.530F-02 1.932 r-Q/t <)8.' ... 
50 P ( 41 P(481 5.2<;OE:+O() 4.53 CF-02 1.2tl71:-04 278.7 
51 P( 5) PI4S) 1.06C[+-01 9.060E-02 L.3(.7£=-05 1 11. 1 
52 PI 5) P(491 1.:)60E+Ol 9.060E-02 1.'123E-04 278.6 
53 PI 61 P ( 49) 5.2<;OE+00 4.530E-02 2.306E-04 278.0 
54 P( 7) P(501 5.2S0Ei-JO 4.530E-02 1.188 E- 0 It 277. ') 
55 P( 8) P(501 1.06CE+Ol, 9.060E-02 L.338[-04 279.5 
56 P ( 8 ) P(51) 1.0(;01: +01 9.060E-02 1.04of-04 1 00. 1 
57 P' 9' P(51) 5.2C;CE+00 4.5301:-02 3.741E-05 95.0 
58 P(46) P(52) 3.52Cf+00 3.030E-02 2.772(-04 S7.8 
59 PI471 P( 531 3.520(=+OJ 3.030E-02 1. (:SUf-04 97.4 
60 P(48) P(54) 3.52CE+OO 3.030E-02 7.992E-05 276.5 
61 P(49) PISS) 3.520E+00 3.030[-02 2.U36E-()4 278.0 
62 P(501 P(56) 3.5 2CE +00 3.030E-02 1.973£-04 278.3 
63 P(5l1 P(57) 3.520E+00 3.030f-02 l.14<JE-04 98.13 
64 P ( 11 P (581 7.07CE+00 1.121E-Ol 1. 1.8CJf;-0 5 86.7 
65 P( 2) P(58) 7.07CF+00 I.L21E-Ol 1.231E-05 B lt.5 
66 P( 3' Pl5S1 1.070E+00 1.121E-Ol 5.960E-OS «77.3 
67 P( 41 PI 59) 7.01CE+00 l.121E-01 7.257E-05 270.5 
68 P( 5' P159' 7.07CE+OJ 1.121E-OL 1. Ll03E-0 5 264.5 
69 P( 61 P(59) 7.07CF.+00 1.l21E-01 1.7 55E-0 5 114.5 
70 p ( 1) P(601 7.:l7CE+00 1. l2 LE-Ol 5 .8J2E-u 5 10 L. 5 
11 P( 8' P(601 1.07CE+CO 1.12IE-Ol 2.274F-06 264.5 
72 P( 9' PI601 7.07CE+01) 1.121E-Ol 7.108E-05 280.3 
73 P( 1) P (61) 1.07CEi-00 5.230E-02 3.BBIE-05 94.5 
74 P ( 21 P(611 7.07CI:+00 5.230E-02 3.316(=-05 94.1 
75 P ( 3' P (61) 7.07CE+00 5.230E-02 1.352E-04 99.2 
76 P( 4' P (621 7.07CE+00 5.230F-02 1.615(=-04 279.8 
71 P ( 5) P (62' 7.07CE+JJ 5.230E-02 2.7 03E-0 5 274. 1 
78 P( 6' P(621 7.07CE+CO 5.230E-02 2.026{;-05 111.3 
79 PI 7) P(b3) 7.07CEi-00 5.230E-02 1.230[=-04 101.4 
80 P( 81 P(63) 7.07C£4-00 5.230E-02 6.t27E-06 27'1.1 
81 P( 9' P(63) 7.070E+00 5.230E-02 1.550F-04 2eO.8 
82 P(611 P(641 4.0;CE+00 4.810E-02 6.019E-05 105.9 
83 P(621 P(65) 4.03CE+00 4.810E-02 4.<J01E-05 285.9 
8't P (631 P(66) 4.030E+00 4.810E-02 1.112E-05 2£lS.9 

Figure E-3. (Continued) 
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65 P(64) P( 611 6.9C;OE+OO 3.050E-02 1.296E-OS 126.7 
86 1'(65. P(68) 6.9C;CE+00 3.050E-02 1.0S7E-05 306.7 
81 PI661 P(691 6.9«;OE+00 3.0501:-02 2.395E-06 306.1 
88 1'1(1) 1'(70) 5.310E+00 3.860['-02 4.<}89E-OS P,3.4 
89 PISSI P17U S.31CE+CO S.850[-02 4.174['-05 130.2 
90 P(S2) 1'(72) 5.310E+00 3. i'bOE-02 4.067E-05 263.4 
91 1'(591 P' 73) 5.310E+00 5.850E-02 3.402£'-05 268.2 
92 P(63) 1'(14) 5.310E+OO 3. 860E-02 9.l18E-J6 2&3.4 
93 1'(60) 1'(75) 5.31CE+00 5.850f-02 7.113E-06 260.2 
94 1'(70) P(161 3.5 50E+:)0 2.11 0['-02 2.2 /12[-05 f-',. 6 
95 P (111 P (761 3.55CE+OO 2. 110E-02 1.310E~05 67.6 
96 I' (121 P (111 3.550E"00 2. 110E-02 l.828E-05 24 It • 6 
91 P (13) I' (111 3.55CE+00 2. 110E-02 1.068E-O 5 247.6 
'18 I' (14) 1'118 ) 3 .55CF. +00 2.11 OE-02 4.lJ.3 E-06 244.6 
99 I' (15) P(1S) 3.55CE+00 2.110[-02 2.421E-J6 247.7 

100 P(21) I' ( 19) 0.0 4.430£-01 3.&25E-05 100.9 
101 P(19) P (20) 0.0 4.'.30£:-01 5.58(.E-07 8't.6 
102 P(20) P(211 0.0 4. '.30E-Q1 3.40<.;E-05 281.6 
103 PIll) 1'(22) 0.0 4.430E-Ol 5.5531:-05 260.9 
104 P(22) P(23) 0.0 4.430E-01 4.56 5E-0 5 2U 1.1 
105 1'(231 P(24) 0.0 4.430E-Ol L .142[;-0 5 282.3 
106 1'(24) P(25) 0.0 4.430['-01 I.CJ29E-05 100.<1 
107 P(251 P(26) 0.0 4.430[-01 4.S)2E-05 101.9 
lOS 1'(26) P(21) 0.0 4.430E-Ol 5.157f-05 10 1. 8 
109 pr45) P (311 0.0 2. S10E-Ol 5 • 119<" E -0 5 99.1 
110 P(31) P138 ) 0.0 2. SlOE-Ol 1.011 F.-06 87.4 " 
111 P (38) P(39) 0.0 2. 510E-0 1 S.b21.E-05 2S().2 
112 P( 39) P(40) 0.0 2.5l0f-Ol 9.19UE-05 279.7 
113 P(401 I' (41) 0.0 2.510E-OL "l.S2 /tE-05 280.3 
114 P(41) P(42) 0.0 2.510E-01 2.H60E-05 280.8 
l1S P(42) P(43) 0.0 2.51 OF.-O 1 3.192£:-05 99.1 
116 1'(43) P(44) 0.0 2.510E-Ol 7.426E-05 LOO.5 
111 1'(44) P(45) 0.0 2. 51 OE-Ol 8.'t83[-05 100.4 
118 P(51) P(52) 0.0 1.181E-Ol 1.210[-04 98. it 
119 1'(52) P (53) 0.0 1.187F-Ol 6.037E-0 5 278.9 
120 P(53) 1'(54) 0.0 1.181E-Ol l.b53E-04 278.4 
121 P(54) PI551 0.0 1.181[-01 L.135E-0'. 278.9 
122 P(5<;) P(56) 0.0 1.781E-01 6.436E-J5 9S. It 
123 P(56) 1'(51) 0.0 1.181E-Ol 1.136(-04 <:'8.9 
124 P(69) P (61) 0.0 2.000E-Ol 1.058E-0't 101.0 
125 P(61) P(6S) 0.0 2.00CE-01 1.620[-04 281.0 
126 P16tJ) P(69) 0.0 2.000E-Ol 5.027E-05 101.0 
121 PI1!) P (16) 0.0 4.154E-Ol ' •• B10E-05 96.1 

Figure E-3. (Continued) 
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128 P(161 P (11' 0.0 4.154E-Ol 1.:3101:-05 216.7 
129 P (771 P (18 I 0.0 4.154E-Ol 2.559E-05 96.7 
130 P( 9' PI 1) 0.0 1.120E-02 6.41~E-04 100.0 
131 P( 11 P ( 2) 0.0 1.120E-02 2.641 E-05 96.7 
132 P ( 2) PI 3) 0.0 1.120E-02 4.172E-Q4 28C.4 
133 PI 31 PI Itl 0.0 1.120[-02 9.H2HE-0 4 280.0 
134 PI 41 PI 51 0.0 1.120E-02 6.L84E-OI. 28J.5 
135 PI 5) PI 6) 0.0 1.120E-02 2.1£;4£-04 281.0 
136 P( 6) PI 1) 0.0 1.12 OE -02 3.4 L 3E-Q/t 100.0 
137 PI 11 P ( 8) 0.0 1.120E-(l2 6.026E-f)'. 100.6 
138 PI 81 PI 9 ) 0.0 1.120E-02 6.'J56E-0't 100.6 
139 PlIo ) PIN(lO) 6. 810E "02 0.020(-02 2. C)OIE-O't 103.1 
140 P(201 P IN 11 U 6.810[+02 8.020f-02 2.B7'.E-04 L03.0 
141 P(21) P£N(12) b.810E+02 8.020E-OZ 1.492E-04 102.6 
142 PI2Z) PIN(13) 6.810Et-02 8.020[-02 4.666f-05 281.0 
143 P(23) PINI141 6.810E+02 8.020E-02 2.343[-04 283.J 
144 I'IZ4) PINI151 6.8LOE+02 8.020£-02 3.115E-04 28:'. ? 
145 P(251 PIN(161 6.810E+02 8.J20£-02 2.435E-J4 283.5 
146 P(26) PINll1) 6.810E+02 8.020E-OZ 5.311E-05 283.0 

·141 PI 271 PIN(8) 6.81JE+02 8.020E-02 1.623E-04 103.7 
148 P(31l P IN( 19) 3.8<;CE+02 5.150E-02 4.092E-04 100.3 
149 P (38) PIN(20) 3.8901:'+02 5.750E-02 4.052£-04 LOO.2 

-150 P (39) PIN(211 3.8S0Et-02 5.750E-02 2.103E-04 94.8 
151 P(401 PIN(22) 3.8'>CE+02 5.750E-02 6.565E-05 278.2 
152 p (41 I PIN(23) 3.8<;OE+02 5.150E-02 3.3031:-04 280.2 

-153 p(42) PIN(24) 3.8'>OE+02 5. 750E- 02 4.394E-0/t 280. " 
154 P(431 PIN(25) 3.690E+02 5.750f-02 3.436E-04 280.7 
155 P(44) PJN(26) . 3.8 C;OE +02 5. 150E- 02 7.488E-05 280.2 

-156 P (45) PIN(271 3.890E+02 5.150E-02 2.291[-04 101.0 
151 P/52) PIN(2e) 3.510£+02 5.00CE-02 3. 363E-0 4 97.9 
158 PI 53 I PIN(29) 3.510E+02 5.0COE-02 2.125E-0't '11.4 

~159 P(541 PIN(30) ).510f"02 5.000E-02 1.014E-04 276.5 
160 P(55) PINI311 3.51CE+02 5.000E-02 3.400E-04 218.1 
161 P(56) PIN(32) 3.510Et-02 5.000E-02 2.290E-04 278.6 

-162 P(57) PIN(33) 3.510E+02 5.000[=-02 1.276E-04 99.3 
163 P(671 PIN(34) 4.800E+02 6.860E-02 2.428E-04 102.3 
164 P(6S) PIN(351 4.8CQE+02 6.860E-02 1.979E-04 282.3 

-165 P(69) PINl361 4.8COE+02 6. 860E-02 4.486£'-05 282.3 
166 P(16) PIN(371 2.750E+02 3.9201:'-02 1.008E-04 86.2 
167 PI171 PINDAI 2.15CE+C2 3.920E-02 8.217E-05 266.2 

-168 P 1781 PIN(39) 2.750E+02 3.920E-02 l.ab3E-05 266.2 

-ROCKETDYNE OME INJ ECTOR 
! 
I 

FUEL SID f, NO R IN G DAMS I 

! 
STANDING FIRST TANGENTIAL MODE I 

lB/SEC/PS I 1 FLGW/:t PC 
TOTAL INJECTOR FLoW= 6.3257E-03 1.0906E-Ol 
TOTAL V[ Cf[1R I t-.jJ ECTOR FLOW= 6.31bOE-03 1.0890E-0 1 
TOTAL INJECrOR FLOW PROPOATIONEn BY PC AMPLITUDES= 4.4153 E-03 7.6126E-02 
TOTAL VECTOR INJ ECTOR FLOW PROPORTIONED BY PC AMPLITUDES= 4.4111(-03 1.6053E-02 -

Figure E-3. (Continued) 
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PRESSURE VOLU"IE AC. VEL. MAGN nUDE PHASE FLOWS IN FLews OUT 
NODE CU IN IN / S EC PSI/PSI DEGREES 

1 1.340E+00 5.J40E+04 2.05?E-Ol 10.3 1 130 10 28 46 64 73 131 
2 1.340E+00 5.040E+04 2.106E-Ol 10.Z 2 131 11 Z9 47, 48 65 74 132 
3 1.34CE+00 5.040E+04 1.232E-0 1 10.1 3 13< 12 30 49 66 15 133 
4 1.340F,+00 5.040F+04 5.658E-02 189.8 4 1.:53 13 31 50 67 76 134 
5 1.340E+00 5.J40E+04 1. 7ltE- 0 1 190.2 5 134 14 32 51 5~ 68 11 135 
6 1.340E+00 5.040E+04 2.116E-Ol 190.4 6 135 15 33 53 69 78 136 
7 1.140E+00 5.040E+04 1.492E-Ol 190.5 7 136 16 34 54 70 19131 
8 1.340E+00 5.040f+04 ~.891E-02 19C.2 8 137 17 35 55 5(: 71 80 138 
9 1.340E+00 5.)4JE+04 8.83t:E-02 10.7 Q 138 18 36 57 72 81 DO 

10 4.430E-02 5.C40F+04 3. elCF-Ol 11.1 10 19 
11 4.430E-02 5.040E+04 3. 854E- 0 1 11.0 11 20 
12 4.43CE-02 5.040F+04 2.13 7E-Cl 10.8 12 21 
1'3 4.430E-02 5.040r-+04 8.527F.-OZ 190.1 13 22 
14 4.430£-02 5.04CF+04 3.142E-01 191.0 14 23 
15 4.430E-02 5.040E+04 3.995E-01 191.2 15 ~4 

16 4.430E-02 5.040~+04 2.957F.-Cl 191.4 16 25 
17 4.430E-02 5.040E+04 7.122E-02 191.0 17 26 
18 4.43CE-02 5.040E+04 1.1'5 eE-Ol 11.7 18 27 
19 4.340E-02 5.040E+04 5.355E-CI. 11.5 19 100 101 139 
20 4.340E-02 5.040f+04 5.393E-Ol 11.3 20 101 102 140 

tt:l 21 4.340E-02 5.040E+04 2.926F-Ol 11.1 21 102 ~ 103 141 
I 22 4.34JE-02 5.04JE+04 1.0<1'3'7-01 190.3 22 103 104 142 

f-' 23 4.340E-02 5.040E+04 4.397E-01 191.3 23 104 105 143 I 
0 

24 4.340~-02 5.040E+04 5.657E-C1 191.6 24 1.05 106 14 l , 

25 4.340=-02 5.040E+04 4. 262E-0 1 191.8 25 106 107 145 
26 4.34JE-02 5.J40F.+04 9.96tE-02 191.3 26 107 1(18 146 
27 4.340E-02 5.040~+04 2.73 2f.-0 1 12.0 27 108 100 147 
28 9.410E-02 5.040E+04 3.67(E-Ol 10.2 28 37 
29 9.410E-02 5.040E+04 3.71 61:-01 10. 1 29 38 
30 Q.410E-02 5.J40E+04 2. :)64E-01 9.9 30 39 

31 9.410E-02 5.040E+04 8.284E-02 189.4 31 40 
32 9.410E-02 5.040E+04 3.030E-01 190. t 32 41 
33 9.410F-02 5.Q40F+04 3.1.:47E-01 190.2 33 42 
34 <I.410E-02 5.040(+04 2.84 2E-0 1 190.4 34 43 
35 Q.410E-02 5.040E+04 6.116 AE-02 190.1 35 44 
36 9.410E-02 5.040(+04 1.782E-01 10. {) 36 45 
37 5.0'OE-02 5.040f+04 5.00~E-01 10.1 37 109 110 148 
36 5.030E-02 5.J4JE+04 5. Q't6::-0 1 lC.O 39 110 lil 149 
39 5.030E-02 5.040E+04 2.74CE-Ol 9.9 39 HI ttl 150 
40 5.030E-02 5.C40E+04 1.028E-01 189.2 40 il2 113 151 
41 5.0~OE-02 5.040F+04 4.1t3E-01 190.0 41 11:'1 114 152 

Figure E-4. Input and Output Data for Pressure NOlies 



42 5.030E-02 5.040E+04 5.286E-Ol 190.2 42 114 115 153 I 
43 5.0301:-02 5.040£'+0'. 3. <177E- 0 1 1<)0.4 43 115 11t. 154 
44 5.030E-02 5.(}4JE+04 <i. 32 5E- 02 190.0 44 116 117 155 
45 5.I))OE-02 5.'J4CE+04 2.5'.6[-01 10.5 45 117 109 1St> 
46 9.400(;'-02 5.040E+04 3.888E-01 9.1 46 47 58 
41 <).400E-02 5.040E+04 2.662(-01 q.o 48 4<; 59 
48 9.400E-02 5.J40E+J4 1. SUE-Ol ISU.8 5.0 51 60 
49 '1.400E-02 5.')40£'+04 3.872E-Ol 189.1 52 53 61 
50 <).400E-02 5.040[+04 2.37CF-Ol IS9.2 54 55 62 
~1 9.400E-02 5.0(.0['+04 1.160E-01 9.5 56 57 63 
52 <1.350E-02 5 .040E+0', 5.25<)E-Ol 8.6 58 118 119 151 
53 9.350E-02 5.040E .. 04 3.497E-Ol 8.5 59 119 120 158 
54 9.350E-02 5.0(.OE+04 1.91~E-Ol 188.3 60 120 121 159 
55 9.350[-02 5.040£'+04 5.27 5E-0 1 188.7 61 121 122 160 
56 9.350E-02 5.040E+04 3.346E-Ol 188.q 62 122 123 161 
51 9.350E-02 5.040E+04 1.728E-01 9. L 63 123 ll8 162 
58 -, .800E-02 5.040E+04 2.323E-Ol' 8.1 64 65 66 89 
59 7.8ooE-02 5. 040E +04 1. G9 4E-0 L 188.1 61 68 69 91 
60 1.800E-02 5.040E+04 4.293E-02 188.7 10 11 12 93 
6L 1. 610E-0 1 5.04J1:+04 2.387E-Ol 9.4 73 74 75 82 88 
62 1.6 70E-0 1 5.040[+0', 1.946E-Ol 189.4 16 17 18 83 90 
63 1.610[- 0 1 5.040E+04 4.411£'-02 189.4 19 80 81 84 92 
64 6.800E-02 5.040[-+04 2.856E-Ol 10.5 62 85 
65 6.1300E-02 5.040E+04 2.33QE-.0l 190.5 83 86 
66 6.800E-02 5.040E+04 5.261E-02 190.5 84 81 
61 5.070E-02 5.040£0+04 2.916E-OL Lt.O 85 124 .- 125 163 
68 5.010E-02 5. J4oJE'+04 2.311E-OL 19L.0 86 125 L26 164 
69 5.070E-02 5.040E~04 5.3 flf:>f;- 02 191.0 81 126 124 165 
,10 4.420E-O£: 5.040F+04 2.6'JCE-Ol 7.5 88 9 t• 
11 4.420E-02 5.040E+04 2.116E-01 7.1 89 95 

"12 4.420E-02 5.040E+04 2.193E-Ol 181.5 90 96 
-13 4.420E-02 5.040E+04 2.214E-Ol 181.1 91 91 
14 4.420E-02 5.040E+04 4.97 2E-02 187.5 92 98 

'15 4.420E-02 5.O'tOH·04 5.01CJE-02 181.1 93 99 
.16 7.7bOE-02 5. J4lJE +04 2.7'l!:E-Ol 6. -{ 94 95 121 128 166 
11 1.76CE-02 5.040E+04 2. 2't6E-0 1 1R(;.1 96 91 128 129 161 
18 1.160E-02 5.040E+04 5.091E-02 186.1 98 99 129 121 168 
_ROCKETDYNE Of-If: INJECTOR I 
FUEL SIDE, NO lUNG DA'-1S 

·STANDING FIRST TANGFNT IAL MODE " \ 

Figure E~4. (Continued) 
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A'PPENDIX. F 

COMPUTER HODEL DOCUMENTATION OF ROCKETDYNE 

OME TECHNOLOGY INJECTOR OXIDIZER 

SYSTEM FREQUENCY RESPONSE 
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ROCK HOYN E nME INJECTOR 
OXIDI Zf.R SIDE, NO RING DAMS 
STANDING FIRST T ANGfNT IAL MODE 

69 51 12 
1 -10 -19 
2 -11 -20 
3 -12 -21 
4 -13 -22 
5 -14 -23 
6 -15 -24 
1 -16 -25 
8 -11 -26 
9 -18 -27 

10 -31 
11 -38 
12 -39 
13 -40 
14 -41 
15 -42 
16 -43 
17 -44 
18 -45 
19 -28 
20 -29 
21 -·30 
22 -31 
23 -32 
24 -33 
25 -34 
26 -35 
27 -36 
28 70 -11 -100 
29 71 -72 -101 
30 12 -13 -102 
31 13 -74 -103 
32 74 -75 -104 
33 15 -76 -105 
34 76 -71 -106 
35 77 -18 -101 
36 18 -70 -108 
31 79 -80 -109 
38 80 -81 -110 
39 81 -82 -111 
40 82 -83 -112 
41 83 -84 -113 
42 84 -85 -114 
43 85 -86 -115 

Figure F-l. Data Deck for Rocl{(~tdyne OME 

Technology Injector Oxidizer Side 
i 

~., 
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~~ 
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i 
! ~ , 
I 44 86 -87 -116 

45 81 -79 -111 
I 46 -52 
j: 41 -53 
I 48 -54 . ~-

49 -55 

I 
50 -56 
51 -57 
52 88 -89 -118 
53 69 -90 -119 
54 90 -91 - L20 
55 91 -92 -121 
56 97- -93 -122 
57 93 -68 -123 
56 -61 
59 -62 
60 -63 
61 94 -95 -124 
62 95 -96 -125 
63 96 -94 -126 
64 -67 
65 -68 
66 -69 
67 97 -98 -121 
68 98 -99 -t28 
69 99 -91 -129 

1 2 3 4 5 6 7 8 9 46 47 48 
49 SO 51 58 59 60 64 65 66 -LOa -101 -107 

-103 -104 -105 -106 -101 -108 -109 -110 -111 -112 -113 -114 
-115 -116 -117 -118 -119 -12n -121 -L22 -123 -124 -125 -126 
-127 -128 -129 

1 2600 
1 22 0 
0 7.11 320 7.11 360 7.11 

40 7.ll 80 1.11 120 1.11 
160 7.11 200 7.11 240 7.11 
260 7.11 320 5.59 360 5.59 

40 5.59 80 5.59 120 5.59 
160 5.59 200 5.59 240 5.59 
280 4.11 330 ' ... 11 30 4.11 

90 4.lL 150 4. tl 210 4.11 
270 2.63 360 2.63 120 2.63 
l40 1.21 360 1.21 120 1.21 
240 

0 0 0 0 0 0 
0 0 0 0 0 0 ,- - -..... -. 

0 0 0 0 0 0 
0 0 C 0 0 0 

Figure F-l. (Continued) 
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;. ----

&01 R=9*1.35,9*4.65,9*S.26,9*3.3,9*4.65,12*3.32,6*2.29,6*S.4, 
30*0.O,9*179.,9*2?8.,6*231 •• 3*18~.,3*6~3., 
V=9·D.?02,9*0.045~,9~O.On~,q*O.037~,9*O.0199,6*0.0828, 

6~0.0315,3*C.094B,3*O.O?39,3*0.0262,1*0.0058, 
1=9*0.0137,9*0.0503~Y*O.151!,~*J.0254,9*J.0229,12*O.0277, 
6*0.021,6*0.0759,9*0.399,9*0.459,6*0.345,3*0.702,3*0.560, 
9*0.0389,15*0.049,3*0.0402,3*0.147, 
C=69*39610.,~END 

12. 
5 

28 
118 

3 

1 
37 

124 

125. 

'52 
127 

61 
70 

67 
79 

22 
88 

31 
94 

40 
97 

Figure F-l. (Continued) 
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100 
6 
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REfll INPUT MATRIX MIPl.I TUDE S - PSI 
0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 O. a 0.0 
0.0 0.0 c.o 7.66 C4E-Ol 1.0000(=+00 7.6604E-0 1 
1.7365F-Ol -5.CCOOE-Ol -9.3969E-Ol - 9. 3969E-J 1 -5.0000E-Jl 1.7365E-01 
7.660',\:-01 9. 4648E- 01 7.25C5E-Ol 1.6435 (=-0 1 -4.7324E-Ol -8. 8 eJltOf-O 1 

-8.8940E-Ol -4.7324f:-Ol 1.6435E-Ol 6.76«;7£-01 6.7697E-Ol 0.0 
-6.16q7E-Q 1 - 6. 76 CJ7 E- 0 1 C.O 5.3606E-Ol -2. 6.U43 E-O 1 -2.6843E-Ol 

2.5520[:-:)1 -1.2764[:-01 -1.2764E-Ol 

l"-AGINAPY INPUT M ATR I X ANPllTUDE S - PSI 
0.0 0.0 0.0 0.'0 0.0 o.,') 
0.0 0.0 0.0 .Q.O 0.0 0.0 
0.0 0.0 0.0 c.o 0.0 0.0 
0.0 0.0 0.0 o. a 0.0 0 • .1 
0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 C.O 0.0 0.0 
0.0 0-.0 0.0 0.0 0.0 0 • .1 
0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 

ROCKETDYNE O~IE INJECTOR 
OX IDI lER SInE, NO RING DAMS 
STANDING FIRST TANGENTIAl/l,ODE 

I CEi'lTE~Lr;: " ---.-.---. -to I 
-_.-- _._- .~.-- .. -.-~. ~ " ... - -- ! 

.,. INPUT FREQUENCY= 2600.J 

Figure F-2. Real and Imaginary Input Hatrix Amplitudes 
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FLOW UPSTRFAM r.mINSTREAM RE SIS Tf\NCE INERTANCE A~PL nUDE PhASE 
PRESSURE PRESSURE SEC /IN SO SEC SQ/IN SO lB/SI:CI PS I CfGHEES .. i) 

" 1 PINI L) P' 1) 1.~50G.OO 1.370r--02 9.200E-04 93.3 1 
2 PIN! 2) PI 2' 1.35CE+CO 1.370E-02 1.176[-03 93.3 i 3 PIN' 3' PI 3) 1.350F.00 1.370F-02 ll.998E-0't 93.3 ., 
4 PINI 4' PI 4' 1.35CF. +00 1.370E-02 2.040l-0't <} 3.3 < 

! 

5 r IN ( 5' PI 5' 1.3 5eE +CO L.370E-02 5.H72l-04 213.3 
, 
... 

6 P IN I 6) P( 6' 1.350E+CO 1.3 70E- 02 1.104[-03 213. :3 t 
7 PINI 7) P ( 7) 1.3 5CE .eo 1.37CE-02 t.10'.[-03 273.3 A 
B PINI 8' PI ii ) 1.350E+00 l.370E-02 5.137lE-04 273.3 J 
q PINI 9' PI 9' 1.3 seE +00 1.370[-02 2.05't[-04 <) 3.2 .. ~ 

10 PI 1 , P( 10' 4.650F.OJ 5. J30E-02 3.335E-04 94.6 
11 P( 2' PIll ) 4.650E+00 5.030E-02 4.12't[-04 94.4 
12 PI 3) P il2' 4.650F+OO 5.030E-02 3.150(-04 94.5 
13 P ( 4 , P ( 13' 4.650E tOll 5.030E-OZ 7.l40E-05 94.5 
14 P( 5' P' 14 , 4.650E+00 5.030E-02 2.056F.-04 274.5 
15 PI 61 PI 15' 4.650E tOO 5.030E-OZ 3.86'tE-04 274.5 
16 PI 1) P(16' 4.6S0E+OO 5.030E-OZ 3.863E-04 274.5 
11 PI B, P ( 17) 4.6501: +00 5.030E-02 2.055F-04 274.5 
18 PI 9' P ( 18' 4.65GE+OO 5.030E-02 7 .264E-0 S 94.3 
19 PI 11 P 119' 8 .26CE .00 5.13CE-02 4.193E-04 92. S 
20 PI 21 PIZO) 8.2HE+CO 5. 130E-02 5.4geE-04 c; 2.6 
21 PI 3' P(21) 8.2 6CE .00 5.130E-02 4.212E-04 92.6 
22 PI 41 PI22' 8.26GE+00 5.130E-02 9.S4tlE-J5 92./; 
23 PI 5) P(23' 8.26CE+JO 5. 130E-02 2.749E-0'. 277.6 
24 PI 6' P(24) 8.260E+00 5.130E-D2 5.167E-04 272.6 ;, J 

25 PI 71 P(251 8.26CE+OO S.130E-02 5.167£-04 272.6 I 

26 PI 5) P126, 8.260E+00 5.130E-02 2.749E-04 272.6 
21 P( 9. PI 27' B.26CE+OO 5.130E-02 9.544[-05 92.5 
28 PI 19 ) PI2B) 3.300E+OO 2.540E-02 2.287E-04 92.7 
29 P(20' P(29) 3.3 COE +00 2.540E-02 3. l>22E-O 't 92.1 
30 Pl2l) PI 30 I 3.3CCE+00 2. 540E -02 2.316E-04 92. -, 
31 P122' PI311 3.3CCE+OO 2.540F-02 5.250F-05 n.7 
32 P(23' P 1321 3.3CCEi·00 2.540E-02 1.512E-0 4 272.7 
33 PI 2'., PI 33' 3.3 CCE+OO 2.540E-Q2 2.841E-04 217.7 
34 P(251 P(34 ) 3.300E.OO 2.540f-07 2.84lE-0'. 212.7 cr. 

35 P(26) PI3S) 3.3CCE.00 2.540E-02 1.51.2E-0'. 272.7 f 

36 PI21, PI361 3.300E+00 2.540F-07 5.236E-05 92.7 .;. 
37 PI I') 1 P (311 4.l>50E+CO 2.290[-02 2.449f-04 9'10 <j 

38 PI 11 , PI 38' 4.65 Cf +00 2.290E-02 :~.O 171'-04 94.8 
39 P ( 12) P (31' 4.65CE.00 2.290F.-07 2.3Cll-04 94.8 !~ 
40 P ( 131 P(40) 4.650F+OO 2.290E-02 5.214 F-05 <)4.H i 

41 P 1141 P 1411 4.b50E+00 2.290E-02 l.501:';-04 274.8 

4 42 PII5) P(42' 4.650E·CO 2.290E-02 2.b2lf-04 274.8 
43 P1l6' P143' 4.b50E+OO 2.290E-02 Z.8 21E-O 4 214.8 ') 
44 P 117' P144' 4.65CE.CO 2. 290E-02 1.50H-04 274. fI l' 

45 P 118' P(451 4.650E+OO 2.290F-02 5.313E-OS 94.6 
46 PINIIO' PI461 3.320E+OO 2.770E-02 4.326E-0'. <;7. I ~ 

41 PINIlll P (It 1) 3. 32CE +00 2.77CE-02 4.32bE-·04 91.7 

~t 

~: 
i 
'~ 

.0 
i if.~ 

i 
Figure F-3. Input and Output Data for Flowrates i 

:j 
{ 
'i 

~ 
<-¢ 

l 

. })I' ;\1Hr: 
REPRODUGillIL1'1'Yt .' ... ' 

F-6 OR1GU~ A.L P Ad it is P{ h' . 

I ..j 



46 PIN(12) P(48) 3. 320E+ 00 2.770E-02 1.842E-ll 7S.5 
4q PIN( 13) P(491 3. 32CE +00 2.770£-02 4.326E-04 277.7 
50 PINe 14) P(5J) 3. 320E +00 2.770E-02 1 .. 326r-D4 277.7 
51 PIN( 15) pe5lJ 3.320[+00 2.770E-02 3.640l-11 266.4 
52 P (46 ) P (S?l 3.320F+00 2.7701:-02 3.673£0-04 97.8 
53 P(47) peS31 3.3 20E +00 2.77CE-02 3.673F-04 '77.8 
54 P('tH) P e 54) 3.320F+00 2.770[-02 1.565E-l1 75.6 
55 P(49) P ( 55) 3.32CE-.·00 2.770£:-02 3.673E-04 277 .8 
56 P(50) P(56) 3.32CE+00 2.770E-02 3.673E-04 277.8 
57 P ( 51 I P(571 3.320E+00 2.770E'-{J2 3.091£:-11 266.5 
58 P IN( 16) P(S8) 2.2 <;CE +00 2.100E-02 4.144[-04 98.'. 
59 P IN( 17J P(591 2.290E +00 2.100E-02 2.072E-04 278.4 
60 PIN( 18' P(601 2.2 C;OE +00 2.100E-02 2.072E:-OI. 278.4 
61 P(58) P(611 2.2 90E +00 2.100E-02 3.602F-04 98.4 
62 P(591 P(621 2.2 C;OE +00 2.100E-02 1.801E-04 278.4 
63 P(60) P(63) 2.2«;CE+OO 2.100£-02 1. A 01E-04 278.4 
64 piNe 19' P(64) 8.4 00£ +00 7.5<)OE-02 4.1181"-05 100.4 
65 PIN( 201 P(6S) 8.4 CCE +OC 7.590E-02 2.059f-J5 280.4 
66 PINe211 P(66) tl.400E+OO 7.590F-02 2.059E-05 280.4 

·67 P (6'tl P(67J 8.4 CCE +CO 7.590£-02 3.580[-05 100. It 
68 P(65) P(681 8.400F+00 7.5<)OE-02 1 .• "190 E-O 5 ?80.4 
69 P(661 P(6S' 8.400E+OO 1.590£:-02 1.7'10E-05 280.4 

··70 P(36' P(28) 0.0 3.990(:-01 7.741E-05 92.3 
71 P(28) P(29' 0.0 3. 990E-0 1 3.024[;-05 92.4 
12 P (29) P(301 0.0 3.990E-Ol 3.051£-05 272.3 

·73 PDOI P (311 0.0 3.990£'-01 7. 717E-0 5 272.3 
74 P(3l) Pf32 ) 0.0 3.990E-Ol 8.775E-05 272.3 
75 P(32) P (331 0.0 3.990E-Ol 5. 728E-0 5 272.3 

··76 P (33 J P(34t 0.0 3.9,)OE-01 3.363E-1J 52.0 
71 P(34) P(35) 0.0 3.990E-Ol 5.728E-05 92.3 
18 PI3S) P(36) 0.0 3.9901:'-01 8.779E-05 92.3 

-79 P(45) P (37 I 0.0 4.590E-Ol 5.948E-05 93.8 
80 P(371 P(3B) 0.0 4. 590E-0 1 1.910E-05 93.2 
81 P (38) P (39) 0.0 4.590E-Ol 2.24{;E-05 213.6 

-82 P (39) P(40J 0.0 4.590E'-01 5.63'tE-05 273.7 
83 P(401 P( 41) 0.0 4.5'10E-Ol 6.4J6[;-05 273.7 
84 P( 41) P(42) 0.0 4.590E-Ol 4.161E-05 273 • ., 

-85 P(42) P(43) 0.0 4.59CE-Ol 1.063E-09 65.8 
86 P(43) P(441 0.0 4. 590E -0 1 ~.182E-05 93.7 
67 P(44' P ( 't5) 0.0 ,'t.590E-01 6.427E--05 93.7 

-88 P (51) P(52) 1).0 3.450E-Ol 6.4?3E-05 97.4 
89 P(52) P ( 53 I 0.0 3.45 CE-Ol L.076E-ll 280.6 
90 P(53) P(54) 0.0 3.450E-Ol 6.4231':-05 277.4 
9} P(S4) PISS) 0.0 3.450E-()1 6. 423E-0 5 277.4 

_ 92 P(55) P(561 0.0 3.45C[-01 4.23lE-11 269.1 
93 P(56) PI 57) 0.0 3.45CE-Ol 6.423E-05 97.4 
94 P(63) P (61) 0.0 1.020E-Ol 3.476/:-05 Qf1.0 

.95 P (61 ) P(62) 0.0 7.020E-01 3.476£=-05 278.0 
96 P(62) P(63' 0.0 7.020E-Ol 5.551E-12 69.4 

Figure F~3. (Continued) 
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91 PCb!)' P(61) 0.0 5.60CE-O 1 1.565E-05 100.0 
98 PCb'" PC6S) 0.0 5.60CE-Ol 1.565E-05 280.J 
99 PC6fl) P(6')) 0.0 5.60CE-Ol 5.759E-13 315.0 

1;)0 P(2d) PIN(22) 1.1<;OE+02 3.890E-02 1. n7E-'J!~ 9"L.l 
101 PUC) ) PINI2l) 1.790E+C2 3.090('-02 2.35?F.-04 92.9 
102 PI)O) PIN(24) 1.790E+02 3.0'1OE-02 1.d()I,E-O', 97.9 ., - 103 PC)l) PINC2S) 1. 1C,CE +C2 3.8901::-02 4.090E-05 92.9 

·104 P(31) PIN(2b) 1. 1'10E H)2 3.890F.-02 t.l7tlE-04 272.9 
105 P (33) PIN(27) 1.790E+02 3. 8C;OE~02 2.Z13E-04 212.9 
106 P ( 34) P IN(8) 1.7'10E+02 3.890[--02 2.213[-04 272.9 
101 P(35) PIN(Z9) 1.7C;OE+02 3.890[--02 1.178E-04 2'{?.9 

" 108 P(36) P INnD) 1.7C;OE+D2 3.890[:-OZ 4.05([:-05 n.'1 
109 P(37) PINC3l) 2.2eOE+C2 4.9:)0(='-02 Z.395E-04 95.0 
110 P (38) PIN(32) 2.280E+02 4.9COE-.02 2.856E-04 9/, • (I 
III P(3Q) PIN(3) 2.ZeOE+02 4.900E--02 2.202E-04 94.0 
lIZ P(40) PIN(34) 2.2 SOE+ 02 4.9QOE-.02 4.944[-05 9/,.8 

-113 P (411 PIN ( 35) 2.280E+02 4.9COE-02 1.43Sr;-04 274.8 
114 P(42) PIN(36) 1.280E+0? 4.900F-02 Z.7U3E-04 274.8 

-115 P(43) PIN(37) 2.2 /:lOE +01 , 4.900[-02 2.103£-04 214.0 
·116 PC I t4 ) PIN(38) 2.280E+02 4.900E-02 1.440E-04 21 1t.8 

111 PC4S) P(N(39) 2.280E+02 4.900E-02 4.781E-05 94.5 
-lt8 P (521 PIN(40) 2.31 CH02 4.900F-02 3.fl51E-04 97.8 

119 P(5J) PIN(ltl) 2.31CE+02 4.900E-02 3.SS7E-04 97.8 
120 PIS't) P IN( 4n 2.310E+02 4.900E-02 1.851('-11 271.2 

. 121 PISS) PIN(43) 2.310E+02 't.900E-02 3.857(,-0't 277.8 
122 p (56) P IN ( 44 ) 2.310E+02 't.900(,-02 3.851E-04 277.8 
123 P(51) PIN(45) 2.310E+02 4.900('-02 3.!>56E-l1 10 2.1 

-124 P (61) PIN(46) 1.8«;0£+02 4.020('-02 4.0421:-04 ge.4 
_125 P (62) PIN ( 47) 1. 890E +02 4.020f-02 2.021('-04 278.4 

126 P (6)) PIN(48) 1.890E+02 4.02CE-02 2. 021E-Q 4 218.4 
"121 P (671 PIN(49) 6.930E+02 t. 470E-01 6.487E-05 100.2 
.128 P(68) PIN(50) 6.9 ::lOE+02 1.470E-OI 3.243E-05 280.2 
129 P(69) PIN(51) 6.930E+02 1.41CE-Ol 3.243E.-05 280.2 

----I 
I , 

--j 

ROCKETDYNE OME INJ ECTOR 
GXIDIZER SIDE, NO RING DA~1S 
STANDING FIRST T ANGErH tAL MllDE 

lB/SfC/PSI % Flown PC 
TOTAL INJECTOR FLOW= !i.50!l3E-03 5.1347£-02 
TOTAL VfCTOR I~J ECTOR FLO\-,= 5.5012E-03 5.7304£:-02 
TOTAL INJECTOR FLew PROPORTIONED BY PC A '1PL I TUDES= 3.6987E-03 3.8S2SE=-()2 
TOTAL VECTUR INJECTOR FLOW PROPuRTICNED RV PC AMPLITUDES= 3.0961[-03 3.8S01E-02 

Figure F-3. (Continued) 

F-8 



PRESSURr: VOLU'1E AC. VEL. ,I1AGNI TUDE PHASE FlOIol$ IN F lO\l:S OUT 
NODE CU IN IN ISEC PSI/PSI DEGREES 

1 2.020E-0 1 3.961 c +04 2.059[-01 3.0 1 10 19 
2 2. 020E-0 1 3.961[+04 2.632E-Ol 2.9 2 11 20 
3 2.02 OE- 0) 3. 961E +0 4 2.014E-Ol 3.0 3 12 21 
4 2.020E-01 3.961 E t04 4. '565E-02 3.0 4 13 22 
5 2. 020E- 01 3.961E+:)/. 1.314E-Ol 183.0 5 14 23 
6 2.020E-Ol 3.961[-+0 /, 2.47 CE- 01 lEB.O 6 15 24 
7 2.02 OE- 01 3.9611:+04 2.47 CF- 0 1 UJ3.0 1 16 25 
8 2 • .J20E-Q 1 3.901F.+,J/, 1.314E-Ol 183.0 8 17 26 
9 2.0 20E-O 1 3.<161E+04 1 •• 5geE-02 2.9 9 18 27 

of 10 4.590E-02 3.961f+04 4. 19C;E-Ol 3.7 10 37 
11 4.590E-02 3.961E+04 6.020E-Ol 3.6 11 3B 
12 4.590E-02 3 .961E +04 4. 602E- 0 1 3.6 12 39 
13 4.59CE-02 3.961E+04 1.04 3E- C 1 3.6 13 40 
14 4.590E-02 3.96lE+04 3.D03E-Ol 1133.6 14 41 
15 4.5<)OE-02 3.961[-1'04 ~. £:45E-Ol 1133.6 15 42 
16 I,. 59QE-0 2 3.961£:+04 5.644E-Ol 183.6 16 43 
11 4.590E-02 3.961E+04 3.002E-Ol U33.6 11 44 
18 4.590E-02 3.961E+04 1.057E-CI 3.5 18 1,5 
19 8.500E-02 3.961E+04 5.573E-Ol 2.3 19 28 
20 8.5JOE-02 3.961E+04 7. n<;E-O 1 2.3 20 29 
21 8.500E-02 3.961E+04 5.544E-Ol 2.3 21 30 
22 8.500E-02 3.961E+04 1.257E-Ol 2.3 22 31 
23 8.500E-02 3.961F+01, 3.61eE-01 182.3 23 32 
24 8. !JOOE-02 3.961[+04 (;.8JOE-Ol 182.3 24 33 
25 8. 500E-0 2 3.96LE+C4 6. nOOE-O 1 182.3 25 34 
26 8.500F-02 3.961F+04 3.61 EE-Ol 182.3 26 35 
21 B.500E-02 3.961E+04 1. 260E-0 L 2.3 27 36 
28 3.740E-02 3.961E+04 6. 52 ~F- 0 1 2.3 28 70 71 100 
29 3.740E-02 3.961E+04 8. 1,931:-01 2.3 29 11 72 10 L 
30 3.740E-02 3.<)61F+0', 6.505E-Ol 2.3 30 72 73 102 
31 3.140E-02 3.961E+04 1.4 74E- 0 1 2.3 3L 73 14 103 
32 3.740E-02 3.961ft-O<i 4.24CE-Ol 182.3 32 74 75 104 
33 3.74CE-02 3.96tt=+04 7.979E-Ol 182.3 33 75 76 105 
34 3.740E-02 3.961E+04 1.97«;E-Ol 182.3 3't 76 77 10(. 
35 3.7/.OE-07. 3.961E+04 4. 245E-0 1 182.3 35 77 16 1J7 
36 3.740E-02 3.961E+04 1.417r:-O 1 2.3 36 78 70 108 
37 1.990E-02 3.961E+0/j 5.116E-0 1 3. 8 37 79 80 109 
36 1. 990E-0 2 3.961E+04 7.lf,7E-01 3.7 3fl 80 81 110 
39 1.990E-02 3.961F+O/, S. 463E-0 1 3.7 39 81 82 111 
411 1.99JE-02 3.961F+04 1.238E-Ol 3.7 40 82 ti3 112 
41 1.990E-02 3.961E+04 3.565E-Ol 183.7 41 83 84 113 

Figure F-4. Input and Output Data for Pressure Nodes 
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42 1.990E-02 3.96If+04 6. 7u:JE-0 1 183.1 42 84 A5 114 
43 1. 990E- 02 3.<J6lf+0'. 6.70CE-Ol 183.1 43 85 86 115 
44 1.Y90':-02 ;\.961F+04 3.504[-01 183.7 44 86 81 116 
45 1 • C; 9') E- 0 2 3.961E+04 1.255f-Ol 3.6 45 .81 19 111 
46 8.2'30[-02 3.961[+04 1.957f-Ol· 7.3 46 52 
41 8.2801;-02 3.<;61F+04 1.957E-Ol 7.3 47 53 
46 8.28)::-02 3.961E+04 8.337E-0<; 345.1 48 54 
49 8.2ROE-02 3.961[+04 1.CJ57E-Ol 187.3 49 55 
50 8.280E-02 3.<J61~+04 1.957(,-01 187.3 50 56 
51 8.2tlO!=-02 3.CJ61F+,OL, 1.647f-08 176. C 51 57 
52 3. 150t:-.02 3 .961E+O l, 3.62 Cr: - 0 1 1.4 52 88 69 118 
53 3.15JE- 02 3.<)61[+04 3.62 CE-O 1 1.4 53 89 90 119 
5't 3.150[-02 3.961[+04 1.542E-C8 345.1 54 90 91 L20 
55 3.150E-02 3.961E+04 3.62CI:-01 187.4 55 91 92 121 
56 3.150=-02 3.9611:+04 3. 620f-O 1 187. it 56 92 CJ3 122 
57 3.150£:-02 3.961E+04 3. CHE-08 176.0 51 93 88 123 
58 9.A 80£:-02 3.961[+04 1.422E-Ol ·S.O 58 61 
59 9.480£:-02 3.961f +04 7.109E-02 188.0 59 62 
60 9.4t10[-Ol .3.961£:+04 7.10,)E-02 188.0 60 63 
61 2.39DE-02 3.Q61E+Ol, 2. £:5 iE- C 1 8.0 61 94 95 124 
62 2.390F.-02 3.961E+04 1.32'7E-Cl 188.0 62 95 96 125 
63 2.390E-02 3.961E+04 1.32C;E-01 188.0 63 96 94 126 
64 2.620E-02 3. 961E +04 5.1Jl:E-\)2 10.0 64 67 
65 2.620E-02 3.961E+04 2.553E-C2 190.0 65 68 
66 2.620r=-02 3.961Ei-04 2.553E-C2 190.0 66 69 
67 5.800E-03 3.9611:+04 '1. 544'=-02 lO.O 67 97 98 127 
68 5.8·)OE-03 3.961E+04 4.712E-02 190.0 68 98 99 128 
69 5. aCCE-03 3.961E+04 4. 772E- 02 190.0 69 99 rJ7 129 , 
.. I 

ROCKETDYNE OME INJECTOR 
OXIDIZER SIDE, NO RING DAMS 
ST AND ING FIRS,. T ANGfNTl AL ."'CDE 

Figure F-4. (Continued) 
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APPENDIX G 

COMPUTER MODEL DOCUMENTATION OF LANCE 

XRL FUEL SYSTEM FREQUENCY P~SPONSE 
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XRL I NJ e:CTOR 
FUEL SInE, NO RING DI\~S 

ANOMOlOUS SECOND TANGENT tAL MODE 
53 28 6 

1 -5 2 ~6 

3 -1 4 -8 
5 -13 -73 6 -14 -74. 
7 -15 -15 8 -16 -76 

·9 17 -18 -45 18 -19 -4-6 
19 -20 -47 20 -21 -48 
21 10 -22 -49 22 -23 -50 
23 -24 -51 24 -25 -52 
25 11 -26 -53 26 -27 -54 
21 -26 -55 28 -29 -56 
29 12 -30 -57 30 -31 -58 
31 -32 -59 32 -17 -60 
33 13 -34 -61 34 -35 -62 
35 -36 -63 36 14 -37 -64 
31 -38 ~65 38 -39 -66 
39 15 -'to -61 40 -41 -68 
41 -42 -69 42 16 -43 -70 
43 -44 -71 44 -33 -72 

'13 -9 74 -10 -77 
75 -Ll 76 -12 -83 
71 -76 78 -79 
19 -80 80 -61 
81 -82 82 

.. ".-.-, ." . - . ..." . _.- ---.~- ~-
_. -.--.- ~ .. _ . --""--.-- ... -.- .- .- - -, 

63 -84 64 -85 
85 -86 86 -67 
87 -88 88 
-1 -2 -3 -4 

-45 -/t6 -47 -48 -49 -50 -51 -52 -53 -54 -55 -56 
-57 -58 -59 -60 -61 -62 -63 -64 -65 -66 -67 -68 
-69 -70 -71 -72 

Figure G-l. Data Deck for XRL Fuel Side 

G-2 



1 

° 
1300 

+1.0 -1.0 -1.0 -1.0 
+1.0 +1.0 +1.0 -1.0 
-1.0 +1.0 H.O +1.0 
-1.0 -1.0 +1.0 +1.0 
-1.0 -1.0 +1.0 +L.O 

-1.0 

&OL R=4.0.2q3,4.0.0q~,8*1.06,O.0,0.0,3*O.0,0.0,3.0.0,0.0, 
3*0.0,0.0,3*0.0,0.0,2*J.O,0.J,2*3.o,0.0, 
2*0.0,0.0,0.0,16*203.,12*221.,4*0.09o,L2*0.0 

.. 1.0 
-1.0 
-1.0 
-1.0 

V=4*3.20,4*3.025, 1.06,]*0.754,1.06,3*0.754,1.06,3*0.754, 
1.06,3*0.754,0.762,2*.506,0.762,2*0.506,0.762,2*0.506,0.762,2*0.506, 
4*3.74,12*4.42,10;). 
l=4*0.0045,4*0.0075,4*0.0025,4*0.OCI9,16*0.0178,12*O.0271,L6*0.0242, 
12*0.026,4*.0065,12*0.1756 
C=53*47700., &ENO 
39. 950. 

2 
9 

1 
25 1 17 45 61 17 33 16 12 

Figure G-l. (Continued) 
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XRL IN.JFCH1R 
FUEL SlOt, NO RING DAMS 
ANO~nLOUS SFCOND TANG~NTIAL MODE 

REAL INPUT ~ATRIX MIPLITUDES - PSI 
1.0000E+0~ -l.OJJ)E+OJ -l.OQOOE+OO 
1.OOOOE+OO 1.OOOOr:+OC 1.OOOOE+OO 

-l-.OOCOE+OO I.COOOE .. OO 1.OQOJE+0'J 
-l.OOCOE+OO -l.OOOOf+OO 1.OCCOF+CO 
-l.OOOCE+OO -1.0000E+00 1.OaOCF.+oo 

-l.OOOOE+OO -l.OOOOE+OO 
-1.0000E+OC -1.0COOE+OO 

1.0000E+00 1.0000EtOO 
1.0COOE+00 l.oboOE+OO 
1.0000E+00 

I~AGINARY INPUT MATRIX M1PL ITUOES - PSI 
0.0 0.0 C.O 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 :l.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0. 
0.0 0.0 0.0 0« 0 

XRL INJfCTOR 
FUEL S JOE, NO RING DAMS 
ANO,~'OLOUS SECOND TANGE~lT IAL r-:ODE 

INPUT FREQUENCY: 1300.0 

1.OOOOf+O(} 
-l.OOOOHOO 
-1.00)0[+\)0 
-1.00001;+00 

0.0 
0.0 
0.0 
0.0 

Figure G-2. Real and Imaginary Input Matrix Amplitudes 
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HOw UPSTREA'1 DOWNSTREAM KFSISTANCE I NE RTANC E AMPLITUDE PflASE ' '-

PRFSSURE PRESSURE SEC /IN SO SEC SOil N SC LB/SEC/PSI CE-Gf<EES 
, 

1 P(531 P( 1 I 2.9301:-01 4.501)['-03 4.160E-03 113.1-
2 P(5'31 PI 21 2.9?Cf-Ol 4.50CE-03 3.9 59E-0 3 295.7 
3 P(53) 1'( 31 2.9~O[-Ol 4.500F-03 It. 1 b Of-J 3 113.2 
4 1'(53) PI 4 ) 2.CJ~C[-01 4.500(-03 3.959E-03 295.7 
5 P( 1) 1'( 5) 9. JCOE-02 7.5 COE-03 3.494(-03 113. 1 
6 P( 2) PI 6) 9.000[-02 1.5CO[-03 3.300E-03 296.0 
1 PI 31 1'( 7) 9.000F;-02 1.5 COf-03 3.'t<JltE-03 11'3. I 
8 1'( 41 PI 81 9.0COf:-02 7.500[-03 3.300E-03 296.0 
9 1'(37) P( 9) 1.060E+00 2.500E-03 6.461 E-04 307.0 

10 1'(38) I' (13) 1.0601:+00 2.50GE-03 4.111 E-04 131.0 
11 PI 39) P ( 11) 1.06CE+00 2. SOOE-03 6.461 E-04 307.0 
12 p(4JI 1'(211 1.06CF.+00 2.500E-03 4.111E-;)4 131.J 
13 P( 5' 1'(251 1. 06CE +00 1.9COF-03 3.027E-04 154.7 
14 1'( 6) I' (28' 1.060E +00' 1.900£=-03 3.913(-04 '32' •• 1 
15 1'( 11 P 1311 1. OcCE +00 1.900E-03 3.027E-0'. 154.7 
16 P( 8 ) P(341 1.060Et-OQ 1. 900E -03 3.913E-04 324.1 
17 1'(24) PI 91 0.0 1.1fWE-02 1.902f-03 2£14. 1 
18 P( 9) PflO I 0.0 1.780E-02 5.292E-03 294.3 
19 1'110 I P ( 111 0.0 1.180E-02 2.454E-03 2U4.J 
20 P( 11) PI 121 0.0 1.7801'"-02 2.096E-04 2B.2 
21 1'1121 P ( 131 0.0 1.780[-02 1.985F-03 L04.'1 
22 PI131 P ( 141 0.0 1.780E-02 5.208E-03 114.3 
23 P114, P ( 15) O. J 1.780E-OZ 2.42UE-03 10'10 0 
24 PI151 P (161 0.0 1.780F-02 2.353E-04 9',.3 
25 PI 16) P (17) 0.0 1.780E-02 1.902E-03 28' •• 1 
26 1'117' P ( 18) 0.0 1.180E-02 S.292E-03 ~9". 3 
27 P (18) P(l91 0.0 1.780E-02 2 .45't E-03 21l4.0 
28 p ( 19) 1'(20) 0.0 1.180E-02 2.J'.I6E-:>4 ZB.2 
29 P(20) P (211 0.0 1.780E-02 1.985[-03 104.4 
30 P(21) P(221 0.0 1.780E-02 5.208E-03 114.3 
31 P(22) P(23) 0.0 1.780[-OZ 2.428E-03 10 't. a 
32 Pll3) P (24) O.l 1.7BOE-02 2.353[-04 94.3 
33 P 1361 P (251 0.0 2.71 OE-02 1.090E-03 291.6 
34 P(25) P(26) 0.0 2.710E-02 3.437f-03 296.L 
35 P (26) P (27) 0.0 2.11 OE-02 9.65flE-04 285. B 
36 PI211 P(28) 0.0 2.71 OE-02 I.L22(-03 111.4 
37 P(28) p(2 Cn 0.0 2.710E-02 3.405E-v3 11(-:.2 
38 P(29) P(30) 0.0 2.710E-02 9.650E-04 105.8 
39 p(30) P (311 0.0 2.71 OE-02 1.090F-03 291.6 
40 P (31) I' ( 32) 0.0 2.710(;-02 3.437E-03 296.1 
41 1'(32) P' 331 0.0 2.710E-02 9.656E-04 285.8 

42 P(33) P(34) 0.0 2.71 OE-02 1.122E-03 111.4 .~ 

43 P (34) P (35) 0.0 2.710['-02 3.405E-03 116.2 
44 I' (35) P(161 0.0 2.110['-02 9.65HE-04 105.B 
45 PI 9) PIN( 11 2.030E+02 2.420E-02 2.150E-03 120.3 
46 P( 10) PIN ( 2) 2.030E+02 2.420E-02 2.569E-03 303.6 
47 P( 11) PIN( 3) 2.030£+02 2.420E-02 1.5/t4E-Q 3 .. 282.4 

Figure G-3. Input and Output Data for Flowrates 
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48 PI121 PINI 41 2.030E+C2 2.420E-02 1.4So;'E-03 279.9 
49 PI 131 P IN I 51 2.0~OE"02 2.420E-02 2.251E-03 300.3 
50 P (J 4' PINI 61 2.030[+02 2.420E-02 2.505E-03 124.3 
51 PI151 PIN ( 7 ) 2.030F+02 2.420[-02 1.482E-03 103.0 
52 P 11 &) P IN I 8 ) 2.030E+02 2. 420F. -02 1.3£18E-03 100.0 
53 Pll7) P IN I 9) 2. 030E+ C2 2.420E-02 2.150E-03 120.3 
54 PI 18' PINID' 2.030E+02 2.420E-02 2.56':1[-03 ~O :~. 6 
55 PI 1<) PINI HI 2. 030E +02 2.'.20f-02 1.544E-03 282.4 
56 P(20) PIN(12) 2.030E+02 7.420[-02 1.45'Jf-OJ 279.9 
57 PI211 PIN(13) 2.030E+02 2.420E-C7. 2.251E-03 300. :3 
58 PI22 ) PINI141 2.C3CF.+02 2.'t20F.-02 2.505E-03 12 't. 3 
59 P123' P ("I I 151 2.0~OE+02 2. 420E -07 1.482E:-03 103.0 
60 PI 24) PIN(16) 2.03CE+02 2.420[-02 1.38&E-03 lCO.O 
61 P(25) PINCl7) 2.210E+02 2.600E-02 2.217£-03 173.6 
62 P(2!>1 PINII0) 2.210E+02 2.600[-02 2.216E-03 300.2 
63 P(27) PINI19' 2.210E+02 2.600E-02 1.664E-03 287.5 
64 PI2S) PIN(2J) 2.210E+02 2.600E--02 2.271E-03 303.4 
65 PIZ<)' PINI211 2.210E+02 2.6COE-02 2.1tl2E-03 120.7 
66 P(30) PIN(22' 2.210E t02 2.600E-02 1.627E-03 J.07.B 
61 P131» PIN(23) 2.210E+02 2.6CCE-02 2.ll-/E-03 1~3.6 

68 PI3?1 PIN(24) 2.210E+02 2.600E-02 2 .216E-0 3 300.2 
69 P(33) PIN(25) 2.210E+C2 2.600E-02 1.664E-03 287.5 
70 P(34) PINIl6) 2.210F+02 2.6001:-02 2.271 F-03 303.4 
11 P(3'5' PIN(21) 2.210E+02 2.600E-02 2.182£:-03 120.7 
12 P(36) PINI28' 2.210E+02 2.6001:-02 1.627E-03 107.8 
73 PI 51 P(37) 9 •. J OOE- 02 6.500E-03 1.753E-03 106.3 
74 P( 6' P(3tl) 9.000F-02 6.500E-03 1.496E-03 289.6 
75 PI 1 ) P(39) 9.0COF-02 6.500E-03 1.753E-03 106.3 
76 P( 81 P(40) <).000E-02 6.5COE-03 1.496[-03 209.6 
17 P (38) P141' 0.0 1.156F-0 1 3.44('E-04 11'1.1 
78 P(41) P(42' 0.0 1.756E-Ol 5.187E-05 294.1 
79 P(42) PI 43) 0.0 1. 156F -01 7.80B£-06 114.1 
80 P(43) P(44) 0.0 1.7561: -01 1.175E-06 294.1 
81 P(44) P(45) 0.0 1.156£:-01 1.768[-01 114.1 
82 P(45) P(46) 0.0 1.756E-01 2.bU2E-08 2.94.1 
83 P(40) P(41) 0.0 1. 156E-0 1 3.44(,E-04 11 ' •• 1 
84 P(47) P(481 0.0 1.156E-01 5.167 E-O 5 294.1 
85 P148' P149, 0.0 1.756E-Ol 7.80aE-06 114.1 
86 P(491 PISO' 0.0 1.756E-Ol 1.115E:-06 294.1 
81 P(50) PI511 0.0 1.756E-Ol 1.760E-07 114. 1 
88 P(51) P(52) 0.0 1.156E-Ol 2.602E-08 294.1 

XRL I NJ feTOR 
FU F;l SIDE, NO RING OA~S 
ANOMOlOUS SECOND TANGEN T IAL t-1ODE 

lBlSEC/PS I ~ Flow/~~ PC 
TOTAL IN,IECTOR FlO\~= 5.~052E- 02 1.341JE+OO 
TOT AL VFCTOR INJ ECTOR FLOW-=: 5 .'t 3 7 4 ( - 0 2 1.3245I::t00 
TOT AL IN,IFCTDR FLOW PROPORTIONED BY PC A \Ipll TUDF S= 5.!>052F-02 1.34l0E+00 
TOT Al Vf CTOR INJE-CTOR FLOW PROPORTIG~ED BY PC AMPLI TUDES= 5.437'tE-02 1.32/t~E+OO 

Figure G-3. (Continued) 
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PRESSURE VOLU'" E AC. VEL. ,\lAGN I TUDE PHASE FlOhS IN HO\-IS (JUT 
NODE CU IN I N I S E'C PSI/PSI DEGRFES 

1 3.200E+OQ 4. nOE'+04 1.50QE-01 23.7 1 5 
2 3.200E:t-OO 4.770f+04 1. 484f:- C 1 204.2 2 6 
3 3.200E+OC 4.770E+04 1. SOGE-Ol 23.7 3 7 
4 3.200E+00 't.770Et-04 1.48'tF-01 204.2 4 !l 
5 3.025E+JO 4.77JE+04 3.640E-Ol 23.3 5 1.3 73 
6 3.025f:+OC 4.770f+04 i!. !;05E-Ol 20S.? 6 1't 74 
7 3.025E+OC 4.770F+04 3.640E-OL 23.3 7 15 75 
8 3.025E+OC ',.T1JE+Q4 3.505E-Ol 2JS.2 8 16 76 
9 1.060Et-00 4.770E+0't 4. 43(;E- 01 21.5 9 17 111 45 

10 7.540E-Ol 4.7701:+04 3.270E-Ol 2 OB. L 18 1') 46 
11 7.540E-Ol 4.770f+0', 6.787E-Ol 200.8 19 20 47 
12 7. 54CE- 0 1 4.770E+04 7.078E-Ol 200.0 20 21 't8 
13 1.0bOE+00 4.770Et-04 4.215E-OL 203.9 21 10 22 49 
14 7.540E-Ol 4.770£:+04 3.357E-Ol 25.0 22 23 50 
15 7.540l=;-OL 4.770rt-04 6.856[-01 19.4 23 24 51 
16 7. 540E-0 1 4.770f+04 7.187E-OL 18.6 2't 25 52 
17 1.060E+00 4.770£:+04 4.43(;E-Ol 2L.5 25 11 26 53 
18 7. 540E- 0 1 4.770£:t-04 3.2 7CE- 0 1 208.1 26 27 54 
19 7.540E-01 4.770Et-04 (;.787[- 0 1 2CO.8 27 2fJ 55 
20 7.540E-Ol 4.770E+04 1.0UE-Ot 200.0 28 29 56 
21 1.060E+00 4.770E+04 4. 215E- 0 1 203.9 ·29 12 30 57 
22 7.540E-OL 4.770E+04 3.357E-'-01 25.0 30 31 58 
23 7.540E-01 4.770E+04 (;.856E-OL 19.4 3L 32 59 
24 7. 540E-0 1 4.77Jf:+J4 7.18 7E- 01 18.6 32 n 60 
25 7.620E-0 1 4.770E+04 3. 67E(-0 L 23.7 33 13 34 61 
26 5. 060E-0 L 4.770E+04 3.CJ3tE-Ol 208.2 34 35 62 
21 5.060E-OL 4.770f+04 6. C41E-Ol 203.9 35 36 63 
28 7.(20)E-OL 4.77JE+04 3.560E-OL 205.6 36 14 37 64 
29 5.050f-Ol 4.770(+04 3. 976E-0 1 26.1 37 38 65 
30 5.060E-Ol 4.770E+04 (;. C891.:-01 22.9 3fl 39 66 
31 7.620E-Ol 4.770F+04 3. 618E-0 1 23.7 39 15 ItO 67 
32 5.060E-Ol 4.71:)E+04 3. 93( E- 01 208.2 40 41 60 
33 5.060E-Ol 4.770E+04 6. 041E-0 1 203.9 4L 42 69 
34 7.620E-OL 4. 770E +04 3.560E-OL 205.6 42 L6 43 70 
35 5.060E-01 4.770[t-0't 3.976F-Ol 26.7 43 44 11 
36 5.0bOE-01 4.770E+04 6.08 9E-0 I 22.9 44 33 72 
37 3.740Et-OO 4.710E+04 4. 565E-0 1 21.8 73 9 
38 3.740E+OO 4.770E+04 4.296E-OL 7. 04. L 74 10 77 
39 3.7'.OE+00 4.770ft-04 4.565E-OL 21.8 75 11 
40 3.740E+OC 4.770[:+04 4.29(;1::-01 204.1 76 L2 83 
41 4.420E+00 4.710F+04 6.467E-02 24.1 77 78 

Figure G-4. Input and Output Data for Pressure Nodes 
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42 4."'t20E+OO 4.770E+04 9.734E-03 204.1 78 79 
43 4.420HOO 4.770E+0', 1.4651':-03 24.1 79 80 
44 4.420E+00 4. 770E to't 2.205E-04 204.1 80 81 
45 4.42QE+00 4. nOE+;'4 3.30BE-05 24.1 81 A2 
46 4.420EtOO 4.77GF.-I04 4.245E-06 204.1 82 
47 4.420E+OO 4.770'=tO', 6.46 7E -02 24.1 83 84 
48 4.420E+00 4.770F+0't S.73'.E-(l3 204.1 84 85 
49 4.42CE+OC 4.770E+04 1.465[-03 24.1 85 86 
50 4.420'C+00 4.770F.+04 2.2051=-04 204.1 86 .67 
51 4.42 OE +OJ 4. 770E +04 3.30£1E-05 24.1 87 88 
52 4.420EtOO It. 770E+04 4.245E-C6 204.1 88 
53 1.100E+0? 4.77JE+04 3.BtlEE-03 162.7 1 2 3 4 

XRL INJ ECTOR I 

FUEL SlDE, NO R I N G OAM S 
ANOMULCUS SECCND TANGENT IAL MODE 

Figure G-4. (Continued) 
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APPENDIX H 

COMPUTER MODEL DOCUMENTATION OF LANCE 

XRL OXIDIZER SYSTEM FREQUENCY RESPONSE 
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XRl INJ ECTOR 
OXIDIZER SIDE, NO RING DA.IIIS 
ANOMOlOUS SECOND TANGFNTlAl MODI: 

61 36 6 
1 -3 2 -4 

.!-
3 -5 4 -6 
5 -7 6 -8 
7 -9 8 -10 
9 -11 10 -12 

11 -13 12 -]4 
13 -15 14 -16 
15 -21 16 -24 
17 -19 18 -20 
19 -22 20 -23 
21 -25 -29 -33 22 -26 -30 -3'. 
23 -27 -31 -35 24 -28 . -32 -36 
25 37 -36 -73 36 -39 -74 
39 -40 -75 40 -41 -76 
41 26 -42 -77 42 -43 -78 

,i 43 -4'. -79 44 -45 -80 
45 27 -46 -81 46 -47 -82 

'·47 -48 -83 46 -49 -84 
'49 28 -50 -85 50 -51 -86 
51 -52 -81 52 -37 -88 
53 29 -54 -89 54 -55 -90 
55 -56 -91 56 30 -57 -92 
57 -58 -93 58 -59 -94 
59 31 -60 -95 60 -61 -96 
61 -62 -91 62 32 -63 -98 
63 -64 -99 .6/t -53 -100 
65 33 -66 -101 66 -67 -102 
67 34 -68 -103 68 -69 -104 
69 35 -70 -105 70 -11 -106 
11 36 -72 -107 72 -65 -108 
-1 -2 -17 -18 

-73 -74 -75 -76 -77 -78 -19 -80 -81 -82 -83 -84 
-85 -86 -81 -88 -89 -90 -91 -C)2 -93 -94 . -CJS -96 
-97 -98 -99 -100 -101 -102 -103 -104 -105 -106 -107 -108 

Figure H-l. Data Deck for XRL Oxidizer Side 
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1 13,)0 
0 

+1.0 +1.0 +1.0 ... 1.0 -1.0 -1.0 
-1.0 +1.\) +1.0 +l.\) +1.0 -1.0 
-1.0 -1.0 -1.0 +1.0 +1.0 + 1.0 

+1.0 -1.0 -1.0 -l.J +1.0 +1.0 
+1.0 -1.0 -1.0 -1.0 . + 1.0 + L. ° 
-1.0 -1.0 ~1.0 +1.0 -1.0 -1.0 

&Dl R=16*0.01~8.4*0.0299.0.0179,2*0.0327,0.Ql19,4*J~602,4*J.636,4*2.50, 
3*0.0,0.0,3*0.0,0.0,3*0.0,0.0,3*0.0,2*0.0,2*0.0, 
0.0.2*0.0,0.0,2*0.0,0.0,2*0.0,0.0,0.0,0.0,0.0, 
0.0,0.0,0.0,0.0,16*154.,12*75.7,8*128., 
V=16*4.04,4*4.20,~*1.53,1.19,3*O.971,1.19,3*).977,1.19,3*O.~77,1.19, 
3*0.977,12*1.37,0.866,0.666,0.866,0.666,0.866,0.666,0.B66,0.666,4.0 
1=16*0.0044.4*0.0038,4*0.0041,4*0.C017,4*~0,4*0.0045,16*0.0155, 
12*0.0114,8*0.0290,16*0.0237,1200.0111,8*0.0199, 
C=61*53100., &END 
130. 950. 

3 1 
25_ 41 .. _._.~.3._ ..... 1._ . __ .11. __ . __ .?9 _. __ n_. A9 • ~O~. 37 53 65 
16 12 8 

Figure II-I. (Continued) 

H-3 



XP-L INJECTOR 
OXIDIZER SIDE, NO RING nA~S 
A~O~nLOUS SECOND TA~Gf~TIAL ~00E 

REAL INPUT MATRIX A~PlITUnES - PSI 
1.OOCOE+OO I.COOOF+OC 1.OOOQE+CC 

-1.000JE+JJ 1.OJOJE+JJ I.JOJ0£+CO 
-1.0000=+00 -l.OOOJE+OC -l.OOOOF.+CO 
. l.OOOOF+Oa -l.OOOOE+OO -1.0000E+eD 

1.00rOE+OO -1.0JOJE+OO -1.0000[+00 
-l.&OOOE+O~ -1.0000F+OC 1.OOOOFtCO 

-1.00COE+OO -1.0000E+OO 
1.000JE+OO 1.0000E+OO 
1.0000E+OO 1.OOOOE+OO 

-1.0000E+CO 1.0000E+00 
-1.onOJE+OO 1.0003E+OO 

1.0000E+00 -i.OOOOEtOO 

1 MAG I NARY INPUT "'ATr. IX AMPl. lTUnES - PSI 
:l. 'J J.O 0.0 0.0 0.0 
0.0 0.0 C.O 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 

INPUT FREQUENCY= 1300.0 

-l.OOOOE+OO 
-l.JOOJE+JO 

1.00001';+00 
1.0000[+uo 
1.0003=+0:1 

-l.OOOOHOO 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

Figure H-2. Real and Imaginary Input Matrix Amplitudes 
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FLOw UPSTR E~M r.OwNSTREAM RES I STMIC[ INERT/INCE A!v\PLlTUOE "bAS E 
PRESSURE PRESSURE SEC lIN SQ SEC SQ/I N SQ lB/SH/PSI CrGf<tE~ 

I 1 P (61' P ( 1) 1.880r:-02 4.400E-03 7.939F-03 2CJ6.3 ~ 

2 P(611 PI 21 1.8CCE-02 4.400[-03 7.9 ~9E-0 3 116.3 
3 P( 1 , P( 3 I 1.880E- 02 4.4COF-03 b.649F-03 296.1 ~I 

4 P ( 2' PC 4' 1.d8JE-0? 4.4COE:-03 6. 64'Jf- :)3 116. :3 ~ 
5 1'( 3' P ( 51 1.880E-02 4.4COE-03 4.Z78E:-03 2 <j 6. 3 
6 PI 4' P( 6) 1.880F-02 4.400E-J3 4.218[-03 116.3 
7 P( S I P( 7' l.fl80E-02 4.4 OOf -03 1.21£[:-03 29€-.4 
8 PI 6' P ( 8' 1.880E-02 4.400E-03 1.212£:-03 116.4 
C) PI 7' PC 9' I. 880f- C2 4.40(,E-03 2.051E-03 116.2 

10 PI 8' P (10) 1.8801="-02 4.400f-03 Z.051F-03 296. '2 
11 PI 9 I PI 11' I.P(10F-02 4.400E-03 4.<J8IE-03 1 L6. 7 
12 P 11 01 P ( 12' I. BHOF-02 4.400[-03 4.9811:-03 296.2 
13 Pill) P(13' 1.8 80E- 02 4. 400E -03 7.LHE-J3 116.3 
14 P(l2 I PI 14 I 1.8HCE-02 . 4.4COF-03 7.101E-03 296.3 
15 P ( 13' P ( 15' 1.880E-02 4.'.00E-J3 H.0C.7E-Q3 116.3 
16 P (14) P ( 16 I 1 .800f- 02 4.400E-03 8.0671:-03 ~(; 6. 3 
17 P (611 P (11 I 2.9<iOE-02 3.S00F-03 6.23BE-03 2e8.6 
IS P(61) I' (18) 2 .9~OE-02 3. SOOE-03 6.2 33E-0 3 10H.6 
19 1'(171 P ( 191 2. 9 <;OF- 02 3. BOOF.-03 S.32eE-03 288.6 
20 Pl18 I P(20' 2.9C;CF-02 3. BOOE-03 S.32BE-J3 108.l. 
21 P( 15' P (211 1.7SCE-02 4.100E"-03 7.72?l-03 116.3 
22 PI 19' 1'122' 3.270E-02 4.100[-03 3.640E-0 3 2Be.6 
23 PI2DI 1'(23) 3.270E-02 4.100F-03 3.640E-03 108.6 
24 P (L6) 1'124' 1.190F-02 4.100E-03 7.722£-03 296. 3 ~ ~ 

25 P( 211 1'(251 ('.020E-Ol 1.100E-03 3.296E-03 115.4 
26 P(22) P (29) 6.020E-Ol 1.700E-03 1.89UE-03 295.0 
27 P(23) P(33 , 6.020E- 01 1.100E-03 1.898E-03 ll5. J 
2A P(241 P (37) 6.020E-Ol 1.700F-03 3.296(-03 295.4 
29 P ( 21 , 1'1411 6.360E-Ol 0.0 1.020E-03 116.2 
30 P(22) P(441 6.360E-0 1 0.0 1.817E-03 11B.O 
31 1'(23) 1'(47) 6.3tOF.-01 0.0 I.B17E-03 298.0 
32 P (2'd P(50) 6.360E-Ol 0.0 1.020E-03 796.7 
33 I' (211 P (53) 2. 500r +00 4.500E-03 5.862E-04 Ill.'=' 
34 P(22' P(S5) 2.5COE+OO 4.500E-03 5.141E-J'. 98.6 
35 P(23' P ( 57) 2.5 CCF + 00 4.500f-03 5 .141E-0 4 218.6 
36 1'(24' PI 59 1 2 .500E +00 4.500[-03 5 .861E-0 4 ~OI.9 

37 P(4()) P(25) 0.0 1.550E-02 1.14 3E-03 104. 1 
38 1'(25' P(26' 0.0 1.550E-02 1.183E-03 106.9 
39 P{26' P(271 0.0 1.550[-02 1.6351:-03 2(1B.4 
40 P(27' P(28' 0.0 1.550F-07. 4.905E-03 294. i 
41 1'(281 PI29' 0.0 1.550E-02 1.660F.:-03 284.5 
42 P(29) P (301 0.0 1.550E-ti2 6.663E-04 280.2 
43 P (JO' I' (31) 0.0 1.550E-02 1.915E-03 105.3 
44 P 1311 P(32) 0.0 1.550E-02 5.039E-01 112.7 
45 P(32) P (33 I 0.0 1.550F-02 1.757E-03 101.0 
46 P (33' Pl341 0.0 1.5501: -02 7.60BE-04 99.6 
47 P(34' I' (35) 0.0 1.550E-02 1.168E-03 2118.8 

Figure H-3. Input and Output Data for Flowrates 
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48 P (35' P(36) 0.0 1.550E-02 4.771E-03 294. 7 
49 PI 36) P (37) 0.0 1.550f-02 1.2'11£-03 279.2 
50 PI)7) P (38) 0.0 1.550F-02 1.217E-03 281.9 
51 P 138' PI3C'J) 0.0 1.550E-02 1.495 [-0] 112.9 
52 PI 39) P(40) 0.0 1.550f-02 4.641(-01 115.8 
53 PIS2) P I It 1 , 0.0 1.140f-02 7.915E:-0] 113.2 
54 P(41) P (',21 0.0 1.140E-02 2.589E-0) 106.3 
55 P(42) P(43) 0.0 1.140(-02 2.5(16[:-03 2'31.9 
56 P(431 PI441 0.0 1.140E-02 3.838E:-v3 292.3 
57 P(44) P(45) 0.0 1.140E'-02 1.6~9E-03 287.1 
58 P(45) P(46) 0.0 1.1'.OE-02 2.9(.OE-03 100.9 
59 PI4.6) P(47) 0.0 1. 1',OE-02 9.058E-01 110.9 
60 "'(47) PI481 0.0 1.140f-02 1.906E-01 1 U 1.0 
61 P(4R) P(49) 0.0 1.1'.0E:-02 2.506£:-03 282.9 
62 P(49) P(50) 0.0 1.140F.-02 8.132£-03 291.6 
63 P(5)) P (51) 0.0 1. J I,Of-02 :~. 83H-03 ~B2. 3 
6'. P(511 P(52) 0.0 1.140£:-02 c:!.062E-03 108.2 
65 P160) P( 53) 0.0 7.900E-02 3.222E-03 114.9 
66 PI 51 1 PIS4) 0.0 2.900[-02 9.475E-05 143.7 
67 P(541 PISSI 0.0 2.900E-02 3.5 32E-0 3 293.0 
66 P(S5) P(56) 0.0 2.900E-02 2.759E-0'. 79.6 
69 P/56) P(57) 0.0 2.900E-02 3 .66tlE-0 3 111.2 
70 PIS1) P(S8) 0.0 2.900[-02 1.034E-04 272.2 
71 P(58) P(59) 0.0 2. 900E-0 2 3.354E-03 292.8 
72 P(59) P(60) 0.0 2.900[-02 2.253E-04 275.8 
73 P(25) PINI 11 1.54CE+02 2.370f:-02 2.740£-03 114.4 >-

74 P(26) PINI 2) 1. 54JE+ 02 2.3701-'-02 2.242E-J3 106.4 
75 PI271 PINI )) 1.540£+C2 2.370E-02 2.929E-03 117. 1 
76 P(28) PIN / 4) 1.540E+02 2.370£-02 2 .9~7E-03 299.8 
77 P129) PIN ( 5) 1.540E+02 2. 370E- 02 2.202E-03 291.1 
7e P(3Q '. pIN ( 6 ) 1.540£+02 2.) 70E-02 1.935E-03 285.2 
79 PI311 P IN I 7) 1.54:)£+02 2.37QE-02 2.769E-03 298.0 
80 P(32) P I~H 8) 1. 540E'''02 2.37CE-02 3.023E-0) 119.2 
gl P(33) PIN / 9) 1. 540F +02 2.370E-02 2.202F-03 111.1 
82 P(34) PIIII(10) 1.5 /,CE+O? 2.370E-02 1.863E-03 105.6 
83 P (35) P IN I II ) 1.540E+02 2.310E-Q2 2.609E-03 119.0 
84 P(36) PIN( 12) 1.540H02 2.370E-02 3.332E-J3 298.7 

85 P (37) PIN(13) 1.540E+02 2.3701::-02 2.740E-03 294.4 
86 P (38) PIN(14) 1.5'.Or+C2 2.370E-02 2.171F-03 286.8 
137 P(3<)) PIN! IS) 1.540£+02 2 • 3 7 OE - 02 2.76<1E-03 29 1) .0 
88 P(40) PIr1i16) 1.54CF+0? 2.370f-02 3.2b6f-03 119.2 
89 P(411 PIN( 171 7.570£:+01 1.17,JE -02 5.8{'OE-J3 116.5 
90 P(42) PIN!Pl) 7. <;7CUOI 1.17CE-02 4.222E-03 103.7 
91 P143) PIN / 19) 7.570!;'+OI 1.170E-02 5.642E-03 115.5 

'! 

92 P ( 4 /,1 P IN (70) 7.57CE+Cl 1.17CE-02 4 • 'J '.2 E - 0 3 292.6 
93 P / 4 5 J D IN ( 21) 7.570!=+01 1.170f-02 3.b44F-03 281.7 
94 P(46) PIN(22) 7.570E+Ol 1.170E-02 5.608E-03 295.9 , 

95 P141l PIN (23) 7.570(+01 1.17CE-02 4.642E-03 112.6 

Figure H-3. (Continued) 
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C}6 P(48) PIN(Z4) 7.570E+01 1.110E-OZ 3.406£-03 101.5 
91 P(49) PIN (25) 7.570E+CL 1.l1CF-OZ 5.014E-03 115.9 
98 1'(50) PIN(26) 7.570E"·01 1.170[-02 5 .IH.. OE- 0 3 296.5 
99 P (51) P HH 27) 1.570[+01 1.1701::-02 3.9H4E-03 21B.6 

100 P(52) PIN(2B) 1.570E+01 1.170F-OZ 5.248E-03 295.4 
101 P(53) PIN(2c)) 1.280E+02 1.CJ'10£;-0? 3.37~E-O) 115. Z 
102 P ( 5 /t ) PIN(30) 1.280E+02 1.9<WE'-02 3.334E-03 1l?>.4 
103 1'(55) P rtH 311 I.Z80E+C2 1.990£-02 2.ulSE-03 293.2 
104 P(56) PIN(32) 1.280F+02 1.990f-02 3.132£-03 293.6 
105 P (57) P IN( 33) 1.280E+02 1.990E-02 2.81tlE-03 113.2 
106 P(58) PIN(34) L.28CE+02 1.990[--02 2.931[-03 113.9 
107 P(59) PINDS) 1.2 aOE+- J2 L.CJ90f-02 3.375E-03 295.2 
LOB P(60) PIN(36) 1.2 aCE+C2 1.9CJOE-02 3.132E-03 293.6 

XRL INJECTOR 
OXIDIZER S I DE, NO RING DAMS 
ANO\IOLOUS SECOND T ANGOIT I AL ~ODE 

LB/SEC/PSI ~ FLown PI 

TOTAL INJECTOR FLOW= 1.2't64E-01 9. 1079F-0 1 

TOTAL V FC rOR INJE CTOR FLOW= 1.2 1.l6E-Cl 9.072<jE-01 

TOT AL 1 NJ ECTOR FLOW PROPORTIONED BY PC A"IPLITUDES= 1.24i:4E- Cl 9.1079E-01 

TOTAL VECTOR INJECTOR FLOW PROPORfION[-D BY PC AMPLITUDES= 1.24 L 6E- 01 9 • 0 72. <) E- 0 1 

Figure H-3. (Continued) 
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PRESSUP.~ VOlU'1E AC. VEL. M.~GN lTurtE PHASE FLOwS IN FLOwS OUT 
NJOE CU IN IN/SEC P S (/Il S' DEGREf S 

1 4.0 1.0E+00 5.310f+04 2. fl53E-01 206.3 1 3 
2 4.J',CF+OO 5.31JE+O'. 2. 8!:i ::'E-O 1 26.3 "I 4 
3 4.040E+OO 5.31CF+("I', 5.243E-O'1 206.3 3 5 
4 ',.0',01: .. 00 I).310E+04 5.243E-C1 26.3 4 6 
5 4.0'.::E+00 5.31CH04 6~ 7UCE-Ot 206.3 5 1 
6 4.040E+00 5.31 cr +04 E:.7tlCF'-Cl 26.3 6 8 
1 4. )/, OE +0 \) 5.31J[+04 1.21 LE- 0 1 206.3 1 9 
8 4.040E+OO 5.31CE+04 7.216F-01 26.3 8 10 
9 4.0'. eE+OO 5.310[0+04 6.47<;F-Cl 206.3 9 11 

10 ' .. 040F+00 5.310F:+04 6.',7'>1:-01 26.3 10 1.2 
11. 4.{)40E+00 5.310E+O', 4.6aBE-Ol 206.3 1.1 13 
12 4.0',CI:+00 5.3Hl[+04 4.6f18E-Ol, 26.3 12 14 
13 4.')40E+00 5.11CE+0', 2.13{·F-Ol 206.4 13 15 
14 ' .. 040E+00 5.310[;+04 2.136E-Ol 26.4 14 16 
15 4.J40E+00 5.31JF+04 1.63U:-02 25.8 15 21 
16 4.040[+00 5.310[+04 1.632E-02 205.8 16 24 
17 4.200Et-OO 5.310F+04 1.':l3cE-01 19B.5 17 19 
18 4. "ll>::JE+OO 5.310E+04 1.93 CF.-O 1 18.5 18 ?O 
19 4.200E+00 5.310H04 3.590E-Ol 198.5 19 22 
20 4.20CE+OO 5.31CE+04 3. 59CE-0 1 18.5 20 23 
21 7. S3eE+OO 5.310E+04 3.34C;E-Ol ·26.2 21 25 29 33 
22 7. S30E+CO 5. :3101:+04 4. 80C;F- 0 1 19B.5 22 26 30 34 
23 7.S3CE+OO 5.3lJE+04 4.!J0<;E-01 18.5 23 21 31 35 
24 7.530E+DO 5.310E+0'. 3. 34<;E- 0 1 206.2 24 28 32 36 
25 1.190!';+OO 5.310E+0', -3.8071:-01 25.8 25 37 38 73 
26 9.170E-0 1 5."310E+04 5c 29 2f.'-Ol 23.3 38 39 14 
27 9.170E-0 1 5.31C£+04 3.235E-Ol 26.4 39 40 75 
28 9. 710E-0 1 5.310(=+04 2.981E-0l 201.8 40 41 16 
29 1.190E+OG 5.310E+04 5.C72E-OI 19B.7 41 26 42 17 
3J 9.170E-0 1 5.310[+04 5.916E-Ol 198.1 42 43 78 
31 9. 710E-0 1 5.310E+04 3.49 fE -01 201.0 43 44 79 
32 9. 77CE-O 1 5.31CE+04 2.8tl~E-01 24.7 44 ',5 80 
33 1.1 90E+00 5.310£:+04 "i.072f-Ol 18.7 45 27 46 81 
34 'J.170E-Ol 5.31'J£+04 6. 025f.'-0 1 17.3 46 47 82 
35 9. 770E-0 1 5.31.0F+04 3.713 8E- 01 16.4 41 46 83 
36 9. 710E-O 1 5.310E+O'. 2.34',E-01 216. B 413 't9 84 
37 1.190E+00 5.310Ff-04 3.801E-Ol 205.8 49 20 50 85 
38 9. 770E-0 1 5.31J~+04 5.3'10['-01 201.6 50 51 86 
39 9.770E-Ol 5.310E+04 3. 4 Cj eF. - 01 201.0 51 52 67 
40 9.770E-Ol 5.110E+O'. 2.407E-Ol 32.1 52 37 BB 
41 1.37CE+OO 5.310[+04 3.3't<;E-01 26.0 53 29 54 89 

Figur~ H-4, Input and Output Data for Pressure Nodes 
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42 1.37CE+OO 5.310E+04 5.74CE-Ol 22.0 54 55 90 
43 1.37)f;+OO ~. J I OE +04 3. 446~-OI 27.5 55 56 91 
44 1.370[+00 5.310E+04 4.807E-Ol 199.7 56 30 57 92 
45 1.37CE+OC 5.310F+04 6.351E-Ol 198.3 57 58 93 
46 1.370E+00 5.310F+04 ~. 636£:-01 203.9 58 59 94 
47 1.370E+OO 5.310F+:J4 4.81)7E-Ol 18.7 59 31 60 95 
48 1.370E+OO 5.3IC[f-04 6.571F.-OI 16.6 60 61 96 
49 1.37eEf-OO 5.310[+0 'I 4.241E-Ol 1 B.l 61 62 91 
50 1.370HOC 5.310Ef-04 3.349F-Ol 20b.0 62 32 (,3 9B 
51 1.370E+00 5.31UF+04 5.9 1.8E-01 200.0 63 64 99 
52 1.31llE+OO 5.3lJF+04 4.029[-01 200.8 64 53 100 
53 8.660E-Ol 5.310E+04 3.565E-Ol 26.3 65 33 66 101 
54 6.660E-Ol 5.310f+04 3.766E-Ol 27.8 66 67 102 
55 8.66 OE-O 1 5.310E+04 4.6UE-Ol 19q.l 67 34 68 103 
56 6.66 OE-O 1 5. 31~H04 4.06Sf-Ol 203.6 68 69 104 
57 8.660E-0 1 5. HOE +04 4. (;2l:E-01 . 19.1 69 ~ 35 70 105 
58 6.660E-Ol 5.3 LOE+0.4 4.392E-Ol 2 0.0 70 71 L06 
59 S.b60E-Ol 5.310F+04 3.565F-Ol 206.3 71 36 72 101 
60 6.660E-OL 5.310E+04 4.069E-Ol 203.6 72 65 108 
61 4.000E+00 5.310F+04 1.10 lE- 06 331.2, 1 2 11 I£' 

X~l INJECTOR 
OXIDIZER S I DE, NO RING uAMS 
ANOMOlOUS SECOND TANGENTIAL MODE 

Figure H-4. (Continued) 
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