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NOMENCLATURE

Letters

a - speed of sound

AMF - aperture mean flow i
I

BR - backing distance for slot absorber !
c

F - quantity for integralswerning equation

f
f - quantity for integralguverningequation

GN - modified Green's function,defined after Equation 15

J Bessel Functionof first kind of order mm

K - acoustic impedanceof slot absorber

L - nondimensionalchamber length

- radial acoustic mode assumed

La - actual length of aperture for slot absorber

Leff - effective lengthof aperture for slot absorber

M - mean flow Mach number

m - transverseacousticmode assumed

- mass generationrate

n - longitudinalacousticmode assumed

n - interactionindex

..).

n - outward directednormal unit vector

P - pressure

r - radial dimension

rc - radius of chamber

Ro - resistanceof slot absorber

S - surfaceof combustionchamber over which integrationis
to be carried out

V
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T - temperature

t - time

u8 - normalcomponentof velocityosci.lationin
tangentialdirection

ur - normalcomponentof velocityoscillationin
radialdirection

ut - transverseveloc_,.:y

V - velocityor volumeof combustionchamber

Wa - aperturewidth for slot absorberor length
of acousticliner

X - distancefrom injectorfaceto beginningof
a slot absorberor acousticliner

Xb distancefrom injectorfaceto end of slot
absorberor acousticliner

z - longitudinaldimensl

Greek Letters

6 - acousticadmittanceof a surface

y - ratioof specificheats

- nondimensionalwave amplitude

n - acousticeigenvalue

0 - anglein radians

A - normalizationfactordefinedafter Equation15

_, - root of BesselFunctionof first kind,such that

:o
lJ - coefficientmatrix

p - density

T - sensitivetime lag

@ - velocitypotential

vi
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- normalizationfactordefinedafter Equation15

_bm= " acousticeigenfunction

complexfrequency

Superscripts

+ vectorquantities

* - dimensionalquantity

' derivativewith respectto argument,or perturbationquantity

mean or steadystatequantity .-

Subscripts

I - injector

L liner

N - nozzle

vii
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INTRODUCTION

The purposeof this reportis to presentan analyticaltechniqueand

: a computerprogramwhich can be used for the predictionof the linear

stabilitybehaviorof liquidpropellantco_i)ustors.The techniqueinvolved

has been developedover the last few years at ColoradoStateUniversityin

the examinationof severalaspectsof the instabilityproblem. Basically,

the approachemploysa Green'sfunctionintegralmethodin the iterative

determinationof combustorfrequency,decay rateand spatialwaveform.

This generalapproachhas been appliedto severaldifferentcoB_)ustor

modelsin the examinationof differentaspectsof the linearinstability

problem. (Ref.l-lO.) This work was performedby severaldifferentpeople

(mainlygraduatestudents),and a wide varietyof nomenclatureand program-

mingtechniqueshas resulted. The detailsof the analyticalapproachhave

also variedfrom authorto authorthoughthe generalmethodremainedthe

same. Thismore or less comprehensivecompendiumof programsand analyses

as it existsin its severalforms is cu_ersome, somewhatredundant,and

certainlyhardto use as a designer'stool.

With this in mind it was decidedto developa simplifiedstability

analysisand computerprogramwhich containedthe most importantfeaturesof

the earlierwork in a formatthatwould be relativelyeasy to use. Conse-

quently,the main goalof thisefforthas been the developmentof a computer

programsimpleenoughto be usedeffectivelyby a personwithoutan exhaustive

backgroundin eitheradvancedmathematicsor stabilitytheory.

In order to do thissome compromiseshave had to be made as far as

comprehensivenessand accuracyare concerned,and someaspectsof the stability
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. problem treated previouslyhave not been included. For example, the effect

of distributingcombustion sources along the combustor axis (as opposed to

having a concentratedcombustionzone near the injector)on overall stability

has been studied and analyzed using two different approaches (Ref. 8, 9).

This effect is not included in the simplifiedmodel presented here, however.
l

The justificationfor this is based on the fact that much greater complexity

f
is introducedinto both the analysis and the computer programwherldistrib-

uted sources of combustionare considered,whi]e the qualitativestability

behavior is very similar to that predicted for concentratedcombustion.

Moreover, the quantitativeeffect of distributingthe combustion is stabi-

lizing relative to the predictionsfor a concentratedcombustionzone. Thus,

the simplifiedmodel presentedhere will tend to give conservativeestimates

of combustor stabilitywhen the combustor being examined has its combustion

zone well distributed (axially).

Other effects such as irrotationality,entropy variations,and droplet

drag effects have also been ignored since their influencehas been found to

be small, stabilizingor both.

The body of the report is divided into three main sections. The first

(called "Theory")presents the model and method oY analysis. The second

section (called "ComputationalMethods") presents the basics of the computa-

tional method and the user options available. The final section (called

"ProgramMODULE") gives a user's manual, sample input and output and a flow

chart. It is not necessary for a person wishing to use the computer program

(MODULE),to follow the analyticaldetails of the first section. It will be

necessary,however,for him to understandthe basics of the model and general

method of approachas presentedin that section so that appropriateinput to

the program may be made and correct interpretationof the output can result.
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THEORY

CombustorModel

The motor configurationconsideredhere is characterizedby circular

cylindricalgeometry,a concentratedcombustionzone locatedat the injector

end of the combustor,a nozzleat the oppositeend, and eitheran acoustic

lineror a slotabsorberlocatedin the cylindricalwalls. A sketchof

the combustormodel is given in FigureI. In the developmentof a l:near

stabilitymodel for a combustorof this type it is firstnecessaryto repre-

sent the fourmain featuresof the configurationusingappropriatemathemat-

icalmodels. The four aspectsof the problemrequiringsuchmodelingare

l) The gasdynamicflow field

2) The combustionzone

3) The nozzle

4) The acousticliner or absorber.

Eachof thesewill be discussedseparatelybeforegoingon to a presen-

tationof the globalstabilitymodel and analyticaltechnique.

l) The gasdynamicflow field

The flow fielddownstreamof the concentratedcombustionzone is taken

to consistof a singlecomponent,singlephaseproductgas which is non-

conducting,inviscidand caloricallyperfect. The flow is assumedto be

homentropicand irrotatlonal.As long as the combustionzone is concentrated

and pressurewaves are of small amplitude,it has been shown that these

approximationsare not severelylimitingand self-consistent(Ref.II, 12).

Beforepresentingthe equationsdescribingthis flow field the relevant

state and flow variablesare non-dimensionallzedas follows.
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Ho_zfe

FigureI. CombustionChamber
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, p = p*Ip* , T = T*IY*

-ll, --P,

V = V*I_* , P = P*IP*

The independent variables are nondimenstonaltzed as follows.

t = t*(rc*/a*) , r = r*/r_

z : z*/r

where * denotes dimensional quantities and denotes meanchamber values.

Using this nondimensional schemethe cr )ervation equations become

.h

+ V-(pV)= 0 CONTINUITY (I)

.4w --_

DV 1
p_ + -VP = 0 MOMENTUM (2)Y

P = pY HOMENTROPIC (3)

P = pT STATE (4)

V = V¢ IRROTATIONALITY (5)

Underthe assumptionof small amplitudeoscillationsthe state and flow

variablesare representedas the sum of a mean (steadystate)componentand

an oscillatorycomponent,productsof which are ignoredas being higherorder

terms. Thus

P= 1 +p' _ = Mz +¢

p=l+p
-4- -q-

T-- I + T' V = Mez + V¢
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A

where ez is the unit vector in the axia| direction and M is the mean flow

Mach number.

After some manipulation the conservation equations can be reduced to a

simple sca]ar partial differential equation

V2_ - _-_ : 2M_--_-+_t_t M2 _-_ (6)

The equation relating the state variables to @ is

p':-y( ) (7)

Periodic oscillations in time are assumed so that

p' = p(r, @z) eimt

= @(r, e, z) eimt

where m = _R + i_ is the complex frequency, _R the frequency,

X the decay rate. (If _ > 0 decay occurs.)

2) Combustion zone response model

It is assumed that all combustion occurs in a length small compared with

the combustor's axial dimension. In the steady state mass is produced at the

rate _ = M in the nondimensional system used here. No attempt to describe

the details of the combustion process is made. Instead it is simply assumed

that the combustion zone is sensitive to pressure oscillations and responds

to these oscillations through a combustion zone admittance function BI.

Thus

v_ .n _I p' (z : o) (8)

b _
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I

_ BI is taken to be a constant for t'e entire combustionzone, though p' I

is, of course, a function of r and z as well as time. In terms of the /.

mass perturbationrate, m' , the response condition is !

M

m' = (7 " BI) p' (9)

BI is, in general, complex so that all phasingsbetween m' (or u') and
M

p' are possible. Note that if the real part of BI is greater than - ,Y

the combustionzone provides a damping rather than driving effect.

It is albo possible to relate BI to the interactionindex n, and

time lag T of the Crocco sensitivetime lag model. The appropriate

relationshipis

BI = M(_ - n (l - e"i_T) ) .
(lO)

Values of BI (or n, and T)must be suppliedby the program user or

calculatedas output,given all other parameters. These options will be

discussed later.

3) Nozzle model

Here again no attempt is made to investigatethe details of the nozzle

flow and, instead,a nozzle admittancefunction BN is used.
J

?¢ • n = BN p' (z = L) (II) :

Values of BN are to be supplied by the user. Tables of admittance

functionsare given in Ref. (13),forexample, for conical nezzles. In the

absence of any knowledgeof the nozzle responsevalue it is suggestedthat

the simple "short"nozzle value

BN : M (IL_-y)

be used.
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4) Acousticlineror slot absorbermodel.

"" Two possibilitiesare considered. The firstis an acousticlinerof

uniformaverageadmittance,6L , which is uniformin the azimuthal(8) direc-

tionand extendsalongthe cylindricalwall from z = xA to z = xB . For

this linerthe appropriateboundaryconditionis

I 9@• n = BL p' (12)

No attemptis made to calculate 6L in eitherthe _,aalysisor computer

programand therefore BL must be suppliedby the user.

The secondabsorberconfigurationconsideredis a ci,_umferentialslot

machinedinto the cylindricalwall of the chamberand actingas a Helmholtz

resonator. The geometryassumedis shownin Figure2. All dimensionsare

nondimensionalthroughdivision with the chamberradius.

The appropriateboundaryconditionat r = l (chamberwall) over the

aperturewidth WA (=[XB-XA])

V¢ .n : 6Lp

or • n -
yK p

l

where K - ¥BL is the impedanceat the apertureentrance. K is used in

this caseto be consistentwith existingtreatmentsof Helmholtzresonators

of this generaltype. BL and K are, in general,complexwith K : Ro + ik ,

where Ro is the resistance, k the reactance. Standardrelationshipsfor

Ro , resistanceand Leff taken from Reference(15)and (16)respectively,

are givenbelow.

- i

.s

m -
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_.- In_¢cfor Fo.c¢

Ii i

Figure2. SlotAbsorberGeometry
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Ro = .8 .5(AMF)R° + .-_T_II (15) !

+v) jj
where e is uave amplitudeand p is the modulus of the pressure at r = 1.

Lef f = La + (0.375)(0.85)W a 1 - O.7\Wc/ ] (5)

An expression for the reactance k, comes directly from linear Helmholtz

resonator theory and is given by _"

"A
k = mR pap Lef f

mR WC BR

- aa _a: are,respectively,
where Pap : ' _ = _" ' \_*/

the nondimensional aperture density, absorber cavity mean sound speed, and

absorber cavity density, and mR is the real part of the oscillation frequency.

All these quantities, as well as the geometrical quantities in Fig. 2, AMF,
v

and the assumed wave amplitude, E , must be supplied by the user. The

expression for Ro , Equation (4), is then solved iteratively for Ro as a

function of frequency. Thus, an _xpression for K(_) (or 6L(m) ) is found

numerically.

%

Method of Solution

The governingpartial differentialequation, Equation (6) along with the
i

necessaryboundaryconditions (Equations(8) (lO) (12) or (13)) are transformed

to integral form using a Green's function, and the resulting integral equations

are solved iteratively. .Details of the transformation and solution method are

presented in References (I, 2, 7). Only those relationships, definitions, and
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,. equationsnecessaryfor understandingand usingthe computerprogramwhich

determinescombustorstabilitywill be presentedhere.

The transformedintegralequationsfor @(r, 8, z) and

are

_p = _,,^,,+ fHGN(r/ro) FI(@)dVo( _!mn V
0

+ HGN(rlr O) fl(@)dSo (]4)
So

_2 _ n_A = f_fs_ FI(@)dV + ff_A_ fl(@)dS (15)_mn S ,_mn

where FI(@) = 2i_M _ + M_

fl = - _P

: BN at nozzle (z : L)

= BI at combustionzone (z = O)

= BL (or_K ) at liner (or absorber)(r l)

= 0 on all other surfaces

_mn (_) STCmn(r_o)
GN(r?r_) : ZZZ_mn (_2 2 )- n_mn

A

ff £ , m _ m, n _ n , simultaneously

1979020055-017
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n_z

Jm(_mr) cos T COSm o
_%mn : ½

A%mn

n_z 0]2A£mn : Ill Jm(X_mr) cos T cos m dV
V

_m are the roots of J'm (_m) = 0

q_mn _m \LI

_mn are the normalizedeigenfunctionsfor a cylindricalchamberwith

no mean flow and non reactivewalls. _ , m, n are the set of integers

givingthe radial,azimuthal,and axialcharacterof the particulareigen-

function(or acousticmode) in question. Thus,_llO representsa first

transversemode,_120 a secondtransversemode,R200 a firstradialmode,

%01 a firstaxialmode,_lll a combinedfirsttransversefirstaxialmode,

etc. The associatedeigenvalues(acousticfrequencies)are

q_mn = _m +(_-_) 2

The solutiontechniquerevolvesaroundthe assumptionthat the actual

solution including mean flow and reactive walls has a character that is

reasonablyclose to one cf these acousticmodes. The particularacoustic

mode most characteristic of the overall oscillation is called _^^^ , where
_mn

, m, n are the associatedindicesgivingthe radial,azimuthal,and axial

character. The related eigenvalue (acoustic frequenc_is q_&a • A discussion

. of the selectionof _ in applicationswill be given later.

1979020055-018



-13-

The equation for ,h, Equation (14),implies that $ takes the following

form

nTTZ

q_ = ZZ_]_mn Jm(X_mr) cos Tc°s m ocnm

where the coefficientmatrix U_mn is determinedby evaluationef the

integralson the right hand side of Equation (14).

Because of the symmetry in the 0 directionwhich results from the

assumptionsconcerningthe boundary conditions,the series in m actually

contains only one term, m .

Thus, for the model used here @ may be written

n_z cos _ O (16)
= Z_n_n J_l(k_r) cos L a0

2_

where _02 = [(cos _ O)2dO . Exactly the same coefficientmatrix wouldo
result if travelingwaveformswere assumed. In this case

= _(r,z)ei(_t + nO)

n_z

¢ = _Z Ugn J_ (_g_r) cos T (17)

and U_n would be identicalto the standingwave matrix.

The mat:-ix UCn and the complex frequency _ are determinedby an

iterativeprocess. The lowest order guess for ¢ (or _n ) is used in

the integralexpressionsof Equations (14) and (15) to compute improved

values for the _n and _ The process continues until successive

iterationsare invariantto some degree of accuracy. A natural choice for

the lowest order estimate for ¢ would be R_B ; the lowest order frequency

would then be q_r] Though these initial guesses will work in general,

1979020055-019
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experiencehas indicatedthat convergencecan be slow and matrixsizes

large,particularlywhen the mean flowMach numberis greaterthanabout

0.3. Betterconvergenceand a smallermatrixsizearepossibleif the

separationof variablessolutionfor a combustorwith mean flowbut without

an absorberis used. This solutionwas originallydevelopedby Priemand

Rice (Ref.(14));inthe modifiedformappropriatehere it is discussedin

References(I) and (2). The computerprogrampresentedlater usesthis form

as the lowestorder @ .

In additionto assuminga lowestorder form for @ and _ and iterating,

it is also possibleto fix _ at some prescribedvalue (suppliedby the user)

and iterateto find the appropriate _Cn and BI (or n, and T ) fromthe

same equations. The latterapproachis usedto solve for the combustion

responsenecessaryto sustainan oscillationof a given frequencyand decay

(growth)rateand knownabsorberand nozzleadmittances.It would also be

possibleto set up the techaiqueto solve iterativelyfor anotherparameter,

suchas nozzleadmittance,for given combustionadmittance;however,this has

not been done in the programpresentedhere.

1979020055-020



-15-

COMPUTATIONAL METHODS

As discussed in the "Theory" section, Equations (14) and (15) are

set up for iterative solution. Computer program MODULE is an algorithm

for performing the necessary iterative computations on a digital computer.

Several different choices are possible as far as input, output, and

accuracy are concerned. These choices will be discussed in this section.

Matrix Sizin9 and Pr99ram Convergence

In the solution of Equations (14) and (15) two variables are always

iterated. One of these is the perturbation velocity potential ¢(r,8,z).

The other is either the complex frequency m (_R + i_) or the complex

combustion admittance, BI (real (BI) + i imag (BI)).

The perturbation velocity potential is represented by a series

expansion (Equation (16)).

[ n_z ] cos _O@(r,O,z) : %Z U_n J_ (X_r) cos T _ocn

Thus, solution for the coefficient matrix _n yields @(r,o,z) and,

in fact, it is this matrix which is the actual iterated variable in the

solution algorithm. Formally, U_n is doubly infinite in _ and n

That is, 1 _ _ < _ , o S n < _ . As a practical matter, however, limits

. on the largest values _ and n may take (in other words the dimensions

of matrix _n ) must be determined. It should be recalled here that the
n_z

integers n are associated with axial dependence (through cos T) while

the integers _ are associated with radial dependence (through J_ (_r)).

Artychoice for the maximum number of "_ terms" and "n terms" will

" limit accuracy. A compromise between program run time, storage requirements,
2

f
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and accuracy is desirable. Naturally, no one choice will be optimal for

all combustor configurations. However, hundreds of runs with "typical"

designs have indicated some rules of thumb to be used.

First of all, in none of the combustors investigated was any signif-

icant increase in accuracy obtained by keeping more than 50 terms in the

axial direction or ten terms in the radial direction. That is, keeping

I00 terms in the axial direction or 20 terms in the radial direction

affected the values of the iterated variables only very slightly (<0.25%).

Consequently, the program as written accepts a I0 x 50 matrix size for U_n

as the maximum allowable. In the program variables this means LTS _ I0,

NTS _ 50, where LTS and NTS are, respectively, the number of terms in the

"C" direction and the number of terms in the "n" direction.

The question as to the "best" values of LTS and NTS to use in a given

combustor configuration is difficult to answer. Eckert (Ref. (14)) has

studied optimal values for LTS and NTS for a "typical" configuration and

suggests values of 3 for LTS and 16 for NTS. However, for a combustor with

no absorber, a single term (_) is necessary for description of the radial

field and LTS = l in this case. On the other hand, if the Mach number is

small, mean flow effects are less important and fewer terms in the axial

direction (smaller NTS) would be needed. However, for configurations with

large absorber effects or high Mach numbers (> 0.4) it is likely that "best"

values for LTS and NTS could be greater than 3 and 16, respectively.

With this in mind it is suggested that the values LTS = 3 and NTS = 16

be used as a general ,ule. If strong absorber or high Mach number effects

are present and may compromise accuracy, it is suggested that results with

LTS : g and NTS : 50 be computed and compared with the smaller matrix

results to estimate accuracy. Values of LTS and NTS larger than 3 and 16
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could then be inserted until the desired accuracy relative to the 9 x 50

size was obtained. It should be noted that improvementin accuracy is

monotonicwith increasingNTS. The same is not true for LTS because of the

alternatingnature of the series involved and best results occur if LTS is

an odd number (3, 5, 7, 9).

Once the dimensionsof the P_n matrix are determinedit is next

necessaryto decide upon an acceptableconvergencecondition for the itera-

tion process. The second iterated variable (either m or 61 depending

upon the application)is used to do this. Successivevalues of the iterated

variableare compared. When the differencebetween the two values is less

than some value, adequate convergenceis assumed. Since both _ and 61

are complex numbers, it is necessary that both the real and imaginaryparts

converge in the sense just mentioned. In this program, however, it is

convenientinstead to deal with w (or 61) in complex polar notation, and

require that successivevalues of the modulus and phase angle converge.

This is because the phase angle is frequentlyRear zero and can cause

problems in the definitionof convergencefor the imaginarypart of the

iteratedvariable. In program MODULE convergenceis assumed when the percent

change in the modulus of the iteratedvariable is less than the value ERROR

and, at the same time, the absolute value of the change in the phase angle

is also less than ERROR. ERROR can take values between lO-5 and l.O.

In most cases convergenceto within 0.1% or less is rapid, usually

occurring in ten iterationsor less. However, for some choicesof para-

meters and for some program options it can be much slower or not occur at

a_l. For this reason a maximum desired number of iterationsmust be spec-

ified. This is done through program variable IDMAX which can take any

integer value. If convergencedoes not occur in the number of iterations

;S
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specifiedby IDMAX,the iterativeloopterminates,and programvaluesat

the last iterationare output.

P_rogramOptio,ls

In additionto choosingeither _ or BI as the iteratedvariable,

choicesare possibleas far as the form of the combustionresponsemodel

and the acousticabsorber. Taken togetnerthis resultsin six distinct

ways of runningthe program. These possibilitiesare labelledoptionsand

are describedsequentiallybelow. For all of the optionsit is necessary

thatcertaindesignor programvariablesbe specifiedby the user. These

parametersare y (ratioof specificheats),M (mean flowMach number),L

(chamberlengthto radiusratio),BN (complexnozzleadmittance),ERROR

(maximumerrorallowablein determiningconvergence),LTS (numberof terms

in radialdirectionkept),and NTS (numberof terms kept in the axial

direction).

Optionl

This optionis designedto computefrequencyand decay rate (complex

frequency)for known combustionzone admittanceand knownacousticabsorber

(or liner)lengthand admittance.The iteratedvariableis the complex

frequency. Requiredto be inputto the programare 61 , 6L , XA and XB .

XA and XB are the nondimensionaldistancesto the start and end of the

acousticabsorber,respectively.Outputare _R and X, _n ' the input

parameters,and n and T , the interactionindexand time lag correspon-

ding to the given 61 and the convergedvalue for m .

S

1979020055-024



-19-

Option2

Option2 is similarto OptionI exceptthat the ,'nmbustionresponse

is describedby n and T insteadof BI . In thiscase n and T are

inputand BI is output. Other inputand outputparametersare the same

as for OptionI.

Option3

In this optionthe acousticabsorberis of the slotdesigntypedes-

cribedearlier. The combustionresponseis describedby BI , and _ is

the iteratedvariable. Requiredinput variablesare 61 , 8R (absorber

backingdistance),Wc (absorbercavitywidth),La (absorberaperturelength),

XA , XB , a-a , (ratioof sound speed in the cavityto sound speed in the

main chamber),_a (nondimensionalaperturegas density),AMF (aperturemean

flow),and E (waveamplitudeof the oscillation).Outputvariablesare

, n and T , U£n and 6L, the equivalentabsorberadmittancefor the

givengeometry.

Option4

Thisoption is the same as Option3 except(hat n and T are input

and 81 is output.

Option5

The last two optionsuse B, as the iteratedvariable. They are most

usefulin generatingstabilitymaps in terms of n and T (Option5) or

real (8I) and imag (61), (Option6). Examplesof suchstabilitymaps are

presentedin Referencesl, 2, 3 and 14. Frequencyis usedas parameter

along thesecurves.
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': Option 5 is designed to compute 61 for a given complex frequency and

a slot absorber. All the slot absorber parameters necessary for Option 3

must be supplied here as well, in addition to the complex frequency. Output

incl_des U_n ' BI ' n and z , and 6L , the equivalent liner adn_ittance.

Option 6

This option also uses 61 as the iterated variable. In this option,

however, the absorber is characterized by an admittance, BL ' and a length

Wa = XB - XA . For this option w , BL ' XA and X_ must be supplied and

output will give 61 ' U_n , and n and T

A summary of the principal input and output variables for the six

options is given in Table 1 below.

TABLE 1

OPTION ONE TWO THREE FOUR OUTPUT

1 real(_ I) imag(_ I) real_L) imag(_L) _ , n & T

2 n T real(_ L) i_ag(6 L) w , 61

3 real(_ I) imag(_ I) BR AMF w , n &T, 6L

4 n T BR AMF _ ' _I ' _L

5 real(u) imag(w) BR AMF B_ , n & T , BL

6 real(_J imag(w) real(BL) imag(BL) BI ' n & T

For convenience four main input variables are called ONE, TWO,THREE

and FOURboth in the program and in the table. These variables represent

different quantities in the different options. For example, in Option 1

variable TWOrepresents the imaginary part of BI ' whereas in Option 2 it

represents T , the time lag.

w-
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Choice of Fundamental Acoustic Mode

As was mentioned in the "Theory" section, the success of the iteration

process revolves around the assumption that the oscillation with active

walls and mean flow is similar to one of the normal acoustic modes (no

flow, hard walls) of the combustion chamber. The most useful variable for

determining the suitability of an acoustic mode choice is the real part of

the complex frequency. As a general ru_e, when _he frequency nf oscilla-

tion in the combustor is within I0% of a particular acoustic mode frequency,

convergence will usually occur if that acoustic mode is used for _B in

the iterative process. Since the imaginary part of the frequency can be as

large as the deviation of the frequency from its aco_,-ticvalue, nondimen-

sional decay (or growth) rates as large as 0.20 (of the order of lO00 sec°l

for typical a* and R ) cdn occur for these conditions.

For lower acoustic modes there is considerable separation in frequen-

cies. At higher frequencies a given frequency may be close to two (or more)

acoustic modes. In this latter case convergence problems can occur and it

may be necessary to test all of the possible acoustic modes sequentially.

Experience with the program must be the guide in these cases.

For many (if not most) applications the acoustic mode choice is clear.

For example, suppose _hat in a given combustor of diameter 2 ft, length 2 ft

and average sound speed, T* , of 3000 ft/sec,an oscillation of frequency

5700 sec"l were observed. The real part of the nondimensional frequency

would be mR = (5700)/3000 = 1.90. This value is within I0% of 1.841, the

acoustic frequency of the first transverse mode. (Jl (>llr)' _ : 1, m = l,

n = O, n_mn = All) Hence, when investigating this oscillation using the

iterative model, %_B = _llO (i.e., _ = l, _ = 1, B = 0). Indeed_ the
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-I
choice of mode would be the same for frequencies between about 4970 sec

and 6075 sec -I. On the other hand, if the observed frequency were

6900 sec -I the oscillation would be closer in frequency to the combined

first transverse, first longitudinal mode frequency of 7260 sec -I (Jl(_llr)

_z _ = 2 + and _Icos-[-, _ = l, m= l, n = I, n mn ) II
A

(2 = l, m = l, n = l) should be used. When the frequency of oscillation is

"inbetween" two acoustic frequencies and is within I0% of neither, it is

usually best to pick the higher mode. For theexample given, if mR =

6300 sec-I it would be withir,!0% of neither the pure first transverse

frequency nor the combined first transverse, first longitudinal frequency.

The best choice in this case would be _lll rather than _ll0

The choice of acoustic mode is input to the program through the choice

of the three integers, _ (radial), m (azimuthal), n (axial). In the

program these are called I.HAT, MHAT, and NHAT, respectively.

y

1979020055-028



" -23-

REFERENCES

I. Mitchell, C. E., W. R. Espander, and M. R. Baer, "Stability of Combustors
with Partial Length Acoustic Liners," NASA CR-120889, 1972.

2. Mitchell, C. E., W. R. Espander, and M. R. Baer, "Determination of Decay
' Coefficients for Combustors with Acoustic Absorbers," NASA CR-120836,

1972.

3. Baer, M. R. and C. E. Mitchell, "A T%eoretical Evaluation of Rigid
Baffles in the Suppression of Combustion Instability," NASA CR-L34986,
]975.

4. Espander, W. R., "Partial Length Liners in Rocket Motors," M.S. Thesis,
Dept. of M_nanical Engineering, Colorado State University, 197l.

5. Baer, M. R., "Combustion Instability in Rocket Motors with Distributed
Combustion and Acoustic Liners," M.S. Thesis, Dept. of Mechanical
Engineering, Colorado State University, 1973.

6. Baer, M. R., "A Theoretical Evaluation of Rigid Baffles in Suppression
of Combustion Instability," Ph.D. Thesis, Dept. of Mechanical
Engineering, Colorado State University, 1975.

7. Mitchell, C. E., "Stability of Combustors with Partial Length Acoustic
Liners," Combustion Science and Technology, Vol. 6, pp. 61-70, 1972.

8. Baer, M. R. and C. E. Mitchell, "Stability of Partially Lined Combustors
with Distributed Combustion," AIAA Journal, Vol. 12, No. 4, pp. 475-480,
1974.

9. Mitchell, C. E., "Stability Predictions for Combustors with Acoustic

Absorbers and Continuous Combustion Distributions," AIAA Journal,
Vol. XIII, No. 8, pp. II07-II09, 1975.

lO. Mitchell, C. E. and Y. Jotiban, "Velocity Dependent Combustion Stability,"
presented at the 13th JANNAF Combustion Meeting, Monterey, Calif., 1976.

II. Mitchell, C. E., "The Effect of Entropy Waves on High Frequency Pressure
Oscillations in Liquid Rocket Motors," Combustion Science and Technology,
Vol. l, pp. 269-274, 1970.

12. Crocco, L. and W. A. Sirignano, Behaviour of Supercritical Nozzles under
Three-Dinw.=nsionalOscillatory.cond'it'i'ons,AGARDograph No. Ii7, Butter-
worths, 1967. "

13. Eckert, K. W., "Computer Program_ for Linear and Nonlinear Analysis of
Rocket Engine Stability," M.S. Thesis, Dept. of Mechanical Engineering,

- Colorado State University, 197B.

/
hi,,

i979020055-029



-24-

]4. Harrje,D. T. ed., F. H. Reardon,assoc,ed., LiquidPropellantRocket
CombustionInstability., NASA SP-194,1972.

15. Phillips,B., Hannum,N. P.,andL. M. Russell,"On the Designof Acoustic
Linersfor RocketEngines: HelmholtzResonatorsEvaluatedwith a Rocket
Combustor,"Nf;SATN D-5171,April 1969.

l

""-'_" J I

1979020055-030



-25-

Program MODULE

In this section a general description of the program will be given

first. Next, discussions of input and output formats will be given.

Finally, a sample run will be presented and discussed, and a complete

program listing will be given.

f,

General Description of Program

The structure of the programs is as follows. (See Figure 3 for a flow

diagram and Table 2 for a listing of program nomenclature.) After the non-

default type variables have been declared, and the matrices and arrays have

been dimensioned, the values for constants (such as PI [_]) are stored.

Next, values for the two program variables K and IDCR are stated. The

values for the iterated variable and the percent error in the modulus, and

the absolute change in angle, will be printed out the first, last and every

Kth iteration. IDCR is an arbitrary number, after which a percent error in

the _ndu!us of over 50% will indicate that the problem is not converging.

The values for the two constants K and IDCR (ID critical), may need to be

changed, but it was felt they would not be changed often enough to warrant

including them with the other input data.

i
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( sTA.T)I

declaration I calc new _ iand matrix and

dimension I 500 CONTINUE
statements I

initialize Icalc ERRI Iconstants and ERR2

I _ 570 CONTINUE
I _" no

l'get CPtimelread ,, :onverging

STOP max. no. yes
i

no] _ -- no
initialize
counters every Kth

iter pmnt printcalculate itered var.
constants ERRI, El warning
calculate message
first guess

print out converged

I ' 60 CONTINUE _ yes
I_.

' ' )rintfina
update iter- iteredvar
ated values ZRRI, ERR2
calculate matrix
parts of
surface 550 CONTINUE
!integrals &print

_L' _I' or

n and T
no

710 CONTINUE

get CP time
print time

I calc new BI _ ..'f°rexecution
iJ J I

Q- .
Figure 3. Flow Diagram

i-
J
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TABLE 2

Com_uterProgramNomenclature

InputVariables

AMF - aperturemean flow

ACAV - Ac nondimensionalsound speedin slotabsorbercavity

BETAI - BI, acousticadmittanceof injector

BETAL - BL, acousticadmittanceof liner

BETAN - BN, acousticadmittanceof nozzle

BR - backingdistance

EPSIL - _, amplitudeof wave oscillation(onlyused in calculation
of absorberresistance)

ERROR - acceptable% error inmagnitudeand absolutechangein
radiansbt_weentwo successiveiterations

FOUR - OPTION= 1,2 or 6, imam(BETeL)
OPTION= 3,4 or 5, AMF

,, GAMMA - Y, ratioof specificheats

IDMAX - maximumnumberof iterations

IN - n, interactionindex

K - iteratedvariableis outputevery Kth iteration

LENGTH - L, nondimensionalchamberlength
A

LHAT - 4, radialacousticmode, integer

LTS - numberof terms in radialdirection

MACH - M, Mach number

MHAT - _, transverseacousticmode, integer

NHAT - _, longitudinalacousticmode, integer

NTS - numberof terms in radialdirection
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_, ONE - OPTION : 2 or 3, real(BETAI)
OPTION = 2 or 4, IN
OPTION = 5 or 6, real(OMEGA)

OPTION - integer value between l and 6, sets which way the problem
will be calculated

ROAP - p-_,density in slot absorber aperture

ROCAV - P-c'density in slot absorber cavity

TAU - T , sensitivetime lag

THREE - OPTION = l, 2 or 6, reaI(BETAL)
OPTION = 3, 4 or 5, BR

TWO - OPTION = l or 3, imag(BETAI)
OPTION = 2 or 4, TAU
OPTION = 5 or 6, imag(OMEGA)

WCAV - nondimensionalslot absorber cavity width

XA - distance from injector to beginningof acoustic liner

XB - distance from injector to end of acoustic liner.

Pro_raP Variables

Al - ¢ evaluated at injector

A2 @ evaluated at nozzle

BES - j21(_m)(_m - ,,,2) = I_ J,_21(_r)rdr

BETAIN new BETAI

ClOM -

DZPIL - _ evaluated at liner midpointBz
2

ETA q_n

ETAI - n_

ID iterationcounter

LAMDA2 _m where, Jm(_m) : 0
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LEFF - _eff

MU - p matrix

MUX - old AMU

NORM - AI/2
_n

,OR.I-

NPIL2 _ (___) a

OMEGAN - new OMEGA

PIL -

PIXL _XL
L

PSI -

PIL - @ evaluated at liner midpoint

sINa - II dSzNj

SkIN - II dSkiN

SNOZ- II dSNoz

VOL - Ill dV

WA - Wa, width of liner aperture

OMEGA
wwo -

XL - distance from injector to midpoint of liner.

Output Variables (not defined above)

KI - Imaginary part of absorber impedance
(reactance)

RO - Ro real part of absorber impedance
(resistance}
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, A point right after this (570 CONTINUE) is where the program returns

to begin executionof a given set of data. The central processor (CP)

time is stored at the beginningof executionof a set of data. This time

is used to calculatethe execution time for the set of data. Next, the

data is read in and the counter ID is initialized. The constantsfor the

set of data, such as (D__),are then calculated. The first guess for the

iteratedvariableand the u matrix (MU) are calculated,using the sepa-

ration of variablessolution. The input data and first guess are printed

out. The setup is now complete, and each iterationreturns to a point

just below this (60 CONTINUE).

For each iterationthe iteratedvariable is first updated,then

variablesthat are functionsof the iteratedvariable are updated. The

p matrix is stored in an extra matrix (MUX). The portion of the program

from here to 500 CONTINUE, is designed to evaluate Equations (14) and (15),

which give a new u matrix and iteratedvariable,respectively. The next

section,down to 550 CONFINUE, does the following: Calculatesthe percent

error in the modulus (ERRI),and the absolute error in the angle (ERR2).

Then checks to see if the problem appears to be converging(ID greater than

IDCR and ERRI greater than 50%), or has gone the maximum number of itera-

tions. If neither of the above has happened, the iteratedvariable, ERRI

and ERR2 are printed out, if first or Kth iteration. Then checks to see if

the problem has converged (ERRI and ERR2 are both less than ERROR). If the

problem has not converged,the program returns to 60 CONTINUE. If the

problem is not converging,has gone the maximum number of iterations,or

has converged,the final values for the iteratedvariable, ERR1, ERR2, and

the final p matrix, are printed out. If the problem does not converge,

a message is printed out.

4--"
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The next segmentof the program,down to 710 CONTINUE_calculates

and printsthe other informationthat is to be output. If a slot absorber

is used,an equivalentBETAL is calculated. If IN (n) and TAU (T) are

used,the equivalentBETAI is calculated;otherwise,the correspondingIN

and TAU are calculatedfor the finalOMEGA and BETAI. The CP time at the

end of the programis stored. Runningtime is calculatedand printedout.

f The calculationsfor this set of data are then completeand the program

returnsto 570 CONTINUEto begin calculationsfor the next set of data.

If no more data is found,the programjumps to 6000 CONTINUEand stops
)

withoutan errormessage.

The programis capableof handlingup to lO terms in the radial

direction(LTS),50 terms in the longitudinaldirection(NTS),and a

transversemode as highas 4 (MHAT). This shouldbe satisfactoryfor most

cases. However,if the numberof terms in the radialor transversedirec-

tionsmust be increased,the Besselvaluesand Besselroots for highe_

modesmust be addedto subroutinesBESVL and BESRT,respectively.Also,

all relevantdimensionstatementsmust be increased. To increasethe

numberof terms in the longitudinaldirection,only the dimensionsof MU

and MUX must be increased. If MHAT and NHAT are zero (0),LHAT cannotbe

one (1). This is a trivialcase.

The best compromisebetweengood accuracyand fast runningtime (as

discussedpreviously)occurswith 15-20terms in the longitudinaldirection

(NTS),and 3 or 5 terms in the radialdirection(LTS). LTS shouldalways

be odd,becausethe serieshas alternatingsigns in the radialdirection.

If the Mach numberis greaterthan .40,more terms shouldbe kept in the

longitudinaldirection.
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Commonly,for linerscoveringlessthan one-thirdof the chamber

walls,evaluatingthe integralover the surfaceof the liner,by eval-

uatingat the midpointaad multiplyingby the width,givesa good approx-

imationto the integralwith a big savingin runningtime. The progrdm

is set up to run thisway. However,if it is desiredto carrythe inte-

grationout, replacethe SLIN card with the CALL LINERcard and include

I
SUBROUTINELINER. (Seeprogramlistingafter40 CONTINUE.)

The final _ matrix,which is printedout, shouldalwaysbe checked

to be sure that the termcorrespondingto the acousticmode assumedis the

largestterm in the matrix, If this is not the case,the wrong primary

acousticmode has been assumed,and the answeris not a characteristic

of the primarymode assumed.

ProgramInput

The inputnecessaryand the formatsfor typingthe data cards are

listedin Table 3. Beforethe firstdata cardcan be typed it must be

decidedfromwhat is knownabout the engine(or desiredfromthe calcu-

lation)what valueOPTIONmust take. Itwill be helpfulto referto the

"ComputationalMethods"sectionin makingthisdetermination.Once the

valueof OPTIONis fixed,Table l is used to determinewhich valuesthe

variablesONE, TWO, THREEand FOURmust take. The firstdata card can

thenbe typed.

The seconddatacard containsthe model informationwhich must be

suppliedregardlessof option. All inputsare real numbers, The third

card containsprogramvariableinformation,includingconvergenceand

matrixsize limitationinformation.All variableson card three are of

the integertype. The fourthdata card needsto be includedonly when

-/_
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TABLE 3

The first card:

COLUMNS VARIABLE TYPE

1-20 ONE Real number /

21-40 TWO Real number

41-60 THREE Real number

61-80 FOUR Real number

The second card:

COLUMNS VARIABLE TYPE.i

l-lO reaI(BETAN) Real number

ll-20 imag(BETAN) Real number

21-30 GAMMA Real number

31-40 MACH Real number

41-50 LENGTH Real number

51-60 XA Real number

61-70 XB Real number

71-80 ERROR Real number

The third card:

COLUMNS VARIABLE TYPE

I-I0 LHAT Integer

_' 11-20 MHAT Integer

21-30 NHAT Integer

31-40 LTS Integer

41-50 NTS Integer

51-60 IDMAX Integer

61-70 OPT!ON Integer

The fourth card:

COLUMNS VARIABLE TYPE

l-lO EPSIL Real

ll-20 ROAP Real

21-30 ACAV Real

31-40 ROCAV Real

41-50 WCAV Real

51-60 LA Real
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a slot typeabsorberis }resentin the combustor. A]] variablesappearing

on thiscard are real.

When settingup the programthe correspondencebetweentext and

programvariablesgiven in Table 2 will be useful. Also, it shouldbe

rememberedthat all variablesin the programand text are nondimensional.

ProgramOutput

The primaryoutputsof I_ODULEare the matrix _Cn and the iterated

variable,either _ or BI " Valuesfor these quantitiesare ccmputed

at every stepand _ (or (3I) is writtenout for every Kth iteration. K

can be changedby the userby replacinga singlecard. In the programas

presentedhere K = 5. The firstand last iterationsof iJ_n are also

printedout. The first iterationis a solutionwith no linereffect,

consequentlyall terms in _n except u_ are null entries.

In addition,all model designvariablesare printedand labelled

accordingto the programnames of Table 2. The exampleto be discussed
i

next demonstratesthe typicalform the output takes.

Samp.le Run

The combustorused for this samplerun has a ratioof lengthto radius

(LENGTH)of 2.0, a mean flowMach number(MACH)of .3,and a ratioof

specificheats (GAMMA)of 1.2. Fromthe Mach numberand ratioof specific

heats,a nozzleresponse(BETAN)was calculatedusing the equationfor a

short nozzlegiven in the theorysectionof this report. The valuefor

BETAN is .025+ O.Oi. There is an acousticliner,of knownadmittance

(BETAL),of .075+ O.Oi i_ place :overingI0% of the cylindricalsurface

of the chamber,beginningone-tenthof the chamberlengthdownstreamof
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the injectorface. Since space dimensionsare nondimensionalizedby

dividingby the chamberradius,and the nondimensionalchamberlength

is 2.0, this givesan Xa of .2 and an Xb of .4. The interactiJnindex

IN (n) and sensitivetime lag TAU (T) are knownto be equal to .30097and

2.219497,respectively,for the injector _sponse. With the ipformation

knownabout the injectorand liner responsesand lookinga( Table l, it is

f determine_that OPTIONmust e_ual 2, and ONE is IN, TWO is TAU, THREE is

real (BETAL),and FOUR is imag (BETAL). Table l showsthat (_ OMEGA,the

nondlmensionalfrequencyand decay rate,and the effective_ETAI for the

injectorwill be calculated.The first transverseacousticmode is chosen

as the primarymode. This correspondsto LHAT = l, MHAT = l, and NHAT -O.

A goodcompromisebetweenrunningtime and accuracywas desired,so by

referringto the discussionin this report,the numberof terms chosenin

the radialdirection(LTS)is equal _o 3_ and the numberof termschosen

in the longitudinaldirection(NTS)is equal to 16. A high precisionis

_ desired,so ERRORis chosenas .Ol. The maximumnumberof iterations

allowedfor this set of data (IDMAX)will be 50. Since an acousticliner

is used,no fourthdatacard is needed. The inputvaluesare then typed

up on threedata cards,as describedin Table 3. T_,_cards as punchedand

submittedappearin Figure4.

The outputfromthe samplerun is shown in Figure5. Th_ prcgram

firstprintsout the valueof every variablethat is inputon the data

cards. This is to allow for doublechecking,to be sure all the input

data is correct,and also so there is a completedescriptionof the rocket

enginethatwas simulated. Next, the fundamentalfrequencyfor the primary

mode assumed,and the firstguessof the iteratedvariable,and t_leu
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matrixare printed. (Theseare the separationof variablesvalues.) If

OPTIONis 5 or 6, the firstguessof BETAI is printedunder the injector

responsedescription.Rcxt, the valueof the iteratedvariableis printed

for the first,everyKth, and last iteration. In the samplerun K =5,

. so the first,fifthand sixth (last)iterationvaluesare printed,a]ong

with theerrorsin the modulusand phaseangleof the iterateavariable

__ (_ in thiscase). The last _n matrix(iteration6) is then printed

out. It can be seenthat the termcorrespondingto £ = _ = ] and n = n = 0

is, indeed,the largest. Ir fact, in thiscase it is an order of magnitude

largerthanany othermatrixelement. The otheroutputinformationis zhen

printed. In thiscase, t.;eBETAIcalculatedfromthe input IN and TAU and

the finalOMEGA. The last thingprintedout for each set of data is the

begir,ningtimeTBG, endingtimeTEND,and executiontimeTEX, for thisset

of data.

ProgramListin_
!

A completeprogramlistingis presentedat the end of this report.

Conm_ntcardsare usedliberallyand muchof the programis self-explanatory.

The computerprogramMODULEconformsto FortranIV ANSI standards.

",,r
J
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IN( FOLLOWIr_6 C,_LCULAT]r.N_ A._F_ _t.UE Fnla #_ CO_._U.%TNH WITH TIfF FI.LL¢IW|%(- C(..FiGII_._TI('_'I

THF LENGTH 11) RAI')]tI$ = _.U0000b MF&N FLUW _._CH NO. -- .3000UU

LHAT = | MHAT = | NFI_T = 0 IIIJTI(Je ' = ('

q._A',*,4_ = I ._(IU000

TME e,_SOta_F..c, _AS THE FfJLL,')wT'_t; (_EUMI'I_'_

TH r LIl_.l-_' '_T_'TS IT .L}I}(1N0(_ ,_."K_ ENh% 41 .t.ONnon _p_'TI/I._F j.:]I)TN = .20nOnU

J F.P"1AL = .0/"_OOO U.OnO000

THE |HJECTOW RESPOfISE IS nLSCJI_r-D ¢4y

FO p THE C_uCCO Sr'r*(;ITIVE TI_E LAA TMFO_Y r. = .3IIOL,?¢) TAU = ?.dJ_*q,

INITIAL -w_-TAT = .1_.,19_ .C_7',.al4

TH_ .aO/ZLE .ESPONSE I% liESC_I_La} My

M_TA& = . {) P')_I0 r, 0,0(_Ou00

MISCFLLaNEOZlS ]NFOH_ATIUN FO_ T'l_ P_n-tF'a

NUVgt_ ()F T(Rr'S WP_IAI 3 Lf)_aGITU,_INAL l_ tn_ex = lifo

E RP_)_ = .f) | I)1100
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,_ • 37"llf_lF'ul -*l'_lh_U_'-_'z U* U* a). It.
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_, .3_ _.%| ;-_'.- n_ -. 7_ q_(, Ut)t. - u,,, U* II. t*. t_.
7 .?_|*._7F-02 -- . ) _r_ I'Ip_NF"-- (1( I) e (ll I1* II e
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• ) _"7_)4_F''u¢_ -- " ( *_r_(_It/4 *'*-" () / |)* I|* |). (,.
]e* "]2qt_'ret_'b_" "* / 71 " _'");-" ' ". 0. ,o. _..

_3 .7%P.1_ ] F.-_I_ -. I ] ){,3-_F-,1_" u,. (I. (: _,.
|_. .h%Tn_qE-(,3 -.11_PS:t_-q_ *,. I_. ,_. t..
15 ,5_'653_-03 - * "_,_ 3P'P.'- _ 3 ,). to, ,,. u.

Figure 5. Output for Sample Run
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T_E FINAL RETAI I_ .*_9':,1.1 .0_ql7_
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IBG= l,_..4]q TFt,D= lb.%_,t TFx= l.]&_

Figure 5. (Continued)

_,_ _:.
Ii , I _ .... II I " _ ..........
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PROGRAM MODULE(INPUT,OUTPUT,TAPFS:INPUT,TAPFG=OtITPUT)

C° COMPU,'ER PROGRAM MODI)LF
C_ _RITTEN AT COLORADO STATE UNIVER_|IY
C_ I)EPARTMENT OF MECHANICAL ENGINEERING
C_ FOnT COLLINS, COLORADO BU523
C_ SPONSOqED BY NASA LEWIS RESEARCH CENTEh
C° {_RANT NGR O6 - 00_ - 095
Co DIRECTED BY RICHARD J, PRIEM
C_ THIS PROGRAM IS DOCUMENTED IN THE MASTERS THESIS OF KURTIS W. ECKFRT
C_ 197B, COLORADO STATE UNIVERSITY, AND C_NFORMS TO ALL FORTRAN IV ANSICo STANDARDS,
C_
C_ IT IS WRITTEN TO GIVE A LINEAR AF_ALYSIS OF HIGH FRE_UFNCY
C_ COMBUSTION STABILITY IN LIQUID P_OPELLANI ROCKET ENGINES. THE
C_ PHYSICAL MODEL USED IS A RIGHT CIRCULAR CYLINDER, THE COMHUSTION
C_ IS MODELED AS EITHER AN ARBITPARY ACOUSTIC ADMITTM_CE (BETAI), OQ
Co _Y THE CROCCO SENSITIVE lIME LAG THEORY (IN AND IAU), THE NOZZLF
Co IS MODELED AS AN ARHITPAPY ACOUSTIC ADMITTAF;CF (BETAN), T_F LINE_
Co IS MODELED AS EIT.ER AN A_@ITRARY ACOUSTIC ADMITANCE (HETAL) OvF&
C* SO_f PORTION OF T_F CYLINORICAL WALL OF 7HE CHAMBER, hR AS _ SL()I
Co ABSORBER,
C*
C° THIS PROGRAM HA_ 9_EN WRIIIF_I TO SOLVE FOR THF NONDIMENSIONAL
C_ COMPLEX FREQUENCY IF ALL THE BOUN{)ARY R[SPONSFS ARE _;IVFN, O_ SOLVF
C° FON THE INJECTOR RESPONSE IF ?HE CO_PLE_ FREQUENCY AND LINER Ar_I)
C_ NOIZLE RESPONSES APE GIVEN, THIS LEADS TO A TOTAL OF _ OPTIONS
C° FOR RUNNING THE COMPUTER PROGRAM,
C_
C_ FOLLOWING IS a TABLE TO USE IN DETERMINING WHICH VALUE OF OP-
C* TION TO USE, THE TABLE SHOW_ WhAT INFORMATION MUST BE GIVEN AND
C* _HAT WILL BE CALCULATED FOR EAC_ OPTION. P() MEANS THE WEAL PART OF
C* THE COMPLEX VALUE IN_IPE THE PAPFNTHESES, ANO I() MEANS THE IMaGIN-
C_ ARY PART OF THE COMPLEX VALUE INSIDE THE PARENTHESES.
C_
C_
L* TABLE OF OPTIONS
C_
C* INPUT VARIABLES OUTPUT VARIABLES
C* OPTION ONE TWO THREF FOUR
C_
C* 1 R(BETAI) I(BFTAI) RtBETAL) I(BETAL) OMEGA, IN & TAU
C* _ IN TAU RtBETAL) I(HETAL) OMFGA, HETAI
C* 3 R(BETAI) ItB_TAI) HR AMF OMFGA, BFTAL, IN & TAU
C* _ IN T_u B_ AMF OMEGA, PFTAI, BETAL
C* 5 R(OMEGA) I(OMEGA) RP AMF BFTAI, BFTAL, IN _ TAU
C* b R(OMEGA) I(OMEGA) RIBETAL) IiBETAL) H_TAI, !N k TAU
C _

C_
C_ FOLLOWING IS A TABLE LISTING THE INPUT VARIABLES THAT ARE PUT
C_ ON EACH DATA CARD, AFTER THE VARIABLE NAME THE TYPE OF VARIABLE IS
C* SHOWN, THEN A BRIEF DESCRIPTION OF THE VARIABLE IS GIVEN, THEN AT
C_ THE END OF THE LINE APE THE COLUMNS OF THE DATA CARD WHICH THE VALUE
C* FOR THIS VARIABLE MUST BE TYPED IN. ALWAYS BE SURE TO RIGHT JUSTIFY
C* INTEGER VAt.UES, THE FOURTH DATA CARD IS USED ONLY WHEN OPTION EQUALSC_ 3, _ OR 5.
C_
C_
C* LIST OF INPUT VARIABLES
C*
C* FIRST CARO

C* ONE REAL SEE TABLE ABOVE I-EO
C* TWO REAL SFE TABLE ABOVE _I-_O
C* THREE REAL SEE TABLE ABOVE _1-60
C* FOUR REAL SEE TABLE ABOVE 61-80
C°
C* SECOND CARD
C* BETAN COMPLEX ACOUSTIC ADMITTANCE Of NOZZLE l-TO & II-_O
C_ MODULUS LESS THAN ,5
C_ IF NO KNOWN VALUE USE SHORT NOZZLE
C* GAMMA REAL RATIO OF SPECIFIC HEATS 2]-30

-y
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Co MACH REAL MFAN FLOW MACH NUMBER 0 < MACH • .S 31-40
C _ LENGTH PEAL LFNGTH OF CHA}_E&/PADIUS OF CHAMRFP 41-50

, C_ XA REAL DTSTA,_CE FPOM INJECTOR FACE TO STAPT 51-60
" C ° OF I_INEP/PAOIIJS OF CHAMBER

C° 0 < XA < XH
C° XH REAL DISTANCE FPOM INJECTOR FACE TO END 61-70
Co OF I.INER/PADIUS OF CHAMHFR
C° XA < XB < LENGT_
C° FPROR PEAL MAXIMUM ALLOWAHLE _ _RROP IN MODULUS 71-RO
C _ OP ABSOLLITE DIFFERANCE IN _ADIANS OF
C_ ANGLE TO OETE_MINE CONVERGENCE OF
C_ ITEPATED VA.IA_LE fOE-5 • EPROP < I
C°
C_ THIRD CARD
C_ LHAT INTEGER ASSUMED MODE In RADIAL _IRECTION l-lO
C° TYPICALLY I O_
C ° MHAT INTEGFP A_SUMED MODE IN T-ANSVERSE DIPECTION II-30
C° TYPICALLY Ot I OR
C _ NHAT INTEGF_ ASSUMED MODE IN LONGITUDINAL OIR_CTIO_ ?]-30
C a TYPICALLY O, I O_
C _ LTS INTEGER NUMRFP OF TERMS KEPT IN PADIAL DI,FCTION 31-40
C • ODD < lO TYPICALLY 30P 5
C ° NTS INTEGER NUMBER OF TE_MS KEPT IN LONG. DIRECTION _I-50
C ° NTS • 50 TYPICALLY 15 < NTS < _0
C ° ID_AX INTEGFP MAXIVUM NUMNER OF IIEPATIONS ALLOWFO 5]-00
C o TYPICALLY IO0
C o OPTION INTE_F_ SFE TAHLE ABOVE _1-70
C _ I, _, 3, _, 5, O_ 6
C_
C _ _OU_TH CAWD
C ° EPSIL NEAL WAVE am.LITIJDE l-TO
C° ROAP R_AL APEPTURE DEh_ITY R_TIO ]l-_O
C ° ACAV _EAL CAVITY _OIlNO _PEEU ?I-30
C° nOCAV WEAL CAVITY D_'SIIY RAil(} 31-40
C_ WCAV _EAL CAVITY WIDTH _l-bO
C _ LA PEAL APFRTU_E LFNGTH 51-_0
C_

C
REAL INI,IN_,IN,NOIL2.LENGTH,LFFF,LA,LM_PA,LAMDA_,NO._._aACH,M_CHd

],NORM]
INTEGE_ OPTION,C_EE_

C
COMPLEX flETAN, _f.TAl.,kE TA I, _U, MInX_OMEGA.UM_ GAN,C IO_',CEPRnP,C I

I,CZERO,F l ,HL INE_,PIL ,DZPIL .PPE_,AI ,A?,SUMI ,SLI_,
2AV,BASEw,RETAIN,WWO
COMPLEX CTEP_,_I,_P,HIS{_,HP_Q_A,FXPl,_XP?,TFR_I,IF_?,VOI.,_INJ,

I_NOZ,SINJ_,St. IN°PSI
C

hI_ENSION MU(bO,IO),UUXI_O,]O),AIIlf_),A;(IO)
C

C INI IIALIZE CONSTANTS
C

Pl=3,1_lSq265359
CI=CMPLXlO,,I,)
CZERO : CMPLX(O.,O.)
IDC_= ?0
K=S

C
C RFAO IN OAT_
C

G7& C()NT INUE
CALL SECOND (T_ON)
pEAD (S,10O) I)NE,Tw{_,_HPE_,FOU_,HFTAN,I_AMMA,MACH,LE_I_TH,xA,_H,

IE_ROR_LMAT,_HAT,_AT,I. TS.NTS, If}MAX,OPT ION
IF(EOF(5)} _000,_80,6000

_0 CONTINUE
IF (OPTION.GE,3,ANO.OFTION.LE.S) READ (5,101) EPSIL ,_0_ p,

l ACAV.RUCAV.WCAV.LA
C
C INITIALIZE VAklABLFS
C

1979020055-047



-42-

ANG|= 0.0
ID=O
IF (OPTION.EO.|.OR.OPTTON.EQ.3} BETAIN= CMPLX(ONE,TWO)
IN= ONE
TAU= TWO
BETAL= CMPLX(THREE,FOUR)
BR= THREE
AMF= FOUR

C
C CALCULATE CONSTANTS
C

PIL = PI/LENGTH
NPIL2= (FLOAT(NHAT)_PIL)OO2
WA = XB -XA
XL = XA + WA/2.0
PIXL=PI_XL/LENGTH
LAMDA2=BESRTIMHAT,LHAT)_*2
IF (OPTION.LE.2.0R.OPTION.EQ.6) GO TO 30

I LEFF = LA + 0.375"0.85"WA*( |. - 0.7 _SQ_T( WA/WCAV))
30 CONTINUE

ETAI= SQRT(LAMDA2 + NPIL2)
C
C CALCULATE FIRST GUFSS FOR ITERATED VARIABLE5
C

OMEGAN= .9R*CMRLX(ETA].O.O)
IF (OPTION.GE.5) OMEGAN= CMPIX(ONE,TWO)
WWO=OMEGAN/ETAI
IF (OPTION.EQ._.OR.OPTION.EQ.4) 8ETAIN=MACH_(|./GAMMA - TN_(I. -C

|EXP(-CI_OMEGAN_TAU)))
C
C CHECK VALUES OF INPUT VAQIARLFS
C

TERM= WA_REAL(BETAL)
CHECK: 0
IF (MACH.LE.O.O.OR.MACH.GE.].O) CHECK= !
IF (MACH.GT.O.5) WRITE (6.qO0) PIACh
IF (GAMMA.LT°I.O.OP.GAHMA.GTol.h7) CheCK= !
IF (GAMMA.LT.|.I) WRITE (_.Q20) GA_MA
IF (LENGTH.LE.O.O) CHECK= I
IF (LENGTH.GE.3.0) wRITE (h,902} LENGTH
IF (LENGTH.LE.I.O) WRITE (_.97P} LENGTH
IF (REAL(BETAN).LT.Ù.O) CHFCK= ]
IF (REAL(BETAN).GT.O.3} WRITE (6,906) _ETAN
IF (OPTION.GT._.AND.OPTION.LT._) GO I0 4_
IF (TERM.LT.N.N) CHECK= I
IF (TERM.GT.O.3) WOITE (6,qO_) TFPM

,, pNTINOE t(OPTIONoNE.2.ANP.OPTION.NE.a) GO TO 4_
IF (IN.LT.O.O.OR.TAU.LT.O.O) CHECK= !
IF (IN.GT.3.O) WRITE (b,9!?) IN
IF (TAU.GT.4.O) W#TTF (b,9]_) TAU

_ CONTINUE
IF (OPTION.NE.I.ANn.OPIION.NF.3) GU TO _7
TF (CARS(NETAIN).GT.2.O) WPITF (h._!6) HFTAIN

_7 CONTINUE
IF (XA.LT.O.O.OR.XA.GT.X_.OP.XR.GT.LFNGTH) CH_CK= I
IF (WA.GT.O.q} WRITE (_,(_3U) wa
IF (LHAT.LE°T.ANII.MHAT_LE.w. ANn. NHAT.LE.}O) GO TO _Q
CHECK: I
WRITE (D,980) LHAT._'HAT.NM_T

4_ CONTINUE
I_ (NTS.LT.NHAI + 10) WWIIE _,gwO) NI£,NHAT
IF (LTS.LT.LHAT * ?) W_ITE (_,q_2) LT$,LHAT
IF (REAL(WWO).GT.|.I) WRITE (h.9_O)
IF (OPTION.LT.3.QR.OPTION.FQ._) GO TO _9
IF (EPSIL.LT.O.O.OP._W.LF.OoO.._n. AM_.LT.O.O) CHFCK: ]
IF (BR.G[.O.?) WRITE (_,90_) _
IF (AMF.GT.O.2) wRITE (O,91n) AP_

_Q CONTINUE
IF (CHECK.EQ.I} WRITE (o,9_n) MACH,GA_MA,LFNGTH.RFTAL,R_TAN,XA,XH,

I IN.TAU
IF (CHECK.EQ.!) GO TO ltO

./
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C
C INITIALIZE FIRST GUESS OF MIJ MATIX

_. C

O0 50 NI:I.NTS
DO 50 L=I,LTS
MU(NI,L)= CZERO

50 CONTINUE-
C
C THF TILDA SOLUTION
C

BY= 8ESVL(MHAT.LHAT)
EP: I.
IF (NHAT.EQ.O) EP= 2.
RESt= BV*BV*(LAMDA2 = FEOAT(MHATI**P)/?./LAMnA2
NORM]= SQRT(RESI*EP*LENGTH/_.Q___
MACH2= MACH*MACH
00 75 N= I,I00
CTERM= mACH2*OMEGAN*OMEGAN,(MACH2-I.}*(LA_PA2-OME_j_q_F_N)
CTERM= CSQNT(CTERM}
Bl= (MACH*OMFGAN*CTFPM)/(I.-MACH2)
B2: (MACH*OMFGAP-CTEPM)/(|.-MACH2)
RISQ=RI*BI
B2SQ:B2*B2
A=-(CEXP(CI*LENGTH*(R|-B2))*(B|,_FTAN_GA!_NA*(O_FGA_g,_ACw_>hl))/
I(R2+BETAN*GAMMA*(OMEGaN p)))
EXPI=CEXP(CI*LENGTH*R])
EXP2=CEXP(CI*LENGTH*@2)
TERM|= B|*(EXPI*(-].I**NHAT-I.)/(H]SQ-NPIL2)
TEPM2= AeB2_(EXP2*(-I.)**NHAT-].}/(RpSO-NPII2)
VOL= MACH*(MACH_(N]SQ_TERM|._?SGOTFP_?)*?._OMF(_AN_(R|_T_M I.

IR2*TERM2))
SINJ=GAMMA*(OME_AN*(I.,A) I.a*_?})
SINJB=BETAIN*SINJ
SNOZ= BETAN*GAMMA_(-|.)**NHAT*(OM_GAN_(ExP|.A_EXP2).MACH*(R|*
IEXP! • A*B2*EXP2))
IF (OPTION.GE.5) GO TO 70
OMEGA= -(VOL * SNOZ)/(TE_M| * TERM2) �FTA|*_2
OMEGA= CSQRT(OMEGA)
IF(OPTION.EO.2. OR.OPTION._O._) RETAIN= MACW*(]./GAMMA-IN*(|.-C

IEXP(-CI*OMEGAN*TAU}))
CERROR= OMEGA - OMEGAN
OMEGAN= OMEGA
IF (ABS(REAL(CERR_P}).GT.O.O00]) GO TO 7_
IF (ARS(AIMAG(CERPOR)).GT.O.O_I) GO TO 75
GO TO 71

70 CONTINUE
RETAIN= ((ETAI**_ - OWEGAN**?)*(;ER_I .TERM2) - VOL - SNOZ)/SINJ
GO TO ?I

75 CONTINUE
?] CONTINUE

PSI= (-2.*CI/LENGTH)*(TERMI�TERM2)
IF (NHAT.EQ.O) PSI= PSI/2.
MU(NHAT T)=CMPLX(I./NORMI,O.O)
DO 55 NI=I,NTS
N= N]-I
RN= FLOAT(N}
IF (N°EQ.NHAT) GO TO 55
TERM= FLOAT((-I)**N)
NPIL2= (RN*PIL)**2
FP= I.
IF (N.EQ°O) EP= 2,
NORM: RESI*EP*LENGTH/2.
ETA= LAMDA2 �NPIL?
TERMI= (EXPI*TERM - I.)/(BI5Q - NPIL2)
TERM2= (EXP2*TEWM I.)/(B2SQ - NPIL2)
VOL= MACH2*(RISQ*BI*TERMI • A*B2SQ*B2*TER.2} �2.*MACH*OMEGAN*(R

IISQ*TERM_ �A*B2SQ*TERM2)
SNOZ= RETAN*GAMMA*TERM*(OMEGAN*(EXP I ,A*EXp2) �MACH*(_]*EXP],

I A*B2*EXR2))
SINJB: BETAIN*GAMMA*(OMEGAN*(I. • A-R2))
MU(NI,LHAT)= 8ESI*CI*(VOL �SNOZ*GINJR)/(OMEGAN**2 -ETA)/NOWMI

I/NORM/PSI
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55 CONTINUE
C
C PPINT OUT P_OBLEM DESC_IhTION AND INITIAL VALUFS
C

wRITE (6,1}
WHITE (b,200) t
WRITE (_,210) LENGTH,MACH,LHATtMHAT,NHAT,OPTION,GAMMA
WRITE (6,2_0)
WRITE (6,230) _A,XB,WA
IF (OPTION,GE,3.AND_OPIION.LE.5) GO TO 20
WRITE (b_235) BETAL
GO TO 22

2O C()NTINUE
WRITE (6t240) B_,AMF,LAqLEFF,EPSIL,WCAV,POCAV,ROAP,_CAV

22 CONTINUE
WHITE (6,250)
IF (OPTION.GE.5) Gn TO I0
IF (OPTION.EQ._.OR.OPTION.FOo_) GO TO 12
WRITE (6,2b0) HFTAIN
GO TO l_

12 CONTINUE
WHITE (6,270) IN,TAU,_ETAIN
GO TO 1_

lO CONTINUE
WPITE (6,280) OMEGAN,WWO
WRITE (6,285) _ETAIN

14 CONTINUE
WRITE (b,2gO)
WRITE (b,310) BETAN
WRITE (6,320) LTS,NTS,IDMAX,ERROR
WRITE (6,300) ETAI
wRITE (6,305) OMEG_N
WRITE (b,I05)
O0 35 N=I,NT_
NMI: N - l
WRITE (6,I0_) NMI,(MU(N,L),L=I,LTS)

35 CONTINUE
WHITE (6,2)
IF (OPTION.LF.4) WPITF (6,3_0)
IF (OPTION,GE.5) WPITF (6,3_0)

C
C BEGIN ITERATIO_
C

hO CONTINUE
C i
C UPDATE ITERATEU V_RIARLES I
C

IF (OPTION.EQ,2.OR.OPTION.EQ.4) HETAIN=MACH*(I./GAMMA - IN*(I. -C
IEXP(-CI*OMEGAN*TAU)))
BETAI= BETAIN
OMEGA:OMEGA_
CIOM:CI*OMEGA
WR= REAL(OMEGA)

C
C STORE NEW MU MATRIX IN EXTPA MATRIX
C

DO 8UO NI=I,NTS
DO 800 L=I,LT_
MUX(NI,L)=MU(NI,L)

_00 CONTINUE
C
C C_LCULATE PHI AT INJECTOR, NOZZLE,MIDPOINT ()F LINEP
C

PIL= CZERO
DZPIL= CZERO
DO 130 L=I,LTS
SUMI= CZERO
SUM2= CZERO
BV= BESVL (MHATtL)

C
C

i
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O0 120 NI:I,NT$
N= N| - |
_N: FLOAT(N)
AV=MU(NJ,L)
SUM]= SUMI*AV
SUM2= SUM2 ' AV*FLOAT(('I)**N)
PIL=PIL*BV*AV*COS(RN*PIXL}
DZPIL= DZPIL • _V*aV*RN*PIL*SIN(RN*PIXL)

120 CONTINUE
C

AI(L)=SUMI
A2(L)=SUM2

]30 CONTINUE
C
C CALCULATE BLINER FOR MIDPOINT OF LINER
C

PRES= GAMMA*(CIOM*PIL - MACH*DZPIL)
RLINER = WA*PRES*BETAL

C
C CALCULATE BLINER FROM LINEP GFOMETRY
C

l IF (OPTION.LE.2.0R.OPTTON.FQ.6) GO TO 3000
A_l = LEFF*WR*ROAP-WA*ACAV*ROCAVIWR/WCAV/Hk *ACAV
PREI = CABS(PRES)
RO=I.
ROI = WO

C
DO 133 I=l,lO0
F = SQRT( _.0 • (AKIIRO)**P )
BASE= EPSIL*PREI/F/GAMMA
RO = SQRT( O.H*( 1.5*AMF*RO * RASE" ) )
R02 = AB5((ROI-RO)/ROI)
IF(RO2.LT°I.OE-04) GO TO 134
ROl= RO

133 CONTINUE
C

13_ CONTINUE
RLINER = WA*PRES/GAMMA/(RO*CI*AKI)

3000 CONTINUE
IF (OPTION.LE._) Gn TO 3001

C
C CALCULATE NEw HETaT
C

VOL= CZERO
DO 45 NI=2,NTS
NMI= NI-I
IF (NMI°EQ.NMAT) O0 ro 45
Ki= NMI * NHAT

/ K2= NMI - NHAT
LI=('I)**KI-I
L2=(-l)**K2"l
LSUM=LI*L2
IF(LSUM.EQ.O} GO TO 45
C]= FLOAT(LI)/FLOAT(KI}
C2= FLOAT(L2)/FLOAT(K2)
SC= (el * C2)*FLOAT(NM|)
VOL = VOL _ MUX(NI.I MAT)e_C

45 CONTINUE
VOL = VOL_MACH_CIOM*_FS|
VOL= VOL " MUX(NHAT*I.LHAT)*H_%Ie(_ACN*FLOAT(NN_T)*PIL)**2*L_NGTH

I/2.
VOL= VOL/NORMI
SNOZ= BETAN*GAMMA*CIOM_BEbI*A2IL_AT)*_LUAT((-I)_*N_AT)/NORMI
%LIN= BLINER*RESVL(MHAT,LMAT)*COS(FLO_T(NHAT)_PIXL}INORMI
SINJ= GAMMAeCIOM*BFSI*AI(LHAT)INORM!
BFTAIN= {OMEGA**2 -FrA|**2 -VOL -SNOZ -SLIN)/SINJ

3001 CONTINUE
C

C START DO LOOP FOR l SUMMATION
C

0(} 500 L=I,LTS
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C
LAMOA= 8ESRT(MHATtL)OO2
BVZ= BESVL(MHATtL)O_2

C
C START 00 LOOP FOR N SUMMATION
C

DO 500 NX=ltNTS
C
C INITIALIZE AND CALCULATE CONSTANTS FOR THIS SUMMATION
C

N= NX - 1
VOL= CZERO
ETA= LAMDA + (FLOAT(N)*PIL)O_2
RES= BV2°(LAMDA - ELOAT(MHAT)OoZ)_.5/LAMDA
ER= 0,5
IF (N,EQ.O) EP= 1,
NORM= BESeEPOLENGTH
NORM= SORT(NORM)
BASEW=OMEGA_OMEGA-ETA

C
C CALCULATE PROPAGATION IERMS
C

DO 40 N|= 2,NTS
NMI= NI - I
IF (NMI.EQ.N) GO TO 40
KI= NMI * N
K2= NMI " N
LI=(-I)**KI-I
L2=(-I)O*KZ-]
LSUM=L|+L2
IF(LSUM.EQ.O) GO TO 40
Cl= FLOAT(LI)/FLOAT(K|)
CZ= FLOAT(LZ)IFLOAT(KZ)
SC= (CI ° CZ)_FLOAT(NMI|
VOL= COL * MUX(NltL)_SC

40 CONTINUE
VOL= VOLOMACH_CIOM_BES
VOL= VOL - MUX(NXtL)OBESO(MACHOFLOAT(N}*PIL)aO2eLENGTH/2.
VOL= VOL/NORM

C
"' C CALCULATE NOZZLE INTEGRAL

C
SNOZ= BETAN*GAMMAoCIOMOBES*A2IL)OFLOAT(I-I)*oN)/NORM

C
C CALCULATE LINER INTEGRAL
C° TO CARRY OUT THE INTEGRATION OVER THE LINER USE THE FOLLOWING Two
C_ CGRDS. AND PUT A "C" IN THE FIRST COLUMN OF TME CARD FOR APPK_X -
C* IMATING THE INTEGRAL. HENCE MAKING IT A COMMENT CARD.
L
C CALL LINER(XAtXB0PIL.LtN,MHAT,MUXtCIOM.HLINERtLTStNTS.CZFRO)
C 5LIN= BAMMA*BESVLIMHATtL)OBETAL*BLINERINORM
C
Co TO APPROXIMATE THE LINER INTEGRAL BY EVALUATING AT THE MIDPOINt
Ce AND MULTIPLYING BY THE WIDTHt USE THE FOLLOWING CARD. AND PUT A
C° "C" IN THE FIRST COLUMNS OF THE TWO PRECEDING CARDS FOR CARRYING
Co OUT THE INTEGRATION, HENCE MAKING THEM COMMENT CARDS..'SUBROUTINE
C_ LINER" NEED NOT BE COMPILED IF THE INTEGRAL IS TO BE APP_OXIMATFD.
C

SLIM= BLINERoBESVL(MHAT,L)oCOS(FLOAT(N)oPIXL)INORM
C
C CALCULATE INJECTOR INTEGRAL
C

51NJ= GAMMA_CIOMOBESiAI(L)INORM
SINJB= SINJtBETAIN

-, _ CALCULATE NEW MU TERM
C

FI= VOL " SINJB • SLIN * SNOZJ_
IF (N,EQ,NHAT,AND,L,EQ,LMAT) GO TO 430
MU(NXtL)= FIINORMIRASEW
GO TO S00

_30 CONTINUE
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C
C FOR PRIMARY MODE CALCULATE MU TERM AN[) NEW OMEGA
C

_U(NXoL}= CMPLXil./NORMtO.O)
IF (OPTTON.LE.4) OMEGAN= CSQRT(FI * ETAI

_00 CONTINUE
IO= ID " 1
IK= IFIX(FLOAT(I{))/FLOAT(Kt)
RK= FLOAT(ID)/FLOAT(K)
RK= RK - FLOAT(IK;
IF (OPTION.LE._) tO TO 4000

C
C CHECK FOR CONVERGENCE ON BETAI
C

CERROR= BETAIN - BETAI
ERNI= CABS(CERROR)/CABS(BETAIN)*IO0.
ANG2= ATANKAIMAG(QFTAIN)/REAL(_ETAIN))
ERR2= ABS(ANG2 - ANGI)
ANGI= ANG2

| IF (ID.GE.IDCR.AND.ERRI.GE.50.) GO TO 540
IF (ID.GE.IDMAX) GO TO 5_0
IF (ID.EQ.I OR.RK.LE.O 00011 WRITE (6tb66) IOtRFTaINtERPI,ERR_
IF (ID.LT.S_OR.ERRI.GT:ERROR.OR.ERR2.GT._RROR} GO TO 6o
GO TO 5_5

540 CONTINUE
WRITE (6,365)

545 CONTINUE
WRITE (bp660) ID.BFTAIN,ERRI,ERR2
GO TO 550

C
C C_ECK FOR CONVERGENCE ON OMEGA
C
_000 CONTINUE

CERROR = OMEGAN - OMEGA
ANG2= PI/2.
ERRI= 0,0
IF (CABS(OMEGAN)°EO.O°O) GO TO 43
ERR]= CABS(CERROR)ICABS(OMEGAN)*IO0.
IF (REAL(OMEGAN).EO.O°O) GO TO 43
ANG2= ATAN(AIMAG(OMEGAN)/REAL(OMEGAN))

43 CONTINUE
ERR2= ABS(ANG2-ANG])
ANGI= ANG2
IF (IO.GE.IDCR.AND.ERRI.GE.50.) GO TO 5_7

_: IF (ID.GE.IDMAX) GO TO 547
F (ID.EQ I.OR.RK°LE.O.O00ll WR

IF (ID.LT:5.0W.ERRI.GT.ERROR.O_[ TEERR2"GT'ERROR)'lb'6661IO,OMEGAN,ERR1.ERR2GoTO 60
GO TO 546

547 CO_!TINUE
WRIIZ (6,365)

540 CONTINU_
WRITE (6,b661 ID,OMEGAN,ERRI.ERR2

550 CONTINUE
IF (ID.GE.IDMAX) WRITE(hi3901

C
C PRINT OUT FINAL MU MATRIX
C

WRITE (6o21
WRITE(6,IlO)
DO 106 NI=I,NTS
N= Nl l
WRITE Tb.'941 NtlMUINI,L),L=I,LTS)

106 CONTINUE
WRITE(6,2)

C
C CALCULATE AND PRINT EQUIVALENT METAL IF CALCULATED FROM GEOMETRY
C

F (OPTION.GE 3.AND.OPT ON.LE 51 WRITE (6tSOl) RO,AKI
IF (OPTION°GE:3.AND.OPTION°LE:S) BETAL= BLINERIWA/PRES
IF (ORTION.GE.3.AND.OPTION.LE.S) WRITE (6t370) BETAL

b _
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C
C CALCULATE AND PRINT EITHER N, TAU OR HETAI WHICHEVER I_ aPPROP_IATF
C

IF (OPTION.NE.|.AND.OPTION.NE.3) _RITE (6,380) RETAIN
IF (OPTION.EQ.2.0R.OPTION.FO.A} GO TO TlO
WR= REAL (O_EGAN)
WI= AIMAG(OMFGAN)
8IR= REAL(BETAIN;
BII= AIMAG(BETAIN)
INO= -((BIR - MACH/GAMMA)**2-HII**_)/(2,*MACH*(BI_-MACMI(;Av_MA})
O0 II N=I,3
RN= FLOAT(N) - ].
TAUO= ASS(ASIN(-BII/MACH/INO) * RN*RI)IWR
BETAIN= MACH*(I./GAMMA - INO*(I. - CEXP(-CI*OMEGAN*TAUO)))
EWRI= ABS((BIR - RCAL(BETAIN))/BIR)
ERR2= ABS((HII - AIMAG(BETAIN))/HII)
IF (ERRI.LE.O.30.AND.ERR2.LE.O.30) GO TO =9
RN= -RN
TAUO= ABS(ASIN(-BII/MACH/INO) * RN*PI)/WR
BETAIN= MACH_(ie/GAMMA - INO*(I z = CE_P(-CI*OMEGAN*TAUO)))
ERRI= ABS((BIR - RFAL(BETAINIJz_IR)
ERR2= ABS((BII - AIMAG(HETAIN))/BII) _
IF (ERRI,LE,O,30,AND.ERR_,LE,O.30) GO TO 19

II CONTINUE
WRITE (6,3}
GO TO 710

19 CONTINUE
WRITE (6,38b) RN.INO.TAUO,BFTAIN
IF(WI.EQ.O.O) GO TO 710
RN= -3.0

18 CONTINUE
RN= RN " I.0
IF (RN.GE.3.5) GO TO 17
INI= INO
TAUI= TAUO
DO 15 I=l._O0
TERM= BIR - MACH/GAMMA * MACH_INI
TAU= ABS(ATAN(-HII/TERM) * PN*Pl)/WR
IN= TERM/(MACH*EXP(WI*TAU)*COS(WR*TAU))
IF (ABS(TAU -TAUI)°LT.I.E-5.AND.ABS(IN - INI)°LT.I.E-5.aND.I.bF.5)

1 GO TO 16
IF (IoGE.5°AND,IN,LT,O.O) GO TO 16
IF (I.GE.S.AND.TAU.LT.O.O) GO T(1 Ib
IN)= IN
TAUI= TAU

15 CONTINUE
l_ CONTINUE

IF (IN.LT.O.OO.OR.TAU.Lr.O.O0) _0 TO l_
8ETAIN= MACH*(I./GAMMA - IN*(I. - CEXP(-CI*OMEGAN*TAU))) i
ERRI= ABS((BIR - RFAL(BETAIN))/_IR)
ERRS= ABS((BII - AIMAG(BETAIN))/811)
IF (ERRI.GE.O.I5.0_.FRR2.GE.O.}5) GO TO 1_
wRITE (0,385) RN.IN.TAUoBETAIN
GO TO 710

17 CONTINUE
Swt= SIN(WR*TAUO)
CWT= COSdWR*TAUO)
EWT= EXP(WI*TAUO}
ECl= Ewr_CwT - l.
WTW= WR/TAN(_R*TAUO) * W)
TAUI= (BIRIMACHIEC] * BII/_ACH/EWT/SWT - I.IGAMMA/ECI)/(INO*

] (EWT*( WI*CWT - WR*SWT)/EC] - WTW))
IN(= -BIIIMACHIEWT/SWT - INO - INO*TAUI*WTW
TAU= TAUO * TAUI
IN= INO * INI
BETAIN= MACH*(I./GAMMA - IN*(], - CEXP(-CI*OMEGAN*TAtl)))
WRITE (6,5) INtTAU,BETAIN

C
C CALCULATE RUNNIN@ TIME FON THIS SET OF DATA
C

710 CONTINUE
CALL SECOND (TEND)

"." j
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TEX= TEND - TBGN
NQITE (6t80) TBGNtTENDtTEX

C RETURN FOR NEXT SET OF DATA
C

GO TO 570
6000 CONTINUE

STOP
C
C FORMAT STATEMENTS
C

I FORMAT (IHIolI/)
2 FORMAT(///)
3 FORMAT (48H NO AND TAUO WOULD NOT CONVERGE FOP THIS PRORLEM,//)
4 FORMAT (66H N AND TAU DID NOT COHVERGE SO A LINEARIZATION SOLUTI

10N IS GIVEN_I/)
5 FORMAT (61H N AND TAU DID NOT CONVERGE SO A LINEARIZED SOLUTION I _

1 3IVENt/tSXt29HTHE CALCULATED N AND TAU ARE tF9,6_SH AND oFV°6,/.
25XtI8HGIVING A BETAI OF tFq°b93X_FV.6_///)

80 FORMAT (7H TBG=tF8°3_6Y TEND=tF8,3_SH TEX=tFR°3t///)
IO0 FORMAT |4F20°IO_/tBF]O,8_/_7IIO)
IOI FORMAT(8FIO=8 )
104 FORMAT(2X_I3t3XtBG13°6t/,(8XtBGI3.6,/))
I05 FORMAT (49H THE FIRST GUESS FOR THE MU MATRIX IS AS FOLLOWSt//SXo

IIHNtI6Xt3HL=ItZ_Xt3HL=_t2_Xt3HL=3t/)
llO FORMAT (3SH THE FINAL HU MATRIX IS AS FOLLOWSq//SX,IHNtl6Xt3HL=I_

124Xt3HL=2t_4X_3HL=3t//)
200 FOEMAT(85H THE FOLLOWING CALCULATIONS ARE _ADE FOR A COMRUSTO_ NIT

IH THE FOLLOWING CONFIGURATIONt/h')
210 FORMAT(2UXt23HTF, E LENGTH TO RADIUS = oFG.6t24Xt20HMEAN FLOW MACH N

10. =vFG,6//_2OXtTHLHAT = oII,5X,THMHAT = tIItSXt7HNHAT :, tIlt22X,
2gHOPTION = ,I2t//t2OX_8HGAMMA = tF9=6,///)

220 FORMAT(40H THE ABSORBER HAS THE FOLLOWING GEOMETRY 9t//)
230 FORMAT (ZOXt2OHTHE LINER STARTS AT _FV.Atl3H AND ENDS AT _Fq.h,_X_

I]7HAPERTURE WIDTH = .F9°6t//)
235 FORMAT (20XtBHBETAL = _F9°6,3X_FV,6t///)
2_0 FORMAT (20X_23HTHE BACKING DISTANCE = _Fg,_,24X_LSHTHE APERTURE MF

IAN FLOW = ,Fg,6_/It2OX,18HAPERTURE LENGTH = _Fg,6vZ8X_IQHEFFECTIVE
2 LENGTH = ,Fg,bt/I,2OX,IO_EPSILON = _F9,6t36X,IAHCAVITY WIDTH =,
3 Fg,6t//t2OX_I6HCAVITY DENSITY = tFV,6t3OX_IBMAPERTURE DFNSITY =
4 _FV°6_//_OX_2OHCAVITY SOUND SPEED = ,F9,6_///)

250 FORMAT (39H THE INJECTOR RESPONSE IS DESCRIBED BY ,///)
260 FORMAT (20X_8HBETAI = _FV,6_3XtF9.6_//I)
270 FORMAT (20Xt_OHFOR THE CROCCO SENSITIVE TIME LAG THEORYtI6X_4HN =

]_FV,B_AXtAHTAU = _FV,6t//
? t?OXtI6HINITIAL RETAI = iFg.6e3X,Fq.6*I//t

280 FORMAT (_OX_ROHFOR THIS OPTION FREQUENCY IS INPUT AND RFTAI IS CLL
ICULATED, INPUT FREQUENCY IS eF¢,6_3XtFV°6,//t2OX_6H_WD = tFq,b_J.(

285 FORMAT (20X_27HTHE FIRST GUESS OF BETAI IStFV.b_3X_FV,6_///)
290 FORMAT (37H THE NOZZLE RESPONSE IS DESCRIBED BY t///)
300 FORMAT (20X,43HTHE FUNDAMENTAL FREQUENCY _OP THIS MODF IS _F_.6,3X

It3HO,O_/)
305 FORMJT (20X_27HTHE FIRST GUESS OF OMEGA IS_Fg,6,3X_FV,6,///)
310 FORMAT (20X_8HBETAN = _F9°6_3X_F9.6_///)
320 FORMAT (43H MISCELLANEOUS INFORMATION FOR THIS PROBLEMt///_2OX_H

[NUMBER OF TERMS RADIAL tI2tAX_I3HLONGITUDINAL ,I2_qX,RHIDMAX =
2tI4_//_2OXt8HERROR = _F9,6_/)

350 FORMAT (78H ITEM REAL OMEGA IMAG OMEGA ERRON_
I MODULUS ANGLE_//)

360 FORMAT (78H ITEM REAL BETAI |NAG BETAI ERROR5
I MODULUS ANGLE,//)

365 FORMAT (IXtBIH_*_THIS PROBLEM DOES NOT APPEAR TO BE CONVERGINGe_)
370 FORMAT (27H THE EQUIVALENT BETAL IS _FV,_3XtF9,6_///)
380 FORMAT (2IH THE FINAL BETAI IStFV,6t3X_Fq.6t///)
3R_ FORMAT (28H N AND TAU CONVERGED FOR RN=_FV,6_/t

I 5X_VHTHE CALCULATED N AND TAU ARE _FV,6_5H AND _Fq,6_16H
2RESPECTIVELYt/_SX_IBHGIVING A BETAI OF ,F9.6t3XtF9.6.///)

386 FORMAT _3QH NO AND TAUO CONVERGED FOR RN=_FV,6t/t
1 SX_3IHTHE CALCULATED NO AND TAUO AHE tF9,b_SH AND .F_,6,IAH
2RESP[CTIVELY,/iSXeIBHGIVING A BETAI OF tFg°6t3X,F9.6,///)

d_ , ,
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390 FL.vMAT (/,_4H _ THIS PROBLEM HAS NOT CONVERGED _*_,II/)
501 FORMAT (20H THE SLOT iMPEDANCES ARE9

I IOX,3HRO:,GI3,6,SX,3HKI=,GI3,6,
2 //I)

666 FORMAT (2X,13,SX,GI3.6,2X,GI3.6,15X,FIO.6,SX,FIO.6}
go0 FORMAT (SX,37HYOUR VALUE FOR MACH IS EXTQEMELY HIGH,GIO.4,//)
q02 FORMcT (SX,3QHYOUR VALUE FOR LFNGTH IS EXTREMELY HIGH,G]O.4.//)
qo_ FORMAT(SX,42HYOUR PRODUCT qF WA_BEIAL IS EXTREMELY HIGH,ZGIO._,//)
q06 FORMAT (SX,38HYOUR VALUE FOR BFTAN IS EXTREMELY HIGH,2G]n.4.//)
Q08 FORMAT (SX,35HYObR VALUE FOP Bh IS EXTREMELY HIGH,G]0.4,//)
qlO FORMAT (5X,36HYOUR VALUE FOP AMF IS EXTREMELY HIGH,GIO.4,//)
g12 FORMAT (SX,35HYOUR VALUE FOP IN IS EXTREMELY H|GH,G]0.4,//}
q14 FORMAT (5X,36HYOUR VALUE FOP TAU IS EXTREMELY HIGH,GIO.4,//)
qlb FORMAT (bX,55HTHE MAbNITUOE OF YOUR VALUE FOR BETAI IS FXTRFMFLY

IIbH,_GlO.4,//)
q20 FORMAT _SX,37HYOUR VALUE FOR GAMMA IS EXTREMELY LOW,GIO.4,//)
g22 FORMAT (SX,38HYOUR VALUE F_R LENGTH IS EXTREMELY LOW,GIn,4,//)
g24 FORMAT (SX,34HYOUR VALUE FhP 8P IS FXTREMELY LOw,GIO.4,//)
Q26 FORMAT (SX,35HYOUR VALUE FOR AMF IS EXTREMELY LOW,GIO.4,//)
g30 FORMAT (SX,IO9HWITH THIS APERTURE THE INTEGRATION OVER THE L|NF_ S

IHOULD BE CARRIED OUT SEE COMMENT C_NI_S ABOVE 500 CONTINUE,GIO.4,
2//)

Q4G FORMAT tSX¢89HYOU HAVE NOT KEPT ENOUGH TERMS IN THE LONGITUDINAl_ D
|IRECTION FOR THE M00E YOU HAVE CHOSEN,/,GHNTS = _I2,SX,7HNHAT = ,
212,//)

942 FORHAT (5X,B_HYOU HAVE NOT KEPT ENOUGH TERMS IN THE RADIAL DIRECTI
ION FOR THE MODE YOU HAVE CHOSEN,/,5X,GHLTS = ,12,5X,THLHAT = ,12.
2//)

950 FORMAT (5X,61HTHIS FREQUENCY IS EXTREMELY HIGH FOR THE MODE YOU HA
IVE CHOSEN,)

g60 FORMAT (SX,98HONE OF THE VALUES LISTED BELOW IS NOT PHYSICALLY MFA
ININGFUL THIS SET OF DATA WILL NOT BE EXECUTED,/,SX,THMACH = ,GlO.
24,5X,8HGAMMA = ,GIN._,SX,gHLENGTH = ,GIO.4,SX,BHBETAL = ,2GI0.4,/,
35X,BHBETAN = ,2GIO.4,5X,5HXA = ,GIO.4,5X,5HX@ = ,GIN.4.SX,5HIN = ,
4GIO.4,5X,GHTAU = ,GIO._,////)

g80 FORMAT (SX,7OHTHE ACOUSTIC MODE YOU SELECTED IS TOO HIGH FOR THIS
|PROGRAM TO HANULEt/,SX,IHLHAT :: ,12,5X,THMHAT = ,I2,5X,THNHAI = ,
212)
END
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FUNCTION BESRT(M,L)
C* THIS FUNCTION SUBRnUT|NE IS A TABLE OF THE ROOTS OF THE RESSFL
C* FUNCTION OF THE FIRST RIND.

DIMENSION A(4,[O)
DIMENSION 8(I,I0)
IF (M.E_.O) GO TO 10
A(I ol) = I,B4118378
A(I o2} = 5.33144277
A(I ,3) = 8,53631637
A(I ,4) = 11.70b0049
A(I ,5) = 1&°86358863
A(I .6) = 18.01552786
A(I ,7) = 21.16_36986
A(I .8) = 24.31132666
A{I ,9) = 27.45705057
A(ItlO) = 30,60192297

f A(2 ,I) = 3.05423693
A(2 ,2) = 6.7061331_
A(2 ,3) 9.96946782
A(2 ,4) = 13,17037086

_12 ,51 16.347S2232(2 ,6) 19.51291278

_12 ,71 22.67158177(2 ,B) 25.82603714
A(2 ,9) = 28.97/67277
A(2,10) = 32°12732702
A(3 tl) = 4,201188_4
A(3 *2) = 8.01523660
A(3 ,3) = II.34592431
A(3 ,4) = 14°585848_9
A(3 ,5) = |7°788747q7
A(3 ,6) = 20°972476_4
A(3 ,7) = Z4.14489743
A(3 ,8) = 27.31005793
A(3 ,9) = 30.4702688]
A(3,lO) = 33.62694918
A(4 ,I) = 5.31755313
A(4 ,2) = 9.28239629
A(4 t3} = 12.68190844
A(4 ,4) 15,96410704
A(4 ,5) 19.19602_80
A{4 ,6) 22.40103227
A{4 ,7) 25.58975@6B
A(& ,8) 28.76783622
A(4 ,#) 31.93853934
A(4,10) = 35.10391668
8ESRT=A(M,L)
RETURN

IU CONTINUE
B(l ,I) = 0.00000000
B(l ,2} = 3,83170597
B(l ,3) = 7,01558667
B(l ,6) = I0°17346B14

_(| ,5) = 13.32369|94(I ,6) = 16.47063005
R(I ,7) = 19.6i585851
8(1 ,8) = 22.76008438
_(I ,9) = 25.90367709
B(I°IO) = 29.04682853
8ESRT= 8(I,L)
RETURN
END

¢.
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FUNCTION BESVL(M,L) !
C* THIS FUNCTION SUBROUTINE IS A TABLE OF THE VALUES OF THE BESSEL 1
C* FUNCTION OF THE FIPST KIND. !

DIMENSION A(4.10) K
DIMENSION C(I,IO)
IF (M.EQ,O) GO TO TO
All ,l) = 0.58186522
A(I ,2) = -0.34612620
A{I ,3) = 0.27329994
A(1 +4) = -0,23330442
A(I ,5) = 0,20701265
_(I ,6) = -0.18801749
A(I 17} = 0,17345q05
A(I ,8) = -0.1bIB3B21
A(I ,9) = 0.15228P07
A(l,lO} = -0.144242Q0
A(2 _I) : 0.48649868

I A(2 ,2) = -0.31353n_5
A(2 ,3) = 0.25474416
AI? ,4) = -0.22088158
A(2 ,5) = 0.19793743
A(2 ,6) = -0.18101000
A(2 _7) = 0.IBT83553
A(2 ,8) = -0.15719517
A(2 ,9) : 0.14836378
A(2,10) = -0.14087R33
A(3 .I) = 0.4343942763
A(3 ,2} = -0°2911584413
A(3 ,3} = 0.2+073_175
A(3 +4) = -0.21096_204
A(3 ,5} = O.I9041QO2Z
A|3 ,6) : -0.175048405
A{3 ,7) = 0,162954965
A(3 .8) = -0.153102_09
A_3 ,9) = 0,144866574
A(3,IO} : -0.137844513
A(4 ,I) _ 0.3996514545
A(4 t2} = -0.2743809949
A(4 *3) : 0,229590468
A{4 ,4) = -0,202763849
A(4 ,5) = 0.1040298q6
A(4 ,6) = -0.169878516
A(_ ,7) : 0.15865_372
a(4 ,8) : -0.I_9451156
i(4 ,g) : 0.141714307 +
A(4,10) : -0.135086328
BESVL=A(M,L}
RETURN

lO CONTINUE
C(1 ,I} : 1.00000000
C_I ,2} : -0.4027588095
C(1 ,3) : 0.30112A303
C(i t4) : -0.249704877
C(I .5} = 0.21835q407
C(I ,6) = -0.196_53TI
C(I ,7) = 0.!80063375
C(l ,8) = -0,16T184600
C(I ,g) : 0.156774985
C(I_IO) : -0.148011108
RESVL= C(I.L)
RETURN
END
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SUBROUTINE LINER(XA,XB,PIL,L,N,MHAT,MUX,CIOMtMACH,BLINER,LTS,
INTS,CZERO)

C* THIS SUBROUTINE IS USED TO CARRY 0UT THE INTEGRATION OVFR THE
C _ LINER

REAL NMNP,NPNP,MACH
COMPLEX MUX,CIOM,BLINER,SUMloSUM2,CZERO
DIMENSION MUX(50,10)
BLINER= CZERO
DO 47 LP=I,LTS
SUM1= CZERO
SUM2= CZERO
DO 45 NI=|,NTS
NP= NI - |
RN= FLOAT(NP)
RNBIL= RN_PIL
IF (N.EQ,NP) GO TO 42
NMNP= FLOAT(NP - N)OPIL
NPNP= FLOAT(NP + N)oPIL
SUMI= SUMI • MUX(NI,LP)o(SIN(NMNP_XB)/Z,/NMNP * SIN(NPNP_XB)/?,/

INPNP - SIN(NMNP_XA)/2,/NMNP - SIN(NPNP°XA)/2,/NPNP)
SUM2= SUM2 + MUX(N],LP)_RNPIL_(COS(NMNP_X_)/Z./NMNP + COS(NPNP_

I XB)/2./NPNP - COS(NMNP_XA)/2,/NMNP - COS(NPNP_XA)/?,/NPNP)
GO TO 45

42 CONTINUE
IF (NP.EQ.0) GO TO 44
SUMI= SUM1 • MUX(NI,LP}_((XB - XA)/2. + (SIN(2,*RNPIL_XR) -

l SIN(2,_RNPIL_XAI)/(4,_RNPIL}}
SUM2= SUM2 - MUX(N],LP)_RNPIL*(SIN(RNPIL_XB)_2 - SIN(RNPIL_XA) _
I_2)/(2._RNPIL)
GO TO 45

44 CONTINUE
SUM]= MUX(NI,LP)_(X8 - XA)

45 CONTINUE
BLINER= BLINER - BESVL(MHAT,LP)o(CIOM_SUMI + MACM_SUM2)

47 CONTINUE
RETURN
END
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