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Letters

AMF -
BR -

NOMENCLATURE

speed of sound

aperture mean flow

backing distance for slot absorber
quantity for integral , verning equation
quantity for integral guverning equation
modified Green's function, defined after Equation 15
Yy -1

Bessel Function of first kind of order m
acoustic impedance of slot absorber
nondimensional chamber length

radial acoustic mode assumed

actual length of aperture for slot absorber
effective length of aperture for slot absorber
mean flow Mach number

transverse acoustic mode assumed

mass generation rate

longitudinal acoustic mode assumed
interaction index

outward directed normal unit vector
pressure

radial dimension

radius of chamber

resiztance of slot absorber

surface of combustion chamber over which integration is

to be carried out



- temperature
- time

- normal component of velocity osci.lation in
tangential direction

- normal component of velocity oscillation in
radial direction

- transverse veloc.-y
- velocity or voiume of combustion chamber

- aperture width for slot absorber or length
of acoustic liner

- distance from injector face to beginning of
slot absorber or acoustic liner

- distance from injector face to end of slot
absorber or acoustic liner

- Tlongitudinal dimens-

Letters

- acoustic admittance of a surface

- ratio of specific heats

- nondimensional wave amplitude

- acoustic eigenvalue

- angle in radians

- normalization factor defined after Equation 15

- root of Bessel Function of first kind, such that
J (Alm) =0

- coefficient matrix

[
m

- density
- sensitive time lag

- velocity potential

vi



¥ - normalization factor defined after Equation 15
Q - acoustic eigenfunction

W - complex frequency

Superscripts

>

vector quantities

*

dimensional quantity

derivative with respect to argument, or perturbation quantity

mean or steady state quantity

Subscripts

I - injector
L - liner
N ~ nozzle
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INTRODUCTION

The purpose of this report is to present an aralytical technique and
a computer program which can be used for the prediction of the linear
stability behavior of liquid propellant combustors. The technique involved
has been developed over the last few years at Colorado State University in
the examination of several aspects of the instability problem. Basically,
the approach employs a Green's function integral method in the iterative
determination of combustor frequency, decay rate and spatial waveform.

This general approach has been applied to several different combustor
models in the examination of different aspects of the linear instability
problem. (Ref. 1-10.) This work was performed by several different people
(mainly graduate students), and a wide variety of nomenclature and program-
ming techniques has resulted. The details of the analytical approach have
also varied from author to author though the general method remained the
same. This more or less comprehensive compendium of programs and analyses
as it exists in its several forms is cumbersome, somewhat redundant, and
certainly hard to use as a designer's tool.

With this in mind it was decided to develop a simplified stability
analysis and computer program which contained the most important featuras of
the earlier work in a format that would be relatively easy to use. Conse-
quently, the main goal of this effort has been the development of a computer
program simple enough to be used effectively by a person without an exhaustive
background in either advanced mathematics or stability theory.

In order to do this some compromises have had to be made as far as

comprehensiveness and accuracy are concerned, and some aspects of the stability



problem treated previously have not been included. For example, the effect
of distributing combustion sources along the combustor axis (as opposed to
having a concentrated combustion zone 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 simplified model presented here, however.
The justification for this is based on the fact that much greater ;omp1exity
is introduced into both the analysis and the computer program when distrib-
uted sources of combustion are considered, while the qualitative stability
behavior is very similar to that predicted for concentrated combustion.
Moreover, the quantitative effect of distributing the combustion is stabi-
lizing relative to the predictions for a concentrated combustion zone. Thus,
the simplified model presented here will tend to give conservative estimates
of combustor stability when 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 influence has been found to
be small, stabilizing or 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 "Computational Methods") presents the basics of the computa-
tional method and the user options available. The final section (called
"Program MODULE") 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 analytical details of the first section. It will be
necessary, however, for him to understand the basics of the model and general
method of approach as presented in that section so that appropriate input to

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

Combustor Model

The motor configuration considered here is characterized by circular
cylindrical geometry, a concentrated combustion zone located at the injector
end of the combustor, a nozzle at the opposite end, and either an accustic
liner or a slot absorber located in the cylindrical walls. A sketch of
the combustor model is given in Figure 1. In the development of a 1inear
stability model for a combustor of this type it is first necessary to repre-
sent the four main features of the configuration using appropriate mathemat-
jcal models. The four aspects of the problem requiring such ﬁode]ing are

1) The gasdynamic flow field
2) The combustion zone
3) The nozzle
4) The acoustic liner or absorber.
Each of these will be discussed separately before going on to a presen-

tation of the global stability model and analytical technique.

1) The gasdynamic flow field

The flow field downstream of the concentrated combustion zone is taken
to consist of a single component, single phase product gas which is non-
conducting, inviscid and calorically perfect. The flow is assumed to be
homentropic and irrotational. As long as the combustion zone is concentrated
and pressure waves are of small amplitude, it has been shown that these
approximations are not severely limiting and seif-consistent (Ref. 11, 12).
Before presenting the equations describing this flow field the relevant

state and flow variabies are non-dimensionalized as follows.
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p = p*/p* » T THI
V= vr/ar . P = p/P*

The independent variables are nondimensionalized as follows.

= ¢x(p */3% = pR/pk
t=t (rc /a*) , r=r /rc
= ok/pk
2 =12 /rc
where * denotes dimensional quantities and ~ denotes mean chamber values.

Using this nondimensional scheme the cc sjervation equations become

»

%% + Ve(pV) = 0 CONTINUITY (1)
-+ >
W o, Yop-o MOMENTUM (2)
Pot Y
P=op' HOMENTROPIC (3)
P = oT STATE (4)
> -+
V= IRROTATIONALITY (5)

Under the assumptior of small amplitude oscillations the state and flow
variables are represented as the sum of a mean (steady state) component and
an oscillatory component, products of which are ignored as being higher order

terms. Thus

P=1+p' ¢ =M +¢
p=1+p

> >
T=1+T V= Me, +7
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where e, is the unit vector in the axial direction and M is the mean flow
Mach number.
After some manipulation the conservation equations can be reduced to a

simple scaiar partial differential equation

2 3% 3%¢ 2 3 (6)
Ve a_t$ Mar * M 353

The equation relating the state variables to ¢ is

pe-y(p2emd (7)

Pericdic oscillations in time are assumed so that

p = p(r, 6z) &'t
6 =o(r, 0, 2) et
where wp + iX is the complex frequency, wp the frequency,

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

2) Combustion zone response model

It is assumed that all combustion occurs in a length smail 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$en grp' (z=0) (8)
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BI is taken to be a constant for t"e entire combustion zone, though p'
is, of course, a function of r and z as well as time. In terms of the

mass perturbation rate, m' , the response condition is

s Mgy o

m= (3 - 8p) P (9)

By is, in general, complex so that all phasiags between m' (or u') and
p' are possible. Note that if the real part of BI is greater than %-,
the combustion zone provides a damping rather than driving effect.

It is also possible to relate BI to the interaction index n, and
time lag t of the Crocco sensitive time lag model. The appropriate

relationship is
8 = ML - (1-e ). (10)

Values of BI (or n, and t) must be supplied by the program user or
calculated as output,given all other parameters. These options will be

discussed later.

3) Nozzle model
Here again no attempt is made to investigate the details of the nozzle

flow and, instead, a nozzle admittance function BN is used.
* .
V6. n = By P (z=1) (11)

Values of BN are to be supplied by the user. Tables of admittance
functions are given in Ref. (13), for example, for conical nczzles. In the
absence Gf any knowledge of the nozzle response value it is suggested that
the simple "short" nozzle value

- -1

By = M (I?V)

be used.

R e L Y R
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4) Acoustic liner or slot absorber modei.

Two possibilities are considered. The first is an acoustic liner of
uniform average admittance, BL » which is uniform in the azimuthal (8) direc-
tion and extends along the cylindrical wall from z = Xp to z = Xg - For

this liner the appropriate boundary condition is
V% en = B p (12)

No attempt is made to calculate SL in either the analysis or computer
program and therefore BL must be supplied by the user.

The second absorber configuration considered is a circumferential slot
machined into the cylindrical wall of the chamber and acting as a Helmholtz
resonator. The geometry assumed is shown in Figure 2. A1l dimensions are
nondimensional through division with the chamber radius.

The appropriate boundary condition at r = 1 (chamber wall) over the

aperture width W, (=[xB-xA])

>

Vo +n = B P

or Vo

n=Wp

1
Y8,

this case to be consistent with existing treatments of Helmholtz resonators

where K is the impedance at the aperture entrance. K 1is used in
of this general type. B. and K are, in general, complex with K = R0 + ik,
where R0 is the resistance, k the reactance. Standard relationships for
R, » resistance and Leff taken from Reference (15) and (18) respectively,

are given below.
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i elp| Iy
R, = .8(1.5(AMF)R0 + T—Fj) (15)
W+ x= )5
RO

where e 1is wave amplitude and p is the modulus of the pressure at r = 1.
Wy s
Leff = LA + (0.375)(0.85)HA [] - 0.7<WE> (5)
An expression for the reactance k, comes directly from linear Helmholtz

resonator theory and is given by

—, —
K wo . L " wA 33 Pa
R
ap e wp WC BR
o* 5*) _ (5* .
5 ={(_ap az = 2 =1 2] are,respectively,
where o ( o ) y 2 ( = » Pa \p*

the nondimensional aperture density, absorber cavity mean sound speed, and
absorber cavity density, and wp is the real part of the oscillation frequency.
All these quantities, as well as the geometrical quantities in Fig. 2, AMF,
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 expression for K(w) (or BL(w)) is found

numerically.

Method of Solution

The governing partial differential equation, Equation (6) along with the
necessary boundary conditions (Equations (8) (10) (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 (1, 2, 7). Only those relationships, definitions, and
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aquations necessary for understanding and using the computer program which
determines combustor stability will be presented here.

The transformed integral equations for o{r, 06, z) and

w are

b = Qa4 [[[G(F/F) F (0)AV
oo

£mn 0
0
+ [JGy(FIF,) F,{0)ds, (14)
S
0
2 - 2.0 = Qunn Fi($)YAV + [[0an. T(4)dS (15)
v ann Iéf Lmn ]( ) éf 2mn !

1]
no
—
£
=

&
+

=

X3

Iz

where F](¢)

g = By at nozzle (z = L)
B = B; at combustion zone (z = 0)

= __]_ 3 =
B = BL (or X ) at liner (or absorber) (r = 1)

B =0 on all other surfaces
-»> >
>, Qﬁmn(r) nzmn(ro)

G, (r/r ) = IIL
N( o £mn (w? - n!2Lmn )

L # ¢ m # m , n# n » simultaneously
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J (A, r) cos ™ cos m 6
2, - _m"fm : L
mn I\
mn
= g Nz 2
Mon f{f [Jm(xlmr) cos = cos m é] dv

Azm are the roots of J m (Alm ) =0

2
2 o 52 nm
Nomn Azm ¥ ( L)

Lomn are the normalized eigenfunctions for a cylindrical chamber with
no mean flow and non reactive walls. & , m, n are the set of integers
giving the radial, azimuthal, and axial character of the particular eigen-
function (or acoustic mode) in question. Thus, 9110 represents a first
transverse mode, Q50 @ second transvarse mode, 200 2 first radial mode,
201 @ first axial mode, 717 @ combined first transverse first axial mode,
etc. The associated eigenvalues (acoustic frequencies) are

2
2 = 2 + .n_"l>-
Ngmn Xom ( .

The solution technique revolves around the assumption that the actual
solution including mean flow and reactive walls has a character that is
reasonably close to one (f these acoustic modes. The particular acoustic
mode most characteristic of the overall oscillation is called Q... s Where

amn
£ , m, n are the associated indices giving the radial, azimuthal, and axial

character. The related eigenvalue (acoustic frequency)is nyag A discussion

of the selection of Qiﬁﬁ in applications will be given later.
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The equation for ¢ , Equation (]4),imp1ies that ¢ takes the following

form

(x, r) cos NMMZ o5 m 6

¢ = I Homn J m L

wnm m

where the coefficient matrix Homn is determined by evaluation cf the
integrals on the right hand side of Equation (14).

Because of the symmetry in the 6 direction which results from the
assumptions concerning the boundary conditions, the series in m actually
contains only one term, m .

Thus, for the model used here ¢ may be written

nmz cos m 6 (1

& = I% u,. J:.(x,ar) cos 16)
n amoTmtUam L €g
2w
where Eé = f(cos @ 6)2d6 . Exactly the same coefficient matrix would
0

result if traveling waveforms were assumed. In this case

i(wt + mo)

(s
il

o(r,z)e

2 gy Iy Orgar) cos T (17)

S
n

and Hon would be identical to the standing wave matrix.

The matrix Hon and the complex frequency w are determined by an
iterative process. The lowest order guess for ¢ (or Mon ) is wused in
the integral expressions of Equations (14) and (15) to compute improved
values for the Mon and w . The process continues until successive
iterations are invariant to some degree of accuracy. A natural choice for
the lowest order estimate for ¢ would be Qﬁﬁﬁ s the lowest order frequency

would then be "o Though these initial guesses will work in general,
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experience has indicated that convergence can be slow and matrix sizes
large, particularly when the mean flow Mach number is greater than about
0.3. Better convergence and a smaller matrix size are possible if the
separation of variables solution for a combustor with mean flow but without
an absorber is used. This solution was originally developed by Priem and
Rice (Ref. (14)); in the modified form appropriate here it is discussed in
References (1) and (2). The computer program presented later uses this form
as the lowest order ¢ .

In addition to assuming a lowest order form for ¢ and w and iterating,
it is also possible to fix w at some prescribed value (supplied by the user)
and iterate to find the appropriate Moy and BI (or n, and T ) from the
same equations. The latter approach is used to solve for the combustion
response necessary to sustain an oscillation of a given frequency and decay
(growth) rate and known absorber and nozzle admittances. It would also be
possible to set up the technique to solve iteratively for another parameter,
such as nozzle admittance, for given combustion admittance; however,this has

not been done in the program presented here.
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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 Sizing and Program Convergence

In the solution of Equations (14) and (15) two variables are always
iterated. One of these is the perturbation velocity potential ¢(r,6,z).
The other is either the complex frequency w (wR + iA) or the complex
combustion admittance, By (real (BI) + i imag (BI)).

The perturbation velocity potential is represented by a series

expansion (Equation (16)).

- nmz | cos m 6
o{r,6,z) = [ ig Hen Jﬁ (Agﬁr) cos ] e

Thus, solution for the coefficient matrix Hoa yields ¢(r,6,z) and,
in fact, it is this matrix which is the actual iterated variable in the

solution algorithm. Formally, is doubly infinite in & and n .

Hon
That is, 1 2 <o, 0<n<w, As a practical matter, however, 1imits
on the largest values % and n may take (in other words the dimensions
of matrix uln) must be determined. It should be recalled here that the
integers n are associated with axial dependence (through cos ﬂ%i) while

ar)).

am
Any choice for the maximum number of "% terms" and "n terms" will

the integers & are associated with radial dependence (through Jﬁ (A

1imit accuracy. A compromise between program run time, storage requirements,
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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
100 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 10 x 50 matrix size for Hon

as the maximum allowable. In the program variables this means LTS $ 10,

NTS < 50, where LTS and NTS are, respectively, the number of terms in the
"2" 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 (2) is necessary for description of the radial
field and LTS = 1 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 generai rule. If strong absorber or high Mach number effects
are present and may compromise accuracy, it is suggested that results with
LTS = 9 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 improvement in accuracy is
monotonic with increasing NTS. The same is not true for LTS because of the
alternating nature of the series involved and best results occur if LTS is
an odd number (3, 5, 7, 9).

Once the dimensions of the Hon matrix are determined it is next
necessary to decide upon an acceptable convergence condition for the itera-
tion process. The second iterated variable (either ¢ or By depending
upon the application) is used to do tnis. Successive values of the iterated
variable are compared. when the diffarence between the two values is less
than some value, adequate convergence is assumed. Since both  and B1
are complex numbers, it is necessary that both the real and imaginary parts
converge in the sense just mentioned. In this program, however, it is
convenient instead to deal with ¢ (or BI) in complex polar notation, and
require that successive values of the modulus and phase angle converge.
This is because the phase angle is frequently rear zero and can cause
problems in the definition of convergence for the imaginary part of the
jterated variable. In program MODULE convergence is assumed when the percent
change in the modulus of the iterated variable 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 10'5 and 1.0.

In most cases convergence to within 0.1% or less is rapid, usually
occurring in ten iterations or less. However, for some choices of para-
meters and for some program options it can be much slower or not occur at
ai1. For this reason a maximum desired number of iterations must be spec-
ified. This is done through program variable IDMAX which can take any

integer value. If convergence does not occur in the number of iterations
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specified by IDMAX, the iterative Toop terminates, and program values at

the last iteration are output.

Program Optious

In addition to choosing either w or BI as the iterated variable,
choices are possible as far as the form of the combustion response model
and the acoustic absorber. Taken togetner this results in six distinct
ways of running the program. These possibilities are lab=1led options and
are described sequentially below. For all of the options it is necessary
that certain design or program variables be specified by the user. These
parameters are y (ratio of specific heats), M (mean flow Mach number), L
(chamber length te radius ratio), By (complex nozzle admittance), ERROR
(maximum error allowable in determining convergence), LTS (number of terms
in radial direction kept), and NTS (number of terms kept in the axial

direction).

Option 1

This option is designed to compute frequency and decay rate (complex
frequency) for known combustion zone admittance and known acoustic absorber
(or liner) length and admittance. The iterated variable is the complex
frequency. Required to be input to the program are BI , BL . XA and XB .
XA and XB are the nondimensional distances to the start and end of the
acoustic absorber, respectively. Output are wp and X, Mo the input
parameters, and n and Tt , the interaction index and time lag correspon-

ding to the given BI and the converged value for w .
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Option 2

Option 2 is similar to Option 1 except that the combustion response
i5 described by n and Tt instead of BI . In this case n and Tt are
input and BI is output. Other input and output parameters are the same

as for Option 1.

Option 3

In this option the acoustic absorber is of the slot design type des-
cribed earlier. The combustion response is described by BI , and w 1is
the iterated variable. Required input variables are BI . BR (absorber

backing distance), wc (absorber cavity width), L. (absorber aperture length),

a
xA , XB . 5; , (ratio of sound speed in the cavity to sound speed in the
main chamber), 5; (nondimensional aperture gas density), AMF (aperture mean
flow), and € (wave amplitude of the oscillation). Output variables are
w,n and T , Hon and BL, the equivalent absorber admittance for the

given geometry.

Option 4

This option is the same as Option 3 except that n and T are input

and BI is output.

Option 5

The last two opttions use BI as the iterated variable. They are most
usefu! in generating stability maps in terms of n and t (Option 5) or
real (BI) and imag (BI)’ (Option 6). Examples of suck stability maps are
presented in References 1, 2, 3 and 14. Frequency is used as parameter

along these curves.
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Option 5 is designed to compute B1 for a given complex frequency and
a slot absorber. Al1l the siot absorber parameters necessary for Option 3
must be supplied here as well, in addition to the complex frequency. Output

includes BI , nh and 1, and BL » the equivalent liner adirittance.

Hon ?

Option 6

This option also uses BI as the iterated variable. In this option,
however, the absorber is characterized by an admittance, BL , and a length
Na = XB - XA . For this option w , SL s XA and XB must be supplied and

output will give BI s ,and n and T .

Hen
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 QUTPUT
1 rea](BI) imag(BI) rea](BL) 1mag(3L) wsy,n&T
2 n T rea](BL) imag(BL) w > By
3 rea](BI) imag(BI) BR AMF w, " &T, BL
4 n T BR AMF W BI s BL
5 real(w) imag(w) BR AMF By s N &1, B,
6 real (w) imag(w) real(BL) imag(BL) By s M &1

For convenience four main input variables are called ONE, TWO, THREE
and FOUR both in the program and in the table. These variables represent
different quantities in the different options. For example, in Option 1
variable TWO represents the imaginary part of BI , whereas in Option 2 it

represents 1t , the time lag.
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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 low 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 rea: part of
the complex frequency. As a general ruie, when the frequency ~f oscilla-
tion in the combustor is within 10% of a particular acoustic mode frequency,
convergence will usually occur if that acoustic mode is used for Qﬁﬁﬁ in
the iterative process. Since the imaginary part of the freauency can be as
large as the deviation of the frequency from its acor~tic value, nondimen-
sional decay (or growth) rates as large as 0.20 (of the crder of 1000 sec']
for typical a* and R*) can 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 probiems 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 that in a given combustor of diameter 2 ft, length 2 ft
and average sound speed, a* | of 3000 ft/sec,an oscillation of frequency
5700 sec'] wore observed. The real part of the nondimensional frequency
would be wp = (5700)/3000 = 1.90. This value is within 10% of 1.841, the
acoustic frequency of the first transverse mode. (J] (>]1r), 2=1,m=1,
n=20, Nemn = A‘]) Hence, when nvestigating this oszillation using the

iterative model, Qs = 0110 (i.e., 2=1,m=1,n=0). Indeed, the
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choice of mode would be the same for frequencies between about 4970 sec-I

and 6075 sec']. On the other hand, if the observed firequency were

6900 sec'] the oscillation would be closer in frequency to the combined
first transverse, first longitudinal mode frequency of 7260 sec'] (J](X]1F)
cos ¥ e=1,m=1,n=1,n2 = A2+ L and Q
L ’ ’ > Nomn (n z) ) m

(R=1,m=1,n-= 1) should be used. Uhen the frequency of oscillation is
"in between" two acoustic frequencies and is within 10% of neither, it is
usually bcest to pick the higher mode. For the example given, if wp =
6300 sec'] it would be within 10% of neither the pure first transverse
frequency nor the combined first transverse, first longitudinal frequency.
The best choice in this case would be Q]]I rather than 9110 .

The choice of acoustic mode is input to the program through the choice
of the three integers, 1 (radial), m (azimuthal), n (axial). In the

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

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 [n1) 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 wnich a percent error in
the modulus 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.
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(o ®

declaration calc new pu
and matrix and w
dimension
statements 500 CONTINUE
initialize calc ERRI
constants and ERR2

| 570 CONTINUE

get CP time */+\
read

[nitiatize -
counters _every K
calculate 1l§$:dp$;:t print
constants ERR1, ERR?] warning
calculate message
first guess
rint out ‘,/’/’?f
prant ou < N0 & converged
, 60 CONTINUE
£
update iter- print final
ated values itered var
ERR1, ERR2
calculate U matrix
parts of
surface 550 CONTINUE
integrals
710 CONTINUE
get CP time
print time
calc new By | for execution

6—— | <

Figure 3. Flow Diagram
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TABLE 2

Computer Program Nomenclature

Input Variables

AMF
ACAV
BETAI
BETAL
BETAN
BR
EPSIL

ERROR

FOUR

GAMMA
IDMAX
IN

K
LENGTH
LHAT
LTS
MACH
MHAT

NHAT
NTS

aperture mean flow

AC nondimensional sound speed in slot absorber cavity
BI, acoustic admittance of injector

BL, acoustic admittance of liner

BN’ acoustic admittance of nozzle

backing distance

€, amplitude of wave oscillation (only used in calculation
of absorber resistance)

acceptable % error in magnitude and absolute change in
radians between two successive iterations

OPTION
OPTION

1,2 or 6, imag(BETAL)
3,4 or 5, AMF

non

Y, ratio of specific heats
maximum number of iterations
n, interaction index

th jteration

iterated variable is output every K
L, nondimensional chamber length

i, radial acoustic mode, integer
number of terms in radial direction
M, Mach number

m, transverse acoustic mode, integer

n, longitudinal acoustic mode, integer

number of terms in radial direction
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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 1 and 6, sets which way the problem

will be calculated
ROAP - Py density in slot absorber aperture
Rocay - 5&, density in slot absorber cavity
TAU - T, sensitive time lag
THREE -~ OPTION = 1, 2 or 6, real(BETAL)

OPTION = 3, 4 or 5, BR
TWO - OPTION = 1 or 3, imag(BETAI)

OPTION = 2 or 4, TAU

OPTION = 5 or 6, imag(OMEGA)
WCAV - nondimensional slot absorber cavity width
XA - distance from injector to beginning of acoustic liner
XB - distance from injector to end of acoustic liner.
Prooram Variables
Al - ¢ evaluated at injector
A2 - ¢ evaluated at nozzle

J2(x, Y(A2_ - m?)
BES _om ,Q.mz)\zﬁm fo Jm()\ r)rdr

m
BETAIN -~ new BETAI
CIOM - Aw
DZP1L - %% evaluated at Tiner midpoint
2

ETA - e
ETAl - n2,

nLn
ID - iteration counter

2 - =

LAMDA2 - Ao where, Jm(AQm) 0
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MU - umatrix
MUX - old AMU

1/
NORM - A2

in

1
NORM1 - A.[2

n
WPIL2 - (EE :

L
OMEGAN - new OMEGA
PIL - -’Ll
L - O
PSI -V
PIL - ¢ evaluated at liner midpoint
SINJ - ff dSINJ
SLIN - Jf dSLIN
SNOZ - jj dSNOZ
VOL - ff[ dv
WA - wa, width of liner aperture
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
(resistanceg
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A point right after this (570 CONTINUE) is where the program returns
to begin execution of a given set of data. The central processor (CP)
time is stored at the beginning of execution of a set of data. This time
is used to calculate the execution time for the set of data. Next, the
data is read in and the counter ID is initialized. The constants for the
set of data, such as (ﬂ%), are then calculated. The first guess for the
iterated variable and the u matrix (MU) are calculated, using the sepa-
ration of variables solution. The input data and first guess are printed
out. The setup is now complete, and each iteration returns to a point
just below this (60 CONTINUE).

For each iteration the iterated variable is first updated, then
variables that are functions of the iterated variable 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 iterated variable, respectively. The next
section, down to 550 CONTINUE, does the following: Calculates the percent
error in the modulus (ERR1), and the absolute error in the angle (ERR2).
Then checks to see if the problem appears to be converging (ID greater than
IDCR and ERR1 greater than 50%), or has gone the maximum number of itera-
tions. If neither of the above has happened, the iterated variable, ERRI

h iteration. Then checks to see if

and ERRZ2 are printed out, if first or Kt
the problem has converged (ERR1 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 iterated variable, ERR1, ERR2, and

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

a message is printed out.
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The next segment of the program, down to 710 CONTINUE, calculates
and prints the other information that is to be output. If a slot absorber
is used, an equivalent BETAL is calculated. If IN (n) and TAU (1) are
used, the equivalent BETAI is calculated; otherwise, the corresponding IN
and TAU are calculated for the final OMEGA and BETAI. The CP time at the
end of the program is stored. Running time is calculated and printed out.
The calculations for this set of data are then complete and the program
returns to 570 CONTINUE to begin calculations for the next set of data.

If no more data is found, the program jumps to 6000 CONTINUE and stops
without an error message. f

The program is capable of handling up to 10 terms in the radial
dire<tion (LTS), 50 terms in the longitudinal direction (NTS), and a
transverse mode as high as 4 (MHAT). This shoud be satisfactory for most
cases. However, if the number of terms in the radial or transverse direc-
tions must be increased, the Bessel values and Bessel roots for higher
modes must be added to subroutines BESVL and BESRT, respectively. Also,
all relevant dimension statements must be increased. To increase the
number of terms in the longitudinal direction, only the dimensions of MU
and MUX must be increased. If MHAT and NHAT are zero (0), LHAT cannot be
one (1). This is a trivial case.

The best compromise between good accuracy and fast running time (as
discussed previously) occurs with 15-20 terms in the longitudinal direction
(NTS), and 3 or 5 terms in the radial direction (LTS). LTS should always
be odd, because the series has alternating signs in the radial direction.
If the Mach number is greater than .40, more terms should be kept in the

longitudinal direction.
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Commonly, for liners covering less than one-third of the chamber
walls, evaluating the integral over the surface of tha liner, by eval-
uating at the midpoint and multiplying by the width, gives a good approx-
imation to the integral with a big saving in running time. The program
is set up to run this way. However, if it is desired to carry the inte-
gration out, replace the SLIN card with the CALL LINER card and include
SUBROUTINE LINER. (See program listing after 40 CONTINUE.)

The final | matrix, which is printed out, should always be checked
to be sure that the term corresponding to the acoustic mode assumed is the
largest term in the matrix. If this is not the case, tne wrong primary
acoustic mode has been assumed, and the answer is not a characteristic

of the primary mode assumed.

Program Input

The input necessary and the formats for typing the data cards are
listed in Table 3. Before the first data card can be typed it must be
decided from what is known about the engine (or desired from the calcu-
lation) what value OPTION must take. It will be helpful to refer to the
"Computational Methods" section in making this determination. Once the
value of OPTION is fixed, Table 1 is used to determine which values the
variables ONE, TWO, THREE and FOUR must take. The first data card can
then be typed.

The second data card contains the model information which must be
supplied regardless of option. A1l inputs are real numbers. The third
card contains program variable information, including convergence and
matrix size limitation information. A1l variables on card three are of

the integer type. The fourth data card needs to be included only when



The first card:
COLUMNS
1-20
21-40
41-60
61-80

The second card:

COLUMNS

1-10

11-20

21-30

31-40
41-50

51-60

61-70

71-80

The third card:
coLuMmns
1-10
11-20
21-30
31-40
41-50
51-60
61-70

The fourth card:
COLUMNS
1-10
11-20
21-30
31-40
41-50
51-60
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TABLE 3

VARIABLE
ONE
TWO
THREE
FOUR

VARIABLE
real(BETAN)
imag(BETAN)
GAMMA

MACH
LENGTH

XA

XB

ERROR

VARIABLE
LHAT
MHAT
NHAT
LTS
NTS
IDMAX
OPTION

VARIABLE
EPSIL
ROAP
ACAV
ROCAV
WCAV
LA

TYPE
Real number
Real number
Real number
Real number

TYPE
Real number
Real number
Real number
Real number
Real number
Real number
Real number
Real number

TYPE
Integer
Integer
Integer
Integer
Integer
Integer
Integer

TYPE
Real
Real
Real
Real
Real
Real
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a slot type ahsorber is present in the combustor. All variables appearing
non this card are real.

When setting up the program the correspondence between text and
program variables given in Table 2 will be useful. Also, it should be

remembered that all variables in the program and text are nondimensional.

Program Output

The primary outputs of MODULE are the matrix Hon and the iterated
variable, either w or BI . Values for these quantities are ccmputed

h jteration. K

at every step and w (or BI) is written out for every Kt
can be changed by the user by replacing a single card. In the program as
presented here K = 5. The first and last iterations of g, are also
printed out. The first iteration is a solution with no liner effect,

consequently all terms in except B are null entries.

Hon
In addition, all model design variables are printed and labelled
according to the program names of Table 2. The example to be discussed

next demonstrates the typical form the output takes.

Sample Run

The combustor used for this sample run has a ratio of length to radius
(LENGTH) of 2.0, a mean flow Mach number (MACH) of .3, and a ratio of
specific heats (GAMMA) of 1.2. From the Mach number and ratio of specific
heats, a nozzle response (BETAN) was calculated using the equation for a
short nozzle given in the theory section of this report. The value for
BETAN is .025 + 0.0i. There is an acoustic liner, of known admittance
(BETAL), of .075 + 0.0i in place :zovering 10% of the cylindrical surface

of the chamber, beginning one-tenth of the chamber length downstream of
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the injector face. Since space dimensions are nondimensionalized by
dividing by the chamber radius, and the nondimensional chamber length

is 2.0, this gives an Xa of .2 and an Xb of .4. The interaction index

IN (n) and sensitive time lag TAU (1) are known to be equal to .30097 and
2.219497, resrectively, for the injector ~sponse. With the information
known about the injector and liner responses and looking at Table 1, it is
determined that OPTION must ejual 2, and ONE is IN, TWO is TAU, THREE is
real (BETAL), and FOUR is imag (BETAL). Table 1 shows that (w, OMEGA, the
nondimensional frequency and decay rate, and the effective FETAI for the
injector will be calculated. The first transverse acoustic mode is chosen
as the primary mode. This corresponds to LHAT = 1, MHAT = 1, and NHAT - 0.
A good compromise between running time and accuracy was desired, so by
referring to the discussion in this report, the number of terms chosen in
the radial direction (LTS) is equal vo 3, and the number of terms chosen
in the longitudinal direction (NTS) is equal to 16. A high precision is
desired, so ERROR is chosen as .01. The maximum number of iterations
allowed for this set of data (IDMAX) will be 50. Since an acoustic liner
is used, no fourth data card is needed. The input values are then typed
up on three data cards, as described in Table 3. T:2 cards as punched and
submitted appear in Figure 4.

The output from the sample run is shown in Figure 5. Tha prcgram
first prints out the value of every variable that is input on the data
cards. This is to allow for double checking, to de sure all the input
data is correct, and also so there is a complete description of the rocket
engine that was simulated. Next, the fundamental frequency for the primary

mode assumed, and the first guess of the iterated variable, and tie u
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matrix are printed. (These are the separation of variables values.) If
OPTICN is 5 or 6, the first guess of BETAI is printed under the injector
response description. MNoxt, the value of the iterated variable is printed
for the first, every Kth, and last iteration. In the sample run K =5,

so the first, fifth and sixth (last) iteration values are printed, along
with the errors in the modulus and phase angle of the iterated variable

(w 1in this case). The last Mon matrix (iteration 6) is then printed
out. It can be seen that the term corresponding to 2 = 2=1landn=n=0
is, indeed, the largest. Ir fact, in this case it is an order of magnitude
larger than any other matrix element. The other output information is ihen
printed. In this case, t.e BETAI calculated from the input IN and TAU and
the final OMEGA. The last thing printed out for each set of data is the
begir.ning time TBG, ending time TEND, and execution time TEX, for this set

of data.

Program Listing

A complete program listing is presented at the end of this report.
Comuent cards are used liberally and much of the program is self-explanatory.

The computer program MCDULE conforms to Fortran IV ANSI standards.
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c# MACH REAL MFAN FLOW MACH NUMRFR (0 < MACH < ,5 31-40
c# LENGTH REAL LENGTH OF CHAMBEKR/RADIUS OF CHAMHFR 4]1-50
c# XA REAL DISTAUCE FROM INJECTOR FACE TO START 51-60
Ce OF LINER/RADIUS OF CHAMBFR
e 0 < Xa < XB
c# xR REAL DISTANCE FROM INJECTOR FACE TO END 61-70
cs OF LINER/RADILS OF CHAMHFR
[ XA < XB < LENGTH
(0 FRROR REAL MAX [MUM ALLOWAKLE % ERROR IN MODULUS 71=-80
ce OR ARSOLUTE DIFFERANCE IN RADIANS OF
[ ANGLE TO DETERMINE CONVERGENCE OF
E: ITERATED VAKIARKLE 10F=% < ERROR < ]
C® THIXD CARD
Cce LHAT INTEGER ASSUMED MQDE IN RADIAL NIKFCTION 1-10
c# ) TYPICALLY 1} 2
g: MKRAT INTEGFR ?38?”&0 VUDF {N(THAVSVFWSE DIRECTION 11-30
. )
C NHAT INTEGFR ASSUMED MODE IN | ONbITUDINAL DIRECTION 21-30
Cc# ) TYPICALLY 04 1 OR
(s LTS INTEGER NUMRER OF TERMS KPPT IN qADIAL DIKFCTIONN I1=-40
c# oDD < 10 TYPICALLY oK
(* NTS INTEGFR NUMRER OF TERMS KEPT IN LGNGv DIRECTION w1-50
(0 NTS < 50 TYRPICALLY 19 < NTS < 20
C# INDMaAX INTEGER MAXTMUM NUMBER OF 1TG kAT]ONS ALLOWFD Sl=60
c#= TYPICALLY 100
(g OPTION INTEGFR SFE TARBLE AROVE 6170
g? le 2¢ 30 40 Se Ok 6
Ce FQURTH CawD
c# EPSIL REAL wWAVE AMPLTITUDE 1-10
(& ROaP Re AL APERTURE DENSITY RATIO 11=20
ce ACAV LEAL CAVITY SOUND SKEED 21=-3¢
Cs ROCav REAL CAVITY DENMSTITY RATIO 31-40
ce wCav ~EAL CAVITY XICTH 41«50
Ci La REAL APFRTURE LFNGTH S1=40
%b#dé#t)QQ#éb##D#Qb#Q%*Q&G#&# B R TR g G R R - T R W G G GG R SR TOTe
C
lﬂagb %Nlthﬁc‘NoNplL) cLENGTHWLEFF oL AsL AMDAGL AMDAZ s NNRMGMACH s MACHZ
. M
c INTEGER OPTIONCCHE(K
COMPLEX BETAMBETAL «RETATI oMU GMIX s OMEGA «UMEGANCIOMSCERRNR ]
: l!CZEHO!FiﬁﬂLINtHopl oDZPIL «PRES I AL sB2eSUMY sSUMZY
i CAV«BASEWSRETAIN«WWO
\ COMPLEX CTERMe3) eB2eHISWeH2SWeAeEXP L oF XP2 o TFRM] « TERM2 4 VOL s SINJe
c 1SNQZ«SINJRSLINPSTY
C NIMENSTION MU(S0010) eMUX IS0 10) AL LTI gAP(LD)
E INTTTALIZE CONSTANTS
Pl=3-lhle265)59
Cl=CMPLX{
CZERO = CMPLX(O.-O.)
I0CH= 20
K=%5
C
C <FEAQ IN DATA
C
76 CONTINUE )
CALL SECOND (TRON)
READ (5¢100) ONE o TWR o THREE o F DUR «BE TAN2GAMMAGMACH oL EMGTHe XA Xk
1ERROR g LRHAT e MHAT ANAHAT oL TS eNTSIDHMAKSQPTION
IFLEQF (H)) &000+580+6000
SRO CONTINUE A _
IF (OPTION.GF +3.ANDJOFTIONJLE .S5) READ (5+101) EPSIL +RQAP,
c 1 ACAVeRUCAV.WCAV.LA
E INITIALIZE VARIARLES
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55 CONTINUE

PRINT QUT PROBLEM DESCRIPTTON AND INITIAL VALUFS
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STORE NEW MU MATRIX IN EXTRA MATRIX
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FLOAT ((=]) ##N)
S(RN#PIXL)
V2AVERNSPIL#SIN(RN®#PIXL)

apPr OO0 VNNDPTZO
O~ ON=CC<ZNo
Za~ ZOVFZTITUM
AT = U~ e
e =T O HC N
<
. e
N<
TCu

Zun

CALCULATE BLINER FOR MIDPOINT OF LINEK

PRES= GAMMA«¢ (CIOM®#P1| - MACH®#DZP1L)
RLINER = WA#PRES*BETAL

CALCULATE BLINER FROM LINER GFQOMETRY

IF (OPTION.LE«2.0R.OPTIONFN.6) GO TO 3000
AK] = LEFFeWR#*ROAP-WA®ACAVHROCAV/WR/WCAV/RR #ACAV
SSEI = CABS (PRES)

ROL = RO

DO 133 1=1,100

F = SQRT( ie0 + (AKL/RQ)®®2 )

BASE= EPSILSPRE1/F/GAMMA _

RO = SQRT( 0.8%( 1.52AMF¥R0 + RASE ) )

RO2 = ABS( (RO1=R0)/RO] )

IF (RO24LT41,0E=04) GO TO 136

RO1= RO

CONT INUE

CONT INUE i

RLINER = wWwA®*PRES/GAMMA/ (RO«CI#AK])

CONT INUE

IF (OPTIONJLE.4) GO TO 3001

CALCULATE NEW BETAT

VOL= CZER

DO 45 NI=24NTS

NM1="N1-1 )

IF (NMI.EQ.NHAT) GO TO 45

Ki= NM1 ¢ NHA

K2= NM1 = NHAT

LI=(=})eeK]-]

L2=(-]1)##K2-]

LSUM=L }+L2

IF (LSUM.EQ.0) GO TO 45

Cl= FLOAT(L])/FLOAT(K])

€2= FLOAT(L2)/FLOAT(K2)

SC= (C1 ¢ C2)2FLOAT(NMY)

VOL= VOL + MUX(N1el HAT)¥SC

CONT INUE

VOL= VOL*MACHEC JOMBRFS) .
VOL= VOL = WUXTNHAT+LaLHAT) 9t S1% (MACHSFLOAT (NHAT) #P1L) #220LENGTH
/24

VOL= VOL/NORM]

SNOZ= BETAN®GAMMA®CIOMYBES]#A2 (LHAT) #+LOAT ({=1) #2NHAT) /NORM]
SLIN= BLINER®HESVL (MHATsLHAT) #COS (FLONT (NHAT) EPTXL) /NORM]
SINJ= GAMMA®CIOMeBFS16AL (LHAT) /NORM]

BETAIN= (OMEGA®®2 -FTA1®82 =VOL =SNOZ =SLIN)/SINJ
CONTINUE

START DO LOOP FOR L SUMMATTON

DO 500 L=14LTS

EEEN YRR
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INITIALIZE AND CALCULATE CONSTANTS FOR THIS SUMMATION

START DO LOOP FOR N SUMMATION

DO 500 NX=]1sNTS
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CALCULATE PROPAGATION TERMS

C
d

)

=] C—~=NE N

< TXXZ%

(e Obbr=k-

| g o

COO =~

Q QA IZ

(L] (LI g

NNA X

oS P s ]
=
L]
<

11 ©O—~NNNTE

L 8 4 s W
detrtrtm =t E QOO D
ZEZI X D I I 2Z>

ZZZ1 I HLtle~

VOL = MUX(NXoL)®BESH (MACH®FLOAT (N)®PIL) 4929 ENGTH/2,

OL *MACH#CIOM#BES
VOL/NORM

QZ™X X JJdmQUND>OUD>D>

(o] wo
x4 OZW
- - 2
< Z =r—a
fL T —th > T F
Za -~ COXO—
—Q [« aQAxQx
za x c anO
[« [ [ong =1 ¥ h=ls ¢
S ~N 2 va
e (&) axsa
Ol - w © a
[ e N Yo o
z o - -C
[+ 4 wxae = x oo
[=] Idg o 00 x
F4 [ S IERT, ] qQLXIO X
~N [ qaU- O
-~ wi-  _J [LIGES) -4
4 nIxZ - ZZ =N N\
-] ] PU RN« 4 bt D P et o~
& z W 2L -
- OuX Z2X aQO—~F 4 X
~ WoOD I 2DJ0FTaqQ =~
[} Z_ O J0 aJucx 4
~ —Z TZ AOLLY
~— SEC e\ DLl W o~
- 2 FTXx w xXI= Z
LS Wi Ow wawZ -~
o TOM meZ >T Tre I
- -0 O T~ O— <
S O e ® w O
-] xe—2Z XX Juur-OTY J
-~ Wwne— D8 aQn 2= W\
p | X T @Ol ~
- Ot o O ITxl 0N
~N LE = Welda=~ QO
L 4 qw I X (&)
& Clwiw IMC 2-b O =
wn IV T? »O0WW -~ o
< W - e~ - 0O J X
g O Jd9d W 2.4 XITENZe=e - O
ax s «axZT e W ZLA * W
O E XOm g ZWEIF A9 -
w O Vw e ed =XD O I 2
- = WS J O I Je E
Z O =20a9 =~F oZ ~
- 0 ZmIX Qv wWoOOW J X
g = O e 1 I@® w~m > O
w X Wais > = = [T,
- £ XTI = xXN vnar- w O
N d WeeZ ey WZXO T W
N O Z D~ QD =02 8 D
Q %= =Q X <L>L T 2
Z 2 W2 W~ T ) =0 W e
L o0 X —aAwWwZw Z
W ~ W Zr WX Xl >~ W
~ W >« Z4q< O+ 2Z J
q O Q@ O ~O oJ W @®
- = *2Z ) a>ZIxIs -
D N DU H A=~ W D
O N COOr JZ « w 2
d O o X e QI -2 v J
qd Z2 qOCE a4 ODZUD— J 4
O VN OO~ UV =20 OV O

LR R LR R R K]
VLU LOLVLO ILULLLOLOLLOL VLV

NJ= GAMMA“CIOM2BES®A] (L) /NORM

Sl
SINJB= SINJ®BETAIN

CALCULATE NEW MU TERM

VLY

SNOZ
HAT) GO TO 430

¥



-47-
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CALCULATE RUNNING TIME FOR THIS SET OF DATA

CONTINUE
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390 FULAMAT (/<44Heesar THIS PROBLEM HAS NOT CONVERGED #esew,///)
501  FORMAT (26H THE SLOT [MPEDANCES ARE,
1 10Xe3HRO=9G13.645Xe3HKI=9013.60

2 //7}

66 FORMAT (2X9]3e5Xe0G13.0692X0GY13.6915XeF10.695XeF10,.6)

900 FORMAT (Sxe37HYOUR VALUE FOR MACH IS EXTREMELY HIGH«G10.44/7/)

Q02 FORMET (SXe39HYOUR VALUE FOR LFNGTH IS EXTREMELY HIGHeG1Nebe//)

904 FORMAT (5Xe42HYOUR PRODUCT OF WAYRETAL IS EXTREMELY HIGH2010e64//)

Q06 FORMAT (S5X438HYQUR VALUE FOR BFETAN IS EXTREMELY HIGH2G10.4¢//)

Q08 FORMAT (SX+35HYDUR VALUE FOR BKR 1S EXTREMELY HIGH«G10,4+7/)

Q10 FORMAT (S5Xy36HYOUR VALUE FOR AMF 19 EXTREMELY HIGH«G10.4¢//)

912 FORMAT (5Xs3SHYQUR VALUE FOR IN IS EXTREMELY HIGH9Gl0e4e//)

914 FORMAT (5X¢36HYOUR VALUE FOR TaU 1S EXTREMELY HIGH«G10.44//)

QIOIEORMA£135X055?THE MAGNITUDE OF YOUR VALUE FOR BETAI 1S EXTREMFLY #

(’H’d 04

920 FORMAT 5Xs37HYOUR VALUE FOR GAMMA IS EXTREMELY LOWeGl0.447/)

922 FORMAT (SXe38HYQUR VALUE FOR LENGTH IS EXTREMELY LOWeG1N,44//)

924 FORMATY (SXe34HYQUR VALUE FOR B8R IS FXTREMELY LOWeG10.4+/7)

Q26 FORMAT (SX+3SHYOUR VALUE FOR AMF IS EXTKREMELY LOWeGl0s4e7/)

630 FORMAT (S5Xy]109HWITH THIS APERTURE THE INTEGRATION OVFR THE LINFR S
%79?LD BE CARRIED OUT SEE COMMENT ZARDS AHOVE S00 CONTINUF «Gl0a4

Q4G FORMAT (5X¢89HYQU HAVE NOT KEPT ENOUGH TERMS IN THE LONGITUNINAL D
é}gES}{ON FOR THE MODE YOU HAVE CHOSEN«/s6HNTS = +J12¢5XeTHNRAT =

v

942 FORMAT (5X+84HYOU HAVE NOT KEPT ENOUGH TERMS IN THE RADTAL DIRECTI
%97)FOR THE MODE YOU HAVE CHOSENs/eSXe6HLTS = oI2+SXeTHLHAT = 12,

QsolcgﬂzagsﬁzX;ﬁlHTHIS FREQUENCY IS EXTREMELY HIGH FOR THE MODE YOU HA

tWNe

960 FORMAT (5X+98HONE QOF THE VALUES LISTED BELOW IS NOT PHYSICALLY MFA
ININGFUL THIS SET OF DATA WILL NOT BE EXECUTEDs/9SXe7HMACH = «G10.
24 +SX9BHGAMMA = ¢GlNeGoSXeOHLENGTH = 9sG10.4¢5X¢BHBETAL = 02610-40/'
ISXeBHBETAN = 42010,4¢5X+SHXA = oGlO.@oSXoSHXB = o610 .44S5X4SHIN =
45106495Xe6HTAU = oG04 //7/)

980 FORMAT (SXs7OHTHE ACOUSTIC MODE YOU SELECTYTED IS TOQ HIGH FOR THIS
PROGRAM TO HANULE o/ o5X s THLHAT = 912+4SX s 7THMHAT = o12e5XeTHNHAT =
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