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ABSTRACT

Crocco's three-dimensional nozzle admittance theory is extended to
be applicable when the amplitudes of the combustor and nozzle oscillations
increase or decrease with time. An analytical procedure and a computer
program for determining nozzle admittance values from the extended theory
are presented and used to compute the admittances of a family of liquid-
propellant rocket nozzles. The calculated results indicate that the nozzle
geometry, entrance Mach number and temporal decay coefficient significantly
affect the nozzle admittance values. The theoretical predictions are shown

to be in good agreement with available experimental data.
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INTRODUCTION

The interaction between the pressure oscillations inside an unstable
rocket combustion chamber and the wave motion in the convergent section of
the exhaust nozzle can have a significant éffect on the stability charac-
teristics of the rocket motor and is an important consideration in analytical
studies concerned with the prediction of the stability of liguid-propellant
rocket engines. This report is concerned with the investigation of this
interaction.

To determine the stability of a liquid-propellant rocket engine, the
equations describing the behavior of the oscillatory flow field throughout
the rocket motor must be solved. To simplify the problem, it is convenient
to analyze the oscillations in the combustion chamber and the nozzle separately.
For such an analysis, the combustion chamber extends from the injector face to
the nozzle entrance as shown in Fig. 1. All the combustion is assumed to take
place in the combustion chamber where the mean flow Mach number is generally
assumed to be low. On the other hand, no combustion is assumed to take place
in the nozzle and its mean flow Mach number increases from a low value at the
nozzle entrance to unity at the throat. Downstream of the throat the flow
is supersonic and disturbances in this region cannot propagate upstream and
affect the chamber conditions. Therefore, in combustion instabllity studies
it is only necessary to consider the behavior of the oscillations in the
converging section of the nozzle since only these oécillations can influence
the conditions in the combustion chamber.

The nozzle admittancel’2 is the boundary condition that must be
satisfied by the combustor flow oscillations at the nozzle entrance. Defined
as the ratio of the axial velocity perturbation to the pressure perturbation
at the nozzle entrance, the nozzle admittance can also be used to determine
whether wave motion in the nozzle under consideration adds or removes energy
from the combustor oscillations. Furthermore, this boundary condition
influences the structures and resonant frequencies of the natural modes of
the combustor under investigation.

To theoretically determine the nozzle admittance, the equations
which describe the behavior of the waves in the convergent section of the

exhaust nozzle must be solved. These equations have been developed by



Crocco2 and were solved numerically to obtain admittance values for one~
and three-dimensional oscillations. These values were tabulated over a
wide range of frequencies and entrance Mach numbers for a specific nozzle
geometry. By applying the scaling technique developed in Ref. 2, the
admittances of related nozzles can be determined. It was pointed out,2
however, that interpolation of the tabulated values can result in large
errors in the prédicted nozzle admittances; furthermore, the accuracy of
the scaling procedure is open to question. 1In addition, Crocco's theory
is only applicable to constant amplitude periodic wave motions, and in its
present form it cannot be applied to cases where the amplitude of the
oscillations varies in time.

In this report, the equations needed for computing the nozzle admit-
tance are presented and their solutions are outlined. Crocco's theory is
extended to account for wave-amplitude variation with time. Typical
theoretical predictions are shown and compared with available experimental
data. The effects of the nozzle geometry and chamber Mach number on the
nozzle admittance are presented in plots showing frequency dependence of the
regl and imaginary parts of the nozzle admittance. The effects of the decay
coefficient are also assessed. A manual describing the use of the computer
program which calculates nozzle admittance values along with a program

listing is presented in the appendix.

SYMBOLS
A, B, C varisble coefficients defined below Eq. (1k)
c nondimensional speed of sound, c¥/c¥
gm, gw, = unit vectors
i V=1
Jﬁ Bessel function of the first kind of order m
K(¢,0,%) a function having the following space and time dependence:
1
T [s ( _}p_>2]eiwt + imd
ml-"mn\y
W
M Mach number at the nozzle entrance
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number of mode diametral nodal lines
number of mode tangential nodal lines
nondimensional pressure, p*/ﬁg

nondimensional velocity, q*/Eg
e

nondimensional radius, r*/ré

nondimensional radius of curvature at the nozzle entrance,

nondimensional radius of curvabure at the nozzle throat,

nondimensional frequency, w*rg/a*

the nth root of the equation
dJm(x) i

dx

nondimensional time, t*Eé/rg

nondimensional axial velocity component, u*/6§

nondimensional radial velocity component, v*/6§

nondimensional tangential velocity component, w*/ag

irrotational specific nozzle admittance defined in Eq. (13)

- . /7 - 4

y:p*c*u = YpC —

4 4
p ¥ p

nondimensional axial coordinate, z*/rg‘

ratio of specific heats

a function used to compute the nozzle admittance; defined below
Eq. (13)

tangential coordinate, radians

nozzle half-angle, degrees

nondimensional temporal decay coafficient, X*ré/ég
nondimensional density, p*/5§

a function used to compute the nozzle admittance; T = 1/C
nondimensional steady state velocity potential, @*/Eéré

a function describing the 9-dependence of the radial velocity
perturbation

nondimensional steady state stream function, %ﬁ(@)a(w)re

nondimensional frequency, w*r§/6§



Subscripts:

c evaluated at the chamber wall

i imaginary part of a complex quantity
o stagnation value

r real part of a complex quantity

th evaluated at the nozzle throat

W evaluated at the nozzle wall

- vector quantity

Superscripts:

! perturbation quantity

- steady state value

* dimensional quantity

ANALYSIS

Derivation of the Wave Equations

’ The equations used by Croc002 to compute the nozzle admittance will
be developed from the conservation equations. To keep the problem mathe-
matically tractable and yet physically meaningful, the following assumptions
were employed.
(1) The nozzle flow is a calorically perfect gas consisting of
a single species. A
(2) Viscosity and heat conduction are negligible.
(3) The steady state flow is one-dimensional; this assumption
implies that the nozzle is slowly converging.
(4) The amplitudes of the waves are small so that only'linear
terms in the perturbed quantities need to be retained in the
conservation equations.
(5) The oscillations are assumed to be irrotational.
Using these assumptions, the equations of motion in nondimensional
form become

Continuity

L +v.(pg) =0 (1)



Momentum
dq
- 1
BE' + —Z“VQ_ = - B-VP (2>

and, from the isentropic conditions, ? = p/p and p = p .

To obtain the linearized wave equations, the dependent variables

are expressed in the following form:
- 7 - ’ - 7
9=qg+q, P=Dp+DP, p=p +p (3)

Substituting these expressions into Egs. (1) and (2), neglecting all non-
linear terms involving primed quantities, and separating the resulting system
of equations into a set of steady state equations and a set of unsteady
equations yield the system of steady state equations:

_— 2 oy -1 - -y
ve(pg =035 ¢ =5 =1--"— 5 p=p" ()

and the following system of unsteady linear equations that describe the wave

motion:

/

9p

>t V'(épl + Egl) =0 (5)

aql ,

>t + V(i'q') = = V(£:> (6)
Yo

0’ =%’ (7)

To simplify the application of the boundary conditions at the nozzle
walls, these wave equations are solved in the orthogonal coordinate system
shown in Fig. 1. In this coordinate system the steady state velocity
potential @ replaces the axial coordinate z, the steady state stream function
¢ replaces the radial coordinate r and the angle 6 is used to denote azimuthal
variations. Using this coordinate system the veloclty vectors can be expressec

as follows:



q= q (%) °p

4

q’ = ufgv + vfg¢ +w'g,

Using the definitions of the steady state velocity potential and stream

function for a one-dimensional mean flow, it can be shown2 that

=
q_((p) e az

¢ = 35 (9) a(0)r”

Rewriting Egs. (5) and (6) in the (9,¥,8) coordinate system yields the

following system of equationsez

Continuity
() 3 ) 3L B
wir) + s + ) s gl) cH R 0
rpq
Momentum
®-component
)
3 d(-2u’ d(p’
A PL) e () -0
a Yp

'¢-component

6 ~component
d -2 9 d(p’
2w + 3 o) + () = 0
Yo

Equations (7) through (11) constitute a system of five equations in the

(8)

(%)

(10)

(11)

five

unknowns -- p'/p, u’/3, v'/rpa, rw’', and p‘/¥p. These equations are solved

by the method of separation of variables and the solutions are



u a¢(o)

- = dep K(‘l‘aeat)

9

L= 8(0) i K(1,0,%) |

rpg

v’ = @(CP) gae—iiK(‘p;e:t):‘

E o lile - 28 +32(e) L] k(y,0,1)

b

EB_ - - —E—lé-iii(w - 1) 2) + 32 ) L] x(y,0,1)

where
— , —1_ . .
JﬁLSmn<£%>2] cos mﬁel(w - iNE for standing waves

K(,8,t) =

for spinning waves

These solutions identically satisfy the momentum and energy equations.
Substituting these solutions into Eq. (8) and eliminating variables give

the following differential equation for the function $:

2

-2
-2,-2 -2, d°¢ -2 1 d . . dé
q(c —q)—g—— Té—d—%’T.’-gl(w—l)\) -CE
dep c
(12)
2-2
-2 =2 8 ¢
r 2 Y =1 q” dgq mn ] B
+ L((.U - l;\,) - 5 1(0) 17&) 5 "-a-cb— - r2 ¢ =0
w

The function & can be related to the specific acoustic admittance by

the formula2

1 R,
y = vée & = - Yok (13)

P aC + i(w - i)




vhere { = %‘%%. Using the definition of { and Eq. (12), the following

differential equation for [ is derived:

al B 2 C
—— . — + -~
dp A ¢ ¢ A (1k)
where
-2,.2 -
A=q(c” - q)
' -2
_ =21 4g : : ]
B=q |55 * 2i(w - iA)
¢
2-2
S "¢ -2 -2
_ .42 _ _mn . 4y Y - 1ag dg
C = [(w - id) 5— - i(w - 1)) 5 2 W
W

Equation (14) is a complex Riccati equation which must be solved
mumerically to obtain [. Once the value of { is determined at the nozzle
entrance, the nozzle admittance can be computed directly from Eq. (13).
Inspection of Eq. (14) shows that the value of [ depends upon its coefficients
A, B, and C which in turn depend upon w, A, Smn’ and the space dependence of
q and ¢ in the nozzle., The behavior of g and ¢ in the nozzle can be computed
once the value of ¥ and the nozzle contour are specified.

To determine { for given values of w, A, Smn and ¥ and a specific
nozzle contour, Eq. (14) must be integrated numerically. A major difficulty
which can occur during this integration is that [ becomes unbounded whenever
% approaches zero, which causes numerical difficulties in the integration
scheme. Crocco and Sirignan02 noted that this phenomenon occurred for low
Mach numbers and high values of w/Smn. At these Mach numbers and frequencies
they developed asymptotic solutions for (.

Instead of using the asymptotic solution, an exact numerical solution
is obtained in this study. The problem is resolved by introducing a new

dependent variable

T =

R

i
~@
aep



As ¢ approaches zero and the magnitude of C becomes large, T becomes small.
Introducing the definition of T into Eq. (14) gives the following Riccati
equation for T

dr

B
o

!
_q

-1 (15)

At those regions where [ becomes unbounded, Eq. (15) is integrated instead of
Eq. (14).

Method of Solution

To obtain the nozzle admittance from Eq. (13), values of { and T are
computed by numerically integrating Eq. (14) or (15). To evaluate the coeffi-
cients A, B, and C, a differential equation that describes the wvariations of
the steady state velocity in the subsonic portion of the nozzle must be derived.
Differentiating the continuity equation

- o .
Or a4 = Py Tgn Yn

= constant (16)

where ati = Eti = 2/(y + 1), and using Eq. (4) yield the following differential

equation

2y -1
2
-y -1 _ , -1 - \22y - 1)
ags _ _ 1 - >E(V"15[(‘12)E(1'Y2 ) ]
@ gr/ag® Ten T A (27)

Using Eq. (17) and the specified nozzle contour in terms of r(z), the quantity
dq/de can be obtained from the relationship
d&g_dqedrdz_gdégz

ae dr dz do dr dz (18)

Once ig is known the corresponding value of Eg(m) can be obtained by
use of Eq. (L). To evaluate dr/dz in Eq. (18), the nozzle contour shown in
Fig. 2 is used. Starting at the combustion chamber the contour is generated
by a circular arc of'radius LR turned through an angle Gl, the nozzle

half-angle. This arc connects smoothly to a straight line which is inclined

9



at an angle Gl to the nozzle axis. _This straight line then joins with ancther

circular arc of radius ot which turns through an angle el and ends at the

throat. Using this nozzle contour, in regions I, II and III of Fig. 2

1
ar| [2rct(r -»rth) - (r - rth)e]z
dz| . - T TT - T
dr
FT - = -~ tan 91

1
dr ) [Ercc(l -r) - (1 - r)2]2
dz| 17 L-Tp-*

Utilizing the appropriate expression for dr/dz, Eq. (18) can now be solved
simultaneously with Eq. (14%) or (15) to determine the nozzle admittance.

The numerical integration of these equations must start at some
initial point where the initial conditions are known. Since the equation
for [ is singular at the throatz, the integration is initiated at a point
that is located a short distance upstream of the throat. The needed initial
conditions are obtained by expanding the dependent variables in a Taylor
series about the throat. To obtain this Taylor series, its coefficients

€) =¢C, and C el must be evaluated at the throat where ¢ = 0.
0 1l do ® =0
These coefficients are evaluated by substituting the seriles

Q=§o+§lcp+...

into Eq. (14) and taking the limit as ©® = O. The results are

c
¢, =€) = g(:;
C C.\2
€y = %c%’ o0 [_Bl(%> - Al(’]?%) - Cl]/ (&) - By)

where

10



co=c[cp=o=t(w_n)z_i?(v-l);n_—ji)_ 2W+l>]
(v +DVrp e Tap
B2
B =Bl = ! +i(w—ih)]
0 p =0 vy o+ 1L
YTin"et
g =3B bk Te+y 5 2(w - ih)}
1 e ® =0 Y +fiL3rthrct Mrthr
ct
da -4
LT =0 ) (y + )Wr _ r
¢ = Y thet
g 2
A -
cy = %% = 2<Y = i)L %/ffi___ - 1§w ) (6 + v)]
v =0 ron TenTet “th'et

The following relations are used in the evaluation of the above gquantities:

_ 2
o =0 =751
ag° _ L
ap| o~
o =0 (v 4—1)/rthrct

Once §O and Ql are known, the initial condition at ¢ = ?q is obtained from
the expression C(wl) = QO + Cq%q.

The numerical solution is obtained by use of a modified Adams
predictor-corrector scheme, and employing a Runge-Kutte scheme of order
four to start the numerical integration. Initially, Egs. (14) and (18)
are integrated to determine {; if the magnitude of { exceeds a specified
value at which numerical difficulties can occur, the integration of Eq. (1h)

is terminated. Using the value of T at that point, T is computed and the

11



integration proceeds using Eq. (15). Similarly, should the magnitude of T
become excessively large, the integration of Eq. (15) is terminated, { is
computed from the value of T at that point, and the integration proceeds
using Eq. (14). This process is repeated until the nozzle entrance is
reached. A compuber program utilizing this procedure has been written in
FORTRAN V for use on the UNIVAC 1108 computer and it is presented in the
Appendix. /

RESULTS AND DISCUSSION

Using the previously mentioned computer program, theoretical values
of the real and imaginary parts of the nozzle admittance have been computed
for several nozzle configurations having contours similar to the one presented
in Fig. 2. 1In these computations the radii of curvature, L and r,g> are
assumed to be equal., The admittance values are presented as functions of the
nondimensional frequency S in Figs. 3 through 9 where they are compared with
available experimental data obtained from Ref. 3. In these figures, the
frequency has been nondimensionalized by the ratio of the steady state speed

of sound at the nozzle entrance to the chamber radius rc.

Admittances for ILongitudinal Modes

Longitudinal-type instabilities in general occur in the range of S
from O to approximately 1.8 which is in the vicinity of the cutoff frequency

of the first tangential modes. The cutoff frequency of a particular transverse

mode is Snmy(l - PF3 where S is the transverse mode eigenvalue and the sub-
seripts m and n respectively denote the number of diamebral nodal lines and
the number of tangential nodal lines. Values of Smn are given in Table 1 for
several values of m and n.

For longitudinal modes good agreement exists between the experimental
and theoretical values of the real and imaginary parts of the admittance as
shown in Figs. 3 through 5. The effect of changing the nozzle half-angle is
presented in Fig. 3 for a nozzle with an entrance Mach number M of 0.08 and
rcc/rc = 0.4, The data indicate that increasing ®, increases the frequency
at which the real and imaginary parts of the admittance attain meximum values.

These data also indicate that the assumption of a one-dimensional mean flow

12



Table 1. Values of Transverse Mode Eigenvalueg; S

Transverse Wave Pattern m n Smn
Longitudinal 0 _5— 0
First Tangential (1T) 1 0 1.8413
Second Tangential (2T) 2 0 3.0543
First Radial (IR) 0 1 3.8317
Third Tangential (3T) 3 0 4,2012
Fourth Tangential (LT) ly 0 5.3175
First Tangential, First Radial (1T,1R) 1 1 5.3313
Fifth Tangential (5T) 5 0 6.4154
Second Tangential, First Radial (2T,1R) 2 1 6.7060
Second Radial (2R) 0 2 7.0156

used in the development of the theory appears to be valid. Even for nozzles

with half-angles as high as U5 degrees, for which it has been shown that the

mean flow is two-dimensional, the experimental and theoretical nozzle admit-
tance values are in good agreement.

Examination of Fig. 4 shows that the entrance Mach number M has a
significant effect on the admittance values for el = 15 degrees and rcc/rc =
0.4k, However, increasing the nozzle half-angle appears to decrease the
influence of the entrance Mach number, and for 91 = U5 degrees variations in
M has little effect.3 The dependence of the nozzle admittance upon the radius
of curvature for a nozzle with M = 0.16 and Gl = 30 degrees is shown in Fig. 5.

The data presented in Figs. 3 through 5 show that for longitudinal
modes the real part of the nozzle admittance is always positive. As indicated

by Crocco 2

positive values of the real part of the nozzle admittance imply
that the nozzle removes acoustic energy from the combustor wave system which
implies that the nozzle exerts a stabilizing influence upon the chamber
oscillations.

In combustion instability analyses of liguid-propellant rocket motors,
it is often assumed that the nozzle is short. This assumption implies that
the nozzle length and throat diameter are much smaller than the chamber length
and diameter so that the wave travel time in the nozzle is much shorter than

the wave travel time in the chamber. For a short nozzle the real and imaginary

13



parts of the admittance are independent of frequency and are given by the
5

expressions

These theoretical short nozzle admittance results do not agree with the
results obtained'for typical liquid rocket nozzles presented in Figs. 3
through 5. The disagreement is especially evident for nozzles with low
values of Sl, which imply that the nozzle is long, and for high values of
S where the wave length of the oscillation becomes of the same order of

magnitude as a characteristic nozzle dimension.

Admittances for Mixed First Tangential-Longitudinal Modes

The mixed first tangential-longitudinal modes are those three-
dimensional modes which exist between the cutoff frequencies of the first
tangential (8 ~ 1.8) and second tangential (8 ~ 3.0) modes. Theoretical
and experimental nozzle admittance data for these modes are presented in
Figs. 6 through 8.

In Fig. 6 the influence of the nozzle half-angle on the admittance
values is shown. The theoretical and experimental results are in good
agreement and they indicate that increasing 61 increases the frequency at
which the real and imaginary parts of the admittance reach maximum values.

The effect of Mach number on the admittance values is presented in
Fig. 7 for 91 = 15 degrees and rcc/rc = 0.44, Mach number effects are
especially significant at the higher frequencies. However, as shown in
Ref. 3, increasing the nozzle half-angle decreases the dependence of the
admittance values on the Mach number. The effect of changing the radii of
curvature on the admittance values is presented in Fig. 8.

The results presented in Figs. 6 through 8 show that for mixed
first tangentisl-longitudinal modes the real part of the nozzle admittance
can be negative which means that the nozzle radiates wave energy back into
the combustor; this process exerts a destabilizing influence on the oscil-
lations in the cham'ber.2 These negative values occuf only for three-
dimensional modes and, as shown by Crocco,2 their cause can be traced to

the term involving Sn in Eq. (12). For longitudinal modes, for which S

1L



is zero, the real part of the nozzle admittance is always positive, and for
those modes the nozzle always exerts a stabilizing influence upon the combustor

oscillations.

Effect of Decay Coefficient upon Admittance Data

The nozzle admittance theory has been modified to include the effects
of a temporal decay coefficient, A. Typical results are shown in Figs. 9
and 10 for values of A of -0.05, O, and 0.05. These results indicate that
varying A affects both the real and imaginary parts of the admittance. There-
fore, the decay ccefficient should be included in the nozzle admittance

computations when the oscillations are not neutrally stable.

SUMMARY AND CONCLUSIONS

The equations necessary to determine the nozzle admittance for one-
and three~dimensional oscillations have been developed. vThe analytical
approach used in solving the nozzle wave equations is outiined and employed
to obtain nozzle admittance data for typical nozzle configurations. These
data show the dependence of the nozzle admittance values upon nozzle geometry,
nozzle Mach number, mode of oscillation, and the temporal damping coefficient.

The results can be summarized as follows for longitudinal and mixed
first tangential~-longitudinal modes. Decreasing the nozzle length by increas-
ing the nozzle half-angle and Mach number or by decfeasing the throat and
entrance radii of curvature decreases the frequency dependence of the nozzle
‘admittance. Good agreement exists between the theoretical predictions and
available experimental data. However, the nozzle admittance values for typical
liquid rocket nozzles are not in agreement with the values obtained from short
nozzle theory. Including the effects of a temporal damping coefficient in
the nozzle admittance computations changes the‘admittance values. Therefore,
when the oscillations are not neutrally stable,'thé temporal decay coefficient

should be accounted for in the computations.
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APPENDTX

COMPUTER PROGRAM USED TO DETERMINE THE IRROTATIONAL NOZZIE ADMITTANCE

The computer program for calculating the irrotational nozzle admit-
tance from Crocco's theor:y'2 which is extended to account for temporal damp-
ing is written in FORTRAN V interpretive language compatible with the
UNIVAC 1108 machine language compiler. This program consists of seven
routines - the main or control program and six subroutines. The names of
the routines are listed in Table A-1 in sequential order. The FORTRAN
symbols used in these routines and their definitions are presented in Table
A-2 in alphabetical order. The input parameters necessary for the admit-
tance computations must be specified in the main program and are listed in
Table A=-3. The output parameters and their definitions are listed in Table
A-l. A detailed flow chart of the computer program is shown in Fig. A-1,
and the program listing and sample output are presented in Tables A-~5 and
A-6, respectively.

This computer program has been written to predict nozzle admittances
for nozzle contours shown in Fig. 2. The run time required depends upon
the number of admittance values desired and the nozzle length. To obtain
40 admittance values at different frequencies for the nozzles investigated
in this study, one to two minutes of run time on the UNIVAC 1108 computer

are required.
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Table A-1. IList of Subroutines in the Computer Program Used
to Determine the Irrotational Nozzle Admittance

Subroutine Description

MAIN Specifies the nozzle geometry and
operating conditions in the converging
section of the nozzle

NOZADM Specifies initial conditions at the
throat, computes the final nozzle admit-
tance values, and contains all output
formats

RKTZ Uses the Runge-Kutta of order four to
obtain initial values for the modified
Adams integration routine

RKZDIF Computes the differential element in
the converging section of the nozzle
used to solve Eq. (1k4)

RKTDIF Computes the differential element in the
converging section of the nozzle used to
solve Eq. (15)

ZADAMS Numerically integrates Eq. (14) using
the modified Adams numerical integration
scheme

TADAMS Numerically integrates Eg. (15) using
the modified Adams numerical integration
scheme
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Table A-2. Definition of FORTRAN Variables

(Page 1 of L
Variable Definition
A Real coefficient A of Egs. (14) and (15)
A(5) Coefficients of the Runge-Kutta formulas of order four
AR Nondimensional temporal damping coefficient A
ANGLE Nozzle half-angle, degrees
AIR Derivative of the coefficient A evaluated at the throat
BI Imaginary part of the coefficient B in Egs. (14) and (15)
BR Real part of the coefficient B in Egs. (14) and (15)
BOT Value of BI at the throat
BOR Value of BR at the throat
B1I Derivative of BI evaluated at the throat
B1R Derivative of BR evaluated at the throat
C Nondimensional speed of sound squared,’ce
CI Imaginary part of the coefficient C in Egs. (14) and (15)
CM Mach number at the nozzle entrance
COR(5) Formula for the corrector in the modified Adams inte=-
gration routine
CR Real part of the coefficient C in Egs. (14) and (15)
CcoTx Value of CI at the throat
COR Value of CR at the throat
ClT Derivative of CI evaluated at the throat
CIR Derivative of CR evaluated at the throat
DP Integration stepsize
DP(5) Derivative used in the corrector formula in the modified

Adams integration routine

DR Derivative of the local wall radius with respect to
axial distance

Dy Derivative of the nondimensional velocity ag with respect
to the wall radius r

DWC Increment of the nondimensional frequency w
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Table A-2. Definition of FORTRAN Variables
(Page 2 of k)

Variable Definition

pY(5,k4) Derivative used in the modified Adams integration scheme

F Constant given as q/Yp evaluated at the nozzle entrance

FZ(4,5) Derivative used in the Runge-Kutta method

Fl Lumped parameter determined by the conditions at the
throat

F2 Tumped parameter detérmined by the conditions at the
throat

GAM Ratio of specific heats vy

G(5) Dependent variable in the Runge-Kutta integration routine

H Integration stepsize

I Integer counter

1P Integer constant. If IP = O the nozzle admittance is

output. If IP # 0 the amplitude and phase of the
pressure oscillation are output along the length of the

nozzle
I If 1Q = 2, the integration of Eq. (15) for T is complete
IQ7 =1: Eq. (15) for T is integrated
= 2: Eqg. (14) for [ is integrated
J Integer variable
JOPT = 1l: Eq. (15) for T is integrated
= 2: Eq. (14) for { is integrated
K Integer variable
N Integer variable
NU Number of differential eguations to be solved by the
Runge-Kutta or the modified Adams integration routine
NwC Number of frequency points
P Value of the steady state velocity potential
PARG Phase of the pressure oscillation in the nozzle
PHII Imaginary part of @
PHTR Real part of @
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Table A-2. Definition of FORTRAN Variables
(Page 3 of L)

Variable Definition
PI Imaginary part of the pressure oscillation
PMAG Magnitude of the pressure oscillation
PR Real part of the pressure oscillation
PRED(5) Predictor formula for the modified Adams integration
routine
Y + 1
2 vo-
Q Constant given as (rth/“)(V‘iTi?
QBAR Nondimensional steady state velocity g
R Local wall radius r
RCC Ratio of the radius of curvature at the nozzle entrance
to the radius at the nozzle entrance
RCT Ratio of the radius of curvature at the throat to the
radius at the nozzle entrance
RHO Nondimensional, steady-state density p
RT Nondimensional throat radius
R1 Nondimensional radius at the entrance to Section 2 of
the converging portion of the nozzle
R2 Nondimensional radius at the entrance to Section 3 of
the converging portion of the nozzle
SRTR Constant give as ripToo! Fo
SVN Smn
SVNR Smnrc/rth
SYI Imaginary part of the specific admittance y
SYR Real part of the specific admitfance y
T Nozzle half-angle, in radians
TDN Inverse of the square of the magnitude of [
TT Imaginary part of T
TMAG Magnitude of T
TPI Derivative of TI with respect to o
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Table A~2. Definition of FORTRAN Variables

(Page Lt of k)
Variable Definition
TPR Derivative of TR with respect to @
TR Real part of T
TZ Value of © at the nth integration point
T2 Square of the magnitude of T
U Steady state velocity squared, c_12
Uz Dependent variable in the Runge-Kutﬁa integration scheme
W Nondimensional frequency S
WC Nondimensional frequency w
X Value of @ at the nth integration point
Y(5) Dependent varisble used in the modified Adams integration
: scheme
YT Inmaginary part of the irrotational nozzle admitté.née
defined by Crocco in Ref. 2
YR Real part of the nozzle admittance defined by Crocco
in Ref. 2
ZDN Inverse of the square of the magnitude of (
ZI Imaginary part of [
ZMAG Magnitude of (
ZPI Derivative of ZI with respect to @
ZPR Derivative of ZR with respect to ¢ -
ZR Real part of C
Z0T Value of ZI at the throat
ZOR Value of ZR at the throat
Z1T Value of ZPI at the throat
ZIR Value of ZPR at the throat
z2 Square of the magnitude of {
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Table A-3. Input Parameters

Variable Definition
GAM Ratio of specific heats, ¥
M Mach number at the nozzle entrance
dJVbQ
SVN Nth root of the equation — = 0. Corresponds to

S .+ Values of 8 are given in Table 1 for various
mn mn

acoustic modes

WC Initial value of W

owe Increment of frequency

e Number of frequency polnts desired

ANGLE Nozzle half-angle, degrees

RCT Radius of curvature at the throat nondimensionalized

with respect to the chamber radius

RCC Radius of curvature at the nozzle entrance nondimensional-
ized with respect to the chamber radius

Ip = 0: nozzle admittances are printed
% 0: pressure magnitude and phase are printed at each
point along the nogzzle ‘

AF Temporal damping coefficient A
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Table A-U. Output Parameters

Variable Definition

WC Nondimensional frequency, ®

¥R Real part of the admittance as defined by Crocco in
Ref. 2

YI Imaginary part of the admittance as defined by Crocco
in Ref. 2

W Nondimensional frequency

SYR Real part of the specific admittance y

SYT

Imaginary part of the specific admittance y
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Table A-5. Listing of the Computer Program Used to Determine
the Irrotational Nozzle Admittance (Page 1 of 10)

i= COMMON/X1/5AMs SVNs AnGLEs RCTe RCC /X2/7+RTe Q¢ Ris R2¢ IPs» WCsAF
2% COMMON/X3/21Rs Z41

3% COMVDON/ X4/ €Y

LY ] GAM = 1,233

S AF = ¢

6 IP=p

Tw RCC =

8w RCT = 5,457+2/11,.82

O NaC = 40

10 Dwl = 0.05
ii# ANGLE = 20

i2# cv = ,25

13#% DO 150 1 = 31,2

14% IF(1,2Q.,2) 60 TO 5

i5% SVYN = ¢

le% NvC = 27

17+% G0 TO 20

igs 5 SVN = 1.84129

i9+¢ NWC = 20
20% 20 CONTINUE
21w DO 200 U = 1,3
22% AF = 0,05#(J=2)

238 IF (1 ,£0,2) GO TO 25

24 WC = 0,55
25% GO T 20
26% 25 wC = 1,55

27% 3g CONTINUE

28% IF(IP LEQ, 0) GO TO i

29=% WRITE{sy 1000) CMe¢ SVN, GAMs ANGLE, RCTe RCC

30% 1o CALL NDZADMICM, Nwce DWC).

31w 200 CONTINUE

32 100 CONTINUE

33w 1000 FORMAT{46X? 2BHPRESSURE MAGNITUDE AND PHASEs //¢ 38Xe

34% 1 LUHMACH NUMRER = » F3.2, 7TH SVUN = p F6elis 9H GAMA = o F3,1
35% 2 o /0 22Xs 1SHNOZZLE ANGLE % , Fu.1e 2iH RADIY oF CURVATURES
36% 3 ¢ OHTHROAT = ; Fb,4%s 12H ENTRANCE = » FH,4¢ s/, U46Y%,
37% ) 2H Xp 7Xe UHPMAGs 10X, WHPARG: /)

38% sTop

394 END



iz

2%

LY

Y%

5%

6%

1%

Be

9%
10#
1i#
12#
13%
14%
15
16w
17%
ia»
i9s
20%
eis
22+
23%
2u%
25%
26%
27#
28%
29%
30%
3i%
32#
33
34x
35«
36%
.37
38%
39%
40s
Biw
['¥-2 4
u3s
Gln
45%
(Y1)
47
4B%
(314
50%
5is
52#%
53¢
S %
55%
S56%
YA ]
58%
59%
60%

20
25

Table A-5. Continued (Page 2 of 10)

SU3ROUTINE NOZADM(CM, NwCe DWC)
DIMZNSION DY (5,4)¢ G(5)s GP(B), YI5)
COMMON/ X1 /58 SYNs ANGLEPRCTeRCL/X2/TeRTsQeRIsR2,IP, WC, AF
COMuntl/ 2372109211 :
07 = «0,001

T = 3,1415927 * AMNGLE / 180

“#R1TE(601000) CMs SyMN, GAM, AF, ANGLE, RCTs» RCC

Do 1 N = 1, nWC
wC = WC + DWC
RT S(C1#%0e5)%( (14 (GAM=1)$CMACM/2) k2 ((=GAMal) /(4% (GAM=1)))

Y ((2/7(GAMF 1)),k ((=GAM=1) /7l (GAM=1))))

Q = (0.,25%RT) 4 ((2/(GAM+1) ) 24 ((GAM+1) /(U (GAM=1))))
PHIR = 1§
PHII = n
R1 = RT + RCT#(3 = CoS{T))
R2 = 1 = RCCx(3 = COSIT))
R = RT
P=oy
U= 2 7 (GAV+]1)
SRTR = (RT * RCT)%%0,5
ALR = <4 /((GAM41)%SRTR)
BOR = AlR +U4xAF/(GAM+1)
BOI = 4 * wC /(;au+1)
SVNR = gVN/RT
COR = WC % WC =((SVNR%SVNR) * 2 / (GAM+1))
= AF®AF = 2&AF#(GAM=1)/((GAM+1)*SRTR)
COI = w2 * WC * (GAM=1) /7 (1GAM+1)#SRTR) = 24AF¢we
B1R = (24 + 4#GAM)/(3xRCT#RTa(GAM+1)) = BxAF/(SpTR*(GAM+1))
B11 = 8 * WC / (SRTR#(GAM+1)) '
CIR = 2 % (GaM o 1) & SVNR * gVNR /(SRTR x (GAM«1))
- AFx (BiR+B*AF/(SRTR*(GAM+1)) )% {GAM=1)%0,5
CiIl = =H31R #% WC % (GAM « 1) * 0,5 .
ZOR = (B0R+COR 4 BOIxCOTI) /7 (BORx3OR + BOI¥BOI)
201 = (ROR#C0I . BOI*COR) /7 (ROR«BNR + BOI*Bpl)
F1 = BLlR«20R ~ B1I1#201 = ZOR4ZOR%AL1R + AiR%*Z01,70I ~ CiR
F2 = B1I%ZOR + B1R*Z0l - 2%Af1R%2014Z0R = Ci}
Z1R = (F1¢(AIR ~ BOR) = F2#%BOI) / ((ALIR=BOR)%(AjR=BOR) +
BOI*BOI)
Z11 = (F2«(A1R . BOR) + F1%*B01) / ((ALR-BOR)x(Ai1R-BOR) +
301%301)
c=v
6(1) =y
G(2) = 20R
6(3) = zo0l
G(4) = PHIR * ZOR = PHII x 201
G(5) = pHIL * Z0R + 20I % PHIR
DY(i,1) = =AlR
Dy(2,1) = 21R
DY(3,1) = z11I
DY(4,1) = pHIR
DY(5¢1) = pHII

182 = 2
00 30 I = 2+4
CALL RKTZ(5,DP»P+G¢GPs10Z)
P

=P +pp
U= 6(1)
ZR = 6(2)
21 = 6(3)
PHIR = 6(4)
PHI1 = G(5)
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36

5is
624
63w
Bus
65%
66%
&7
68
694
e
71i=
72%
738
Tue
75
764
77=
76
TY9
80
B1s
ber
8l
Bus
BY %
86«
87«
3&«
89«
90
Il
9cs
93«
Gha
95w
964
97s
96

99%

100=
101=%
102+«
103e
1Gu4s
105s
10b#

Teble A-5. Continued (Page 3 of 10)

DY(le1) = GP(1)
DY(2.,1) = 6p(2)
DY(3,1) = GP(3)
DY(4s1) = GP(Y)
30 DY(5,1) = GP(5)
Y(1) =y
Y(2) = 2ZR
Y(3) = 21
Y(u) = pHIR
Y(5) = pull

CALL ZANAYS(S5,DP,psYsDYs102)
IF(IP .EQ. 1) 50 7O 10

U = y(l)
ZR = y(2)
21 = y(3)
PHIR = Y (u)
PrIl = Y(Y)
FELE SR A SV)
C T 1 = U%(e5%(6AM=1)
RdD = #2(1/({5Aval))
F = qJAR / (GAM4#RHOD)
1e41.2 ,=0, 13 8o TO 35
2O S (URZREAF) ¢ (UKZRAAF) + (WCHU2I) % (WC+Ux2])
YR = = (Z«(UsZR+AF) + ZT+{(WC4U%Z1))%F/2ZDN
Y1 = ©4{wl%7R =~ AF%21)/ZDN
30 T un
35 TR = vi2)
T = y(3)
ToM 5 (UsAF & TReycATI )« (U+AFRTR=WCATI) + (WCkTR) % (wCxTR)
TR = ~Fa(J=aCATIH+AFATR) /TON
YI T ra(SCaTRHAFARTII/TON
YI =7 2 wC % TR / TON
4o SYR = adMx{Casx((GAME1) /(2% {GAu=1))))*YR
SY1 = 5AM&{(Cxe {(gAM+1) /(2% (GAM=1)) ) ) %YI
. W =l v (Ces= 5)
50 ARITZ(6,1005) WS, YRe YIs wWoe SYRy SYI
1g CONTINUE

1000 FORM/T(1-1s u5Xe 30HTHEQRETICAL NOZ2LE ADMITTANCES, //s 25Xe
14-4MAcH NUYMAER = ¢ F3,2, TH SVN = » FbslU4pr 94 GAMMA = » P31
s2111 NECAY COEFFICIENT = 5 F6,Us //»
224s 15HN0ZZLE ANGLE = , Fu,1s 2X, 21HRADII oF CURVATURE:
v OHTHAROAT =, FE.4e 12H ENTRANCE = » F6elhy, //p» 3UXe 2HWCe
7Xs 24YRe 8Xe 24YIe BXs 1HW, BX, 3HSYRs 8X, 3HgYIs /)
1005 FORMAT(31Xs FH.4e 5F10,5)

Rz T kN

E'D

£ N



Table A-5. Continued (Page 4 of 10)

i% SUBROUTINE RKTZ(NU, Hy; Ties U, DUMse JOPT)
2% COMMON/X2/ToRT,QsR19R2,IPs WC,AF

3 DIMENSION Uls)e AlS)y y2(5)s FZ(%425)sDUM(5)
G AlL) = ¢

5¢ Al2) = ¢

6% Al3) = 0,5

7% Aly) = 0,5

B Al5) = 1,0

9% Y2 =711

10+ DO 106 J = 1y NU

ii= UZJd) = ply)

12# ig DUM(J) = FZ2(1:sd)

132 IF(JOPT LEQ, 2) 60 TO 15

lu= CALL RKTDIF(yZ,yUZ,DUM)

15« 60 T0 20 )

is* 15 CALL RKZDIF(TZyUZeDUM)

17+ 20 00 25 J = s NU

18s 25 FZ(l,J) = pumiy)

19 20 35 Y = 204
20# T2 = 11 + A(l+1)=H

21s 20 35 J = 1» NU

22« UZ0g) = U(J) + ALT+1)&H¥FZ(I=1,sJ)
23 35 UMy = Fz(I, 0

2un IF{JOPT .EQ, 2) GO TO 40

25% CAaLL RATDIF(TZeUz,DUM)

25% 50 YO us :

27» 4o CaLl RLZDIF(TZ2rUz,DUM)

288 4y 20 50 J = 1y NU

29% 5n FzL{Iey) = DUM(Y)

30e 30 CONTIMUS

31w JV 55 J = 1, NU

32% S5 Utd) = gtd) + He(FZI1sJ) 422 (FZ(200)4FZ(30J))4F2(4ed)) /7 6,0
33= GO T (600651 pJ0PT

3us 60 CALL RXTDIF(TZyU 2DUM)

35 50 15 70 )

36 65 CALl RLKZIIF(T2,U $DUM)

37« 75 IF(IFeEG,0} 50 TO 75

Ine PR = ncsUlg)= Ul1) UML) « AFxU(4)
356 PI = =alhyu() = 1) xDUM(B) = AFxy(5)
40w PUAS = SRT{OR*PR 4 PI4PI1)

Gle PARG = ATA{»I/PR)

42+ ARIT  (/e1009) T2Ze PMA5, PARS

43a 1009 FORMIT(UGBK?Y Eoelhe 1Xs F10e5¢ 3Xr F10.5)
[FY7 e 7 RoTynM

4S5e 242

37



Teble A-5. Continued (Page 5 of 10)

i SUBROUTINE RKZDIF(PsG,GP)
2% COMMCN/X1/GAMy SN2 ANGLEsRCTsRCC/X2/ToRTeQsR1sR25 1P, WC, AF
3% COMMON/X3/ZiR» 211
b DIMENSION Gis)e GP(5)
S# v =61
6% ZR = 6(2)
7% 21 = 5(3)
8% PHIR = 6(4)
1 PHII = G(5)
lo» IF(P) 15, 10, 15
ils 10 6P(1) = 4/((GAM+1) w( (RCT#RT) %%0,5))
i2» GP(2) = ziR
13w 6P(3) = 211
14% GP(4) = zZiR
15% GP(5) = 21l
16% 60 To 20
i7% 15 C =1« (GAM = 1) 4 U % 0,5
18« R=0 % ((Clenlal/(2s(6AM=1)))) & (Usx=0,25) 4,0
19« IF(R=1) 22¢ 22+ 50
20% 22 IF(R = R1) 25, 30, 30
21= 25 28 = «({24R.T%(R=RT) = (R«RT)#{(R=RT))%%0.5)7 (RT+RCT=R}
22= 50 7o 45
23s 30 IF(R=R2) 355 40s 40
24x 35 3R = ~TAN(T)
2om 50 1L ub
268 Lo 27 = ((2#R0C(1=R) = (Rel)w(r=1))4%0,5)/(1=-R=RCC)
27s by DU I w(UEsQo7O) R (Chy (256AM=1) /(24 (GAM=1))))/(Bx (1= (BAME1) #Ux,5)
28% 1 )
25= 5P(1)= DU«IR
3Cs Gv T2 wS
31s 55 572(1) = 0
32 5y A = Ue{C=rp)
338 an oz e3P 1)/C + 2%pFxU
3uw 37 = 2+aCs1y
35 CR = wl#al = SVN#SV L/ (R%R) = AFxAF
3be 1 o (AVLL ) s AF# USSP (1) %0,52(1/C)
37 L1 = =(GAY-1)aaCalrsp (1) %0,5£(1/C) = 2xAF%WC
34 Grgp1s ({37473 = BI%Z1 = CRY / A) = ZRxZR + ZIx21
3ty 52(3= ((3le7 4+ BR#21 = CI) / A) = 2%2R%21
Gl 3°(4)% ZR&PAHIR = ZIsPy1l
4le SP %)= ZR#PHIL ¢ ZI#PAIR
42w 2n RITUxM

43w £



Table A-5. Continued (Page 6 of 10)

e SUBROUTINE RKTDIF(PsG,6P)
2% COMVON/X1/5AM: SYN)ANGLE s RCT,RCC/X2/ToRTeQsR1,R2,IP , wC, AF
3% DIMENSION G(5)s GP(S)
bs U= 6l
54 TR = 6(2)
6 TI = 6(3)
7% PAIR = G(u4)
8% PHII = 6¢(5)
9% C =1 = (GAM=1)%U%g,5
io= R=gQ % ((C)u(-u(ausw-znn * (Uk%x=0,25) *4,0
ii= IF(R=1) 22¢22+50
12¢ 22 IF(R=R1) 25+ 30+ 30
13« 25 IR = =((2¢RCT#{R=RT) = (R=RT)#{R=RT))I**0.5)/(RT+RCT=R)
ius 60 Tc 45
15% 30 IF(R=R2) 35,40,40
16% 35 DR = =TAN{T)
17» 60 To 45
16+ 490 DR = ((2*RcC*(1=R) = (R=1)%(R=1))%*%0,5)/(1=R=RCC)
19% 4s Du = -(U*#o.75)#(ct*((Z*GAM-lil(Z*(Gchl)))) /7 (ox(1=(GAM#1)xUx
20% i 0¢5))
21# GP(1)= DUtDR
22s 60 T0 %5
23x 50 6P(1) = 0
24 55 A = Ux(C-y)
25« BR = Us3P(1)/C + 2%AF#U
26% Bl = 2¢«4%xy
27s CR = WCkWC = SUN#SVN4C/(R#R) = AFxAF
26% 1 = (GAVL1)RAF*UAGP (1) %0,5%x(1/C)
29+ CI = ~(5AMa1)#WC4UGP (1)%0,5#(1/C) = 2xAF#WC _
30 6P(2)= 1 = ((BR#TR=BI4TI) = (CR«(TR4TR=TI#TI)=2%CIsTR4TI))/ A
31s GP(3)= (~dRsTI = BI*TR + CIx(TR«TR=TI4TI) + 2%CR*TRxTI) /A
32% T2 = TR«TR + TI*T!
33s GPI4IT (TR*PAIR = TIapnIl)/T2
3y 3P(5)= (TR*PHII + TI#pHIR)I/T2
35 Rty
3e= EMD .

39



Lo

is
2%
kP
G
5%
[
7%
8%
98
10=%
ils
ize
13s
ius
15#
162
17«
16%
19=
20#
21=
22%
23#
2u®
25
26
2%
2k«
298

30s.

3is
3z+
338
34w
I8«
36
37e
38e
39%
LIE
Lbis
Yo
42»
LYY
4Se
e
47
Lbos
[ X%
50
Si=
52%
53%
Sus
55=%
S6%
57
SH%
5G«
6
61

Table A-5. Continued (Page 7 of 10)

1o

i
iy

ks

52

£

SUBROUTINE ZADAMS(NeH,y,YoDY,102)
COMMCON/X1/GAMsSYNs ANGLE +RET o RCC/X2/TIRTs QoR1IsR25 1P, WC, AF
COMMON/X4/ CM

DIMENSION COR(S5)¢ DP{S5)» DY(Se)e PRED(S Yi{5
CONTINUE ¢ be e B(5), GP(S)

DO 15 1 = loN
PRED(I) = y(I)4Hw(55,80Y (I 4)=59,4DY(I,3)437,20Y(Le2)=9,«NY{1s1)

1/24,0
CONTINUE
= XeHd

U = PREJC(Y)

ZR = PREZJ(2)

21 = PREJ3)
P4IR = PRZI(W)
PHII = PRzI(s5) .

21 = (3AM=1)%U%q,5

R =2 x ((L)exle 1/(2*(GAW-1)))) * (Usk=0,25) #4 .0
IF(R=1) 179179100
IF(R=R1) 20¢ 259 25

IR T =((248CT4«(R=RT)m{R=RT) % (R=RT) I £%0,5) / (RT+RCT=R)
50 T2 ug
I-(x~Rk¥) 30 35, 35

o 2 WTAN(T)
GO 710 4O

DR = ((2%*R7C#(1=R) & (1=R)x{1=R))Ix*0,5) / {l=R=RCC}

DU © «(Uts0o75) #(Cng (2%GAV=1) /{24 (GAM=1) I}/ {Qx(1=(CAMEL) *Ux0,5

))
2P(1)= JR#JY
= Us{Cmi))

AR = usdP{1)/C4 2%AFsV

31 =2 2e,Cen

£3 = wlenl = (SVNsSyN&C)/{ReR) = AFxAF

- (0AVL1)YxAFsU&DP (1) 20,5/C

S e (AL adCalenp (1) %0,5/0 = 2%AF#WC
IPL2)T (3R = BI#xZ] = CRIZAY = ZR¥ZR 4+ ZI%Z]
= ((3lezR + BR#Z2] » CI)/A) = 24ZRxZ1
IP (LIS 2RaPHIR = Z1#PA4]]
IP(5)Z 2RaPATL + ZI#PyIR
20 4% 1 = 1.y
SOR(L) T YA eHa(Dy (152) =S5, #DY 1,3)419,%DY{To8)49.4xDP(1)}724,0

Y(1) 5 (251.%#COR(1) + 19,4PRED(I}) 7 270.
J = 1)
Zz = v(2)
21 = Y(3)
P+Ix = Y(4)
P-IT = y(H)
C =1 - (3AV=1)%U%0,5
20 545 1 = 1eN
OYil,1) = 0Y(I,2)
Ov(l.2) = DY(I+D
2v(1,3) = oY(I. W)

ZMRG = (ZA%7R 4+ 21#21)4%0,.5
IF{z2' A5 = 10 ) 60¢ 90, 90
R=n & ((Cleslal/(24(GAM=])))} & (Usn=0,25) 24,0
IF(R~1) 62¢ g2 100
IF(R=R1) 65970070
DR = = ((283CT#(R=RT) = (R=RTI*(R=RT))##0:5)/{RT+RCT=R]

60 T- 85
15 (R=R2) 75,8008
3 = =TAN(T)

30 T. 8%



b2
63%
Bu=
65%
66
67
68%
69%
Tuw
Tix
72%
73e
The
75%
To»
77
78»
79+
80e
81
82
83
Buw
85%
86«
87
1.1
89%
S0
91
92%
93%
Qux
95%
96%
97
98
99«
100=
101»
102»
103=
104=
105#
106%
197+
108%
109
110#
111
112»
113«
11us
115%
116%
117«
116+
119%
i20%
i21=
122+

8o
8s

87

9s

1009
i0¢

Table A~5. Continued (Page 8 of 10)

OR = ((2#P2C*(1=R) = (1=R)#(1«=R))%%0,5)/(1=R=RCC)

DU = «{Uts0s75) 2 (Chpq (286 M=1)/124(GAM=1)) D}/ (Qa(1~(GAME1) *Us2))
IY(1,4)= DsnU

A= Usl{Cayp)

BR = ysdY(ge4)/C + 2xAFaU

Bl = 2##Cxy

CR = WC#HAC = (SVMN&Sym#C)/(R¥R) = AF%AF
i ~(GAM.1) «AFxUs)Y(Llot)%x0,5/C

Cl = «=(GAM=1)*xWCxUDY(1,4)#0,5/C ~2xAFxWC
DY(2,4)= (BRe«ZR = BI¢7] =CR)/A « ZRxZR + 2Ix21
IY(3,4)= (BIxZR + BRx2I =CIl)/A = 2x2R%Z1
DY(4,4)= ZRepHIR = Z2I4pHII
DY(5,4)= ZRapHIIL + 2I,.pHIR
IF(IF (EQ. 0) GO TO B7

PR = WC#PHII = UxDY(yslt} = AF*PHIR
PI = =WC*PHIR =UxDY(5et) ~ AF*PRII
PMAG = (PR*PR + PIxPIl)x*,5
PARG = ATAN(pPI/PR}
WRITE(H91000) Xo» PMAG, PARG
60 16 10 .
1z =
22 = ZMAG#2MAG
v(2) = ZR/Z2
¥(3) = . =21/22
ZPR = DY(244)
ZP1 = DY(3s4)

DY(2,4)= ~(ZPR*(ZR«ZR . 21%21) + 2%x2RxZ2IxZP1)/(Z2%22)
DY(3,4)= (2%2PR#ZR%Z21 = ZPI#(ZR%ZR w ZI%Z21))/(22%22)

6l1y = U

5(2) = y(2)
6(3) = v(3)
6{4) = PHIR
6(5) = PHIL

DY(1,1)3 DY(gst)
DY{(2,1)= DY(2,4)
DY(3,1)= DY(3,4)
DY{uyl)= PHIR«ZR = PHII*Z1
DY(5,1)= PHII42R %+ PHIR#*ZI1
00 95 1 = 2+4
CALL RKTZ(S+HeXe5,5Pr1Q2)

X = x+H
U =601
TR = 6(2)
T 2 6(3)
PHIR = 6(4)
PHIT = 6(5)
DY(i,I) = GP(1)
DY(251) = G6P(2)
DY(3,1) = gP(3)
Dy(d,1) = gP(4)
0Y(5,1) = gP(S)
y(1) = v
y(2) = TR
Y(3) = 11
v(4) = PHIR
Y{5) = PHIIL

CALL TADAMS(NeHeXeYsDY,IQ2Z,10)

GO TO (10 100)s1Q
FORMAT(U6XoFEetolX,FL10,593XeF10,5)
RETURN ‘

END

L1



Lo

i=

2%

3%

LY

5%

[X ]

Ts

8%

Q%
i0%
ii»
12s
13#
1us
15%
16w
17=
18»
194
20%
21#
2cx
23%
2L
2-#
26k
27%
26
29%
30«
3l
32%

3%
kY
35«
36
37%
38%
39
40w
Ll
G2s
43
Gus
454
4em
47s
LE-EY
45%
H0#%
S1l#
52=
53a
Su=s
S55s
S6=%
57%
S58%
53
60%
61
62»

Table A-5. Continued (Page 9 of 10)

ig

i
1s

is

52

S5

SUBROUTINE TADAMS(NsHyyeYeDY 10271IQ)
COMYON/X1/GAMs SYN» ANGLE»RCToRCC/X2/T/RTsBsR1,R25 1P, wC, AF
COMYON/ X4/ CM
DIMENSION COR(S)» DP{(5)s DY(Ssu)e PRED(S)}s Y{(S)s 6(5), GP(5)
CONTINUE
DO 15 1 = 1N
PRED(I) = ¥(I)+Hu(S554DY(Ioh)wB59:kDY{1e3)+37eu0Y(1+2)=0%0DY(Is1))/

2440

CONTINUE

X = X¢H

U = PRED(3)

TR = PRED2)

T1 = PRID(3)
Prila = PRZIly)
PHII = PREJI(S) -

£ 21 = (3AM=1)%Unx,5

R =0 # ((L)axlal/(22(6AV=1)))) & (Ukk=0,25) #4,0
IF(rR=-1) 17+17.100
IF(-R1) 20 258 2%

DR = w((2930T#(R=RT) = (R=RT)%x{R=RT))#%:5)/(RT+RCT=R)
30 T 4o
IF(R=R2) 30, 35, 35

53 = =TAN(T)
30 T0 udy ,

U 5 (24172 (1=R) @ (1=R}%x(1=R))}x*,5)/(1=R=RCC)

D T (et 725) 2 (Crk [ (p4GAM=1) /(2% (GAM=1)) ) ) /{05 (1= (GaM+l) 2B .5))
(1)Y= 2y

A = yel{le1))

33 = yrlPl1)/C+ 2¥AF%U

51 = 2salw)

CR = wiwnl « (SVM£SynxL)/(R%R) = AF%AF

- (53l ) #AFSURDIP(1)20,5/C

L1 = =(onal) +ulaUxdp (1) %0,5/C = 2%AF*WC

220212 1 4 (- ReTR4BI4TI+CREATRATR=TI4TI)=2xCIxTR&TI) /A

D2(23)2 (@3Re7I = BI14TR + CIx(TR&TR o TI%TI) + 2%CRxTR4TI)/A
= TR«TR + TI%TI
OP(u)= {TRePIR = Tl&pylll/sT2
= {TREPQLT + TI&pHIRI/T2
DO u= I =z 1oy .
CORUDY = yAD)+rde Dy 192) =5, DY 1o 3)+19.%xDY{1s8) 42 4DP (1)) /2060

Y(1) ® (251.%COR(1) + 19.#PRED(1))/270.
Jo= oY)
™R = Y(2)
11 = Y(3)
PAIR = Y(4)
Pl = Y(5)

ol 1 = (5AM=1)xU%,5
20 5% 1 = 1,
2Y¢l, 1y = 9Y(I1,2)
Jy(l,e) = oY(1:3)
37(1,3) 2Y(Is4)
T2 = TRsTR ¢+ TI=TI
TYAS = T2+2%,5
IF(T-AZ = 10 ) 60¢ 90, 90
R 2 g ox (C)ael=1/(2%(6AM=1)))) » (Uk%=0,25) #4,0
Fle=1) 62? g2¢ 100
“(R=R1) ©65:70:70
3% = «({2#3CT#(R=RT) = (R=RT) % (R=RT) ) #%,5) /(RT+RCT=R)
30 17 85
1F(]=]2) 75,80:80
J3 = -TAYIT)
505 T 8

"

T
1



63%
6L &
65%
66%
67=#
6%
69%
Tow
Ti=
Tes*
73
Tie
75%
T6%
77+
76+
79
80@
Blx
82#
83
Bux
85%
86*
87
88#
89w
90«
Q1%
g2«
93s
94«
95%
96
97«
98%
99
100#
101
1o02#
103
104x%
105
106%
107»
108#
109%
110#
111i=
112%
113
11u»
115%
i116%
117«
i18x
119«
120#=
121
122«
123=

Table A-5.

8g
by

87
S0

95

109
1000
i0s

Continued (Page 10 of 10)

2% = ((2*2~C8(1=R) = (l=R)I#(3=R))x*,5)/(i=R=RCC)

DU 2 w(uts,75)x{Cau( (2%6AM=1) /(24 (GAM=1})))/(Qe{1={gAM+]1) xU% 5)
dY(1,4)= IReDJ

4 = ys(lay)

3R 2 UedY(198)/C + 2xAF8U

Bl = 2%xalsy

CR = WCHWC = (SVN#SynN%C)/(R#R) = AF%AF

={6AML1) s AF#U+DY {10410 ,5/C
Cl = =(GAM=1)*WCaU*nY (1o4)#0,5/C =2%AFxKC

DY{2,4)= 1 + (=BR*TR 4 BI4TI + CR¥(TRATR » TIXTI) = 24CI*TR#TI)/A
DY(3,4)= (=BR*TI = BIATR + CIx(TR*TR = TI4TI) 4 24CR¥*TR4TI)/A
DY(4,4)= (TR«PHIR = PHII*TI)/T2
DY(Sst1)= (TR4«PHII 4+ PHIRXTI)/T2
IF(IP ,EGe 0) GO TO 87
PR = WCAPHII = UsDY(4+4) = AF#PHIR
PI = «WC*PHIR =UsDY(5+4) = AF*PHII
PVMAG = (PR*PR + PI*PI)a%,5
PARSZ = ATAN(pI/PR)
WRITE(601000) X» PMAG, PARG

GO To 10
Igz = 2
y(2) = TrR/T2
Y(3}) = =TI/T2
TPR = DY(2:4)
TPI = DY(3sy)

DY(2,4)2 «(TPR*(TRxTR = TI4TI) + 2%TRxTIXTPI)/(T2%T2)
DY{3+4)=(2*TPRATR#TI=TpI* (TR*TR-TI*TI) )/ (T22T2)
u

6(1) =

6{2) = v(2)
6(3) = Yv(3)
G(ly) = PHIR
6{5) = pHII

0Y(1,1)= DY{1.8)
DY(2,1)= DY(2:4)
DY(3,1)= DY(3:14)
DY(4e1)2 (PHIR®TR « PHII®TI)/T2
DY(5,1)= (PHII*TR = PHIR®TI)/T2

DO 85 I = 2«4
CALL RKTZ(SeHiXsG,6Pe102)
X =,x¢H
U = 6l1)
ZR = 6(2)
21 = 6(3)
PHIR = gl4)
PHII = g(5)
DY(1,1) = GP(1)
Dy(2,1) = gP(2)
DY(3,1) = gP(3)
Iv(4, 1) = gP(Y)
Dy(5.1) = GP(B)
vy{i1) = v
y{2) = 2Zr
¥Y{(3) = 21
Y{4) = PHIR
Y{5) = PHII
Ie =3
60 10 105
1Ia = 2
FORMAT(U46X? F6,l4s 1Xs» F10:5¢ 3Xe F10+5)
RET KN
END

43
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INPUT WC, DWC,
WWC, CM, RCC,
ROT, ANGLE, IP,
AF, SYN, GAM

Figure A-l. Flow Chart for the Nozzle Admittance
Computer Program (Page 1 of 10)



SUBROUTINE
NOZAIM

A

STEPSIZE
DP = -0.00L

r

WRITE
CM, SVN, RCT,
RCC, ANGLE

DO THROUGH

o

FOR N = 1,NPT

WC = WC + DWC
- COMPUTE

F, RT, Rl, R2

WC

COMPUTE INITTAL
VALUES OF
PHIR, PHII, U,
A,B,C,C1R,C1I,

BIR,B1I,ZR,ZI

Figure A-1.

A

ZR = ZOR
71 = ZOI
g(ly =U
a(2) = ZR

— ™ G(3) = ZI
G(4) = PHIR
G(5) = PHII
DY(1,1) to
DY (4,1 . JOPT

DO THROUGH

FOR

I=

no

Z1
PHIR
PHIT

= G(5)

COMPUTE
DERTVATIVES

COMPUTE
NEW VALUES OF
C, U, CM

g

5\

Y(1) = U
Y(2) = ZR
Y(3) = 2I
¥(%) = PHIR
Y(5) = PHII

COMPUTE
QBAR, YR, YI
FROM ZR, ZT

|

COMPUTE
Y |9BAR, YR, YI
FROM TR, TT

DY(1,I)
DY (2,I)
DY(3,I)
DY (4,I)
DY(5,I)

GP(1)
Gpr(2)
GP(3)
GP(4)
ap(5)

mnonona

Continued (Page 2 of 10)



( SUBROUTTNE

COMPUTE
A(1) — A(5)

TZ = T1

u(1) - u(5)
Fz(1,1) - FZ(l 5)

DO THROUGH o
d = l NU

vz(J) = U(J)
DUM(J) =
FZ(1,J)

CALL
SUBROUTINE
RKTDIF

FigU.I‘e A"lo

- D s

CALL
SUBROUTINE
RKZDIF

DO THROUGH A
I = 2 L

TZ = TL +
A(T + 1)*H

l

DO THROUGH A
J = 1,NU

'

UzZ(J) = u(J)
+ A(T + 1)*H*
FZ(I - 1,J)
DUM( J) =FZ(I,J)

CALL
SUBROUTINE
RKZDIF

Continued (Page 3 of 10)

CALL
SUBROUTINE
RKTDIF

DO THROUGH T’

J = 1,NU

Fz(I,J) =
puM(J)

DO THROUGH €
J = 1,NU

COMPUTE
NEW VALUES
OF U(J)

L7



48

CALL CALL

SUBROUTINE SUBROUTINE
RKZDIF RKTDIF

COMPUTE ﬁ
PR, PI, PMAG
PARG

1

WRITE
TZ, PMAG,
PARG

G
@

Figure A-1. Continued (Page L4 of 10)




C

SUBROUTINE
RKZDIF

)

COMPUTE
IR
FOR SECTION I

COMPUTE DR FOR
SECTION IIT

COMPUTE
DR
FOR SECTION IT

Figure A-1,

. o

COMPUTE
C,DU,A,BR,BI
CR,CI,GP(1)
GP(2) - ap(5)

1
o -

Continued (Page 5 of 10)

GP(1) =

4/ (SQRT(RT*
(caM + 1))
6p(2) = Z1Rr
GP(3) = ZzlI
GP(k) = Z1R
GP(5) = 0.0

49



SUBROUTINE
RKTDIF

U = G(1)
R = ¢(2) COMPUTE
T = G(3) ™ R
PHIR = G(L4)
PHII = G(5)
R - Rl ‘R - R2
>0
<0 <0
COMPUTE COMPUTE COMPUTE
DR DR FOR DR FOR
FOR SECTION I SECTION TII SECTION IIT
COMPUTE
¢,DU,A,BR,BI,
CR,CI,GP(1), ot

GP(2) ,GP(3) »
GP(4) ,GP(5)

!
Coma D
©

Figure A-1. Continued (Page 6 of 10)



C SUBROUTINE

ZADAMS
COMPUTE DU,A,BR,
BI,CR,CI,PHIR,
) PHIT
DO THROUGH @ DP(1) — DP(5)
I=1,N
) DO THROUGH B
COMPUTE I =10
PRED(I)
COMPUTE COMPUTE DR FOR
COR(T) ,Y(I) __SECTION III
{COMPUTE DR FOR {|
SECTION IT
xX=%x+H G
U = PRED(1)
7ZR = PRED(2) COMPUTE DR FOR
co
71 = PRED(3) DéPETE SECTION I «
PHIR = PRED(L) 2
PHII = PRED(5) i
COMPUTE C,R
' COMPUTE
¢,DU,A,BR,BI, CR,
z0 CI,PHIR,PHII,
z0 DY(1,4) THROUGH
R-R1 R-R2 DY (5,4)
<0 <0
COMPUTE DR <0 =0 » A
FOR SECTION T DO THROUGH T
I=1,0N
COMPUTE DR 7
FOR SECTION IT '
r DY(I,1) = DY(I,2)
DY(I,2) = DY (I
1 COMPUTE DR FOR DYEIZ33 - DYEI:E% ->®
SECTION III

Figure A-l. Continued (Page 7 of 10)

51



DY THEAOUGH €
T = ;]_:‘.

Y

CONVEKT .
TO T:JOPT = |

CALL
SUBRROUTINE
RKTZ

A
( RETURN )
COMPUTE '

INTITAL
VALUES

Figure A-l. Continued (Page 8 of 10)



SUBROUTINE
TADAMS
COMPUTE DU, A,
BR,BI,CR,CI,
op(1) - DP(5)
DO THROUGH «
I=1,N
CONiUTE DO THROUGH B >
I =1
PRED(T) *’N
COMPUTE
COR(T)
X=X+H e
U = PRED(1)
TR COMPUTE
c,T
~(»)
<0
COMPUTE DR FOR
SECTION I <0|=0 DO THROUGH I
I=1,N
COMPUTE DR FOR
| SECTION IT
Y DY(T,1) = DY(I,2)
DY(I,2) = DY(I,3)
SECTION IIT
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<0

COMPUTE DR FOR|

;— SECTION III

SECTION TI

| COMPUTE DR FOR |

SECTION I

COMPUTE DR FOR

'

COMPUTE

CI

DU,A,BR,BI,CR,C,

DY(1,4) - DY(1,5)

A
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5L

=10

DO THROUGH A
12195

¥

CONVERT T TO

1

Z: JOPT = 2 SET
P
IQZ =
CALL
RKTZ
COMPUTE
INITIAL
VALUES <i RETURN
é}f

Figure A-1l. Concluded (Page 10 of 10)
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