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ABSTRACT

A three-dimensional, nonlinear nozzle admibtance relation is developed
by solving the wave equation describing finite-amplitude oselllatory flow
inside the subsonic portion of a choked, slowly-convergent axisymmetric nozzle.
This nonlinear nozzle admittance relation is then used as a boundary condition
in the analysis of nonlinear combustion instability in a eylindrical liquid
rocket combustor. In both nozzle and chamber analyses solutions are obtained
using the Galerkin method with a series expansion consisting of the first
tangential, second tangential, and first radial modes. Using Crocco's time-~lag
model to describe the distributed unsteady combustion process, combustion
instability calculations are presented for different valﬁes of the following
parameters: (1) time-lag, (2) interaction index, (3) steady-state Mach number
at the nozzle entrance, and (4) chamber length~to-dismeter ratio. In each case,
limit-cycle pressure amplitudes and waveforms are shown for both linear and
nonlinear nozzle admittance conditions. These results show that when the
amplitudes of the second tangential and first radial modes a.‘re considerably
smaller than the amplitude of the first tangential mode the inciusion of
nozzle nonlinearities has no significant effect on the limiting amplitude and

pressure waveforms.
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SUMMARY

Recently, a three-dimensional, nonlinear nozzle admittance relation has
been developed. In this analysis, the wave equation for an axisymmetric, choked
nozzle was solved using the Galerkin method with an approximeting series solu-
tion for the velocity potential perturbation which was compatible with recent
nonlinear combustion instability theories. Assuming that the amplitude of the
fundamental mode is considerably 1argef than-the amplitudes of the remaining
modes in the series expansion, nonlinear admittance coefficients were debermined
as a function of the frequency and amplitude of the fundamental mode.

The nonlinear nozzle theory was then applied in the analysis of nonlinear
combustion instability in a cylindrical combustor with uniform injection of pro-
pellants at one end and a slowly converging nozzle at the other emd. The dis-
tributed uwnsteady coﬁbustion process was described by means of Crocco's time=-
lag model. The Galerkin method was used éo determine the behavior of the pres-
sure perbturbation in the rocket combustor, where the nonlinear nozzle admittance
relabion was used as the boundary condition at the nozzle end of the chamber.

Tn these computations, a three-mode series expansion consisting of the first
tangential (1T}, second tangential (2T), end first radial (IR) modes was used.
8ince the amplitude and frequency of the 1T mode upon which the nonlinear nozzle _-
admittences depend are not known a priori, an iterative solution technique
was used. '

Combustion instability calculations have been made for different values
of the following parameters: (1) time-lag, (2) interaetion index, (3) steady
state Mach number at the nozzle entrance, and (i) chamber length-to-dlameter
ratio. In each case limit-cycle pressure amplitudes and waveforms were
obtained with both the linear and nonlinear nozzle admittances. These resulbs
show that under the assumptions of the analysis the effect of nozzle non-

linearities can be safely neglected in nonlinear stability calculations.



INTRODUCTION

Various aerospace propulsion devices, such as liquid and solid pPropellant
rocket motors and air breathing jet engines, are often subject to conmbustion
instebilities which are detrinental o the performence and safety of operation
of these devices. In order to design stable engines, capabilities for o
priori determination of the linear and nonlinear cﬁaracteristics of the
instability and the range of operating conditions for which these engines
are dynamically stable must be acquired. In order to pexrform such an analysis,
the behavior of the exhaust nowzle mmder oscillatory flow conditions muet be
understood. In particular, it is necessary to know how a wave generated in
the combustion chamber is partially transmitied and partially reflected at the
nozzle entrance. The information is usually expkessed as a boundary condition
(usually referred to as a Nozzle Admittance Relabion) that must be satisfied
at the nozzle entrance.

Before such a boundary condition can be derived, the nature of the wave
motion inside the nozzle must be investigated. The behavior of oscillations
in a comverging~diverging supercritical nozzle was Pfirst treated by Tsien
who considered the case in which the oscillation of the incoming flow 1s one=

253 extended Tsien's work to cover the

dimensional and isothermal. Crocco
more general cases of nons=isothermal one- and three~dimensional osecillations.
The analyses of Tsiem and Crocco are both restricted to small-amplitude
(i.e., linear) oscillations. More recently, & nonlinear nozzle theory has
been developed by Zinn and Crocco %,5,6 who extended the previous linear
theories to the investigation of the behavior of Tinite~amplitude waves.

In recent studies conducted by Zinn, Powell, and Tores, theories were

developed which describe the nonlinear behavior of 1ongitudina17’8 and,

9,10 Instabilities in liguid-propellant rocket chambers with quasi-

transverse
steady nozzles. These theories have now been extended to situations in which
the instebilities are three-dimensional and the rocket combustors. are attached
to convertional nozzlesll. All of these theories have successfully predickted
the transient behavior, nonlinear waveforms, and limit=-cycle amplitudes of
longitudinal and tangential instabilities in unstable motors.

In order to assess the imporbtance of nozzle nonlinearibies upon the



nonlinear stability characteristics of various propulsion devices, a new non-
linear nozzle theory is needed for the following reasons. First, the nonlinear
analysis of Zinn5’6 is mabthematbicelly complicated and requires considerable
compuber time. For this reason, Zinn's analysis has never been used to per-
form actual computabions of the wave structure in the nozzle or the nonlinear
nozzle response. Secondly, the nonlinear nozzle admittance relation developed
by Zinn is not compatible with the recently developed nonlinear combustion
theories (see References T through 11). Consequently, a linear nozzle
boundary condition or a short nozzle (quasi-gteady) assumption had to be used
in all of the nonlinear combustion instability theories developed %o date.

The use of a linear nozzle boundary condition in these nonlinear theories was
Justified by assuming that under the conditions of moderate amplitude oseilla-
tions and small mean flow Mach number the effect of nozzle nonlinearities is of
higher order and can be neglected. Thus a nonlinear nozzle analysis is needed
to determine the validity of this asgumption. Furthermore, in the case of
transverse instabilities the "linear" nozzle has been known to exert a
destabilizing effec‘t;. in these casges it is especially important to know how
nonlinearities affect the nozzle behavior.

Thus a nonlinear nozzle admittance relation has been developed and has
been applied as a boundasry condition in the recently-developed nonlinear
corbustion instability theories. The development of this theory, its
application in the chamber stability analysis, and typical results for liquid=-
propellant rockets will be described in the following sections.

SYMBOIS
Ap(cp) axially dependemt amplitude functioms in Bg. (4)
Bp(t) time dependent amplitude functions in Eq. (18)
BN(E") nozzle boundary residual (see Eq. (10))
bp complex axial acoustic eigenvalue
c dimensionless sonic velocity, c*'/cg



residual of Bq. (2)

residual of Eg. (17)

imaginary unit, MEST‘

Bessel function of the first kind, order m
multiple of fundamental frequency

azimrthal mode nutber -

pressure interaction index
. . %, ¥ %2
dimensionless pressure, Yp /poco

%, *®
dimensionless radial coordinate, T /rc

chanber radius

dimensionless transverse mode acoustic frequency

dimensionless time, ~—¥Ef¥“
(r /e

%, %
dimensionless axial veloeity, u /co
. . th
linear admittance for the p  mode
¥, %
dimensionless axial coordinate, =z /rc

specific heat ratio

nonlinear admittance for the pll mode
linear admittance function

azimibhal coordinate

_ . X ¥, *
dimensionless density, p /PO

dimengionless pressure sensitive time lag,

*.l

__.%_e."_'._.%.:_._
(x /e )



P steady state potential function

velocity. potential

17 steady state stream function
w dimensionless frequency -
Subseripts:
e evaluated at the nozzle enbrance
n radial mode mumber
r, i real and imeginary parbs of a complex quantity, respectively
W . evaluated at the nozzle wall
0 stagnation quanbtity
Qal,r,0,3,t partial differentiation with respect to @,¥,r,08,2, or T,
respectively
Superscripts:
()’ perturbation guantity
(M) steady state quantity
N .
() dimensional quantity, complex conjugate
®) approximate solution

NOZZIE ANATYSTS

The development of the nonlinear nozzle theory is described in detal.

in Refs. (12) and (13), thevefore only a brief summary will be given in
this sechion.



Development of the Nozzle Wave Egquation

As in the Zinn-Crocco analygis ,5 26 finite~amplitude, periodic oscilla~
tions were assumed to occur inside the slowly cémrergent‘, subsonilc portion of
an axlsymmetric nozzle operating in the supercritical range. The flow in the
nozzle was assumed to be adisbatic and inviseid and o have no body forces
or chemical reactions. The fluid was also a:ssumed to be calorically perfect.
Under the further assumpbion of isenbropic and irrotational flow the contlnulty
and momentum equations were combined to obbain the Tollowing equation which

describes the behavior of the veloc:i.ty potential:

2 2
- 3 = - - .
VE -8 = 298-VE 4 (v-1) B, VP (1)

+~Y—— (v&-v3) vs +iv¢ +V(VE-V3)

These equations are consistent with those used in the second-order nonlinear
combustion instability theory developed by Powell, Zimm, and Lores (see
References 7 and 10).

A nozzle wave equation was obtained from Eq. (1) by expressing the
velocity potential as the sum of a steady state and a perturbation
(i,e. @ =556+ '), introducing the (9,9,8) coordinate system used by Zinn

and Croceo”’” (see Figure 1), assuming a slowly convergent nozzle and one-
dimensional mean flow, and neglecting third order nonlinear terms. This wave

-equation is given by:

ml2) = 2,050, - 5,08 + £.(9) [2(ys (254 +2) + 5 55, (2)



where

- - PR _ﬁ o=l
+ (yH)E° 2, 8., +2 U 42, 4, % 3 2.,
‘ Ha L znz
+(9) (37 + £4(9) (2D + 24(9) 57 (&)
+(y-1) B, 20 - £,(9) @(; 5

+ (y-1) E—[a (q@h + %) +2—J¢- §’99] @1;
.

+ (y-1)pu [2 (1[;@‘;4‘ + @’q’) + 5 @e’e @’CP} =0

£(9) = ¢ -u

-2
-1 du
fa(cp) B 2 ay
-2
5(9) = LG
u
g2
(-1) gu
flj.(cp) - = )
2¢c dp
‘ - o4
=3 Y-l uo_rdu
==|1+
£ @ =2 | el

ap

(3)



® = constant

¥ = constant

) Flow directior

—
e

— Nozzle throet -

i

t—— Nozzle entrance

Figure 1. Coordinate System used for the Solution of the Oscillatory Nozzle Flow.



Method, of Solubion

In the nonlinear combustion instability theories developed by Powell and
Zinn (see Refs, 7 - 11) the governing eduations were solved by means of an
approximatbe solutioﬁ techilique known as the Galerkin Method, which is a
special case of the Method of Weightbed Residua.lslh’ 3‘5.
tions it was shown that the Galerkin Method could be successfully applied in
the solution of nonlinear combustion instability problems; its application
was straightforward and it required relatively little computation time.
Thus the Galerkin Method was also used in the nozzle analysis to determine
the nonlinear nozzle admitbance relation.

The first step in using the Galerkin Method in the solution of the wave

In these investiga-

equation (i.e., Eq. (2)) was to express the velocity potential, 8’ as an
approximating series expansion. The structure of this series expansiox}‘ was
guided by thei experience galned in the nonlinear nozzle a.dmitta,;nce studies
performed by Zinn and Crocco (see Ref. 5) as well as in the nonlinear com-
bustion instability analyses of Powell and Zinn (see Ref. 10). Thus the
velocity potential was expressed as follows:

N 1 |
_'5!‘ - z {Ap(cp) cos (mB)Jm [:Smn (g;)g:leﬂcpwt (1)
p=l '

where the functions Ap(cp) are unknown complex functions of the axial
varisble @, and 6~ and ¢-de:pendent eigenfunctiong were determined from
the first-order (i.e., linear) solutions by Zinn’. For each value of the
index P, +there corresponds the mode mumbers m(p} and n(p) as well as
the nunber kp. This correspondence is illustrated in the table below for
a three~term expansion consisting of the first tangential (1T), second
tangential (2T), and first radial [I1R) modes.



Table 1. Three-Mode Expansion

g n(p) n{p) L, Mode
1 1 1 1 gLy
) 2 1 o o
3 0 1 2 1R

In the time~dependence, ® is the fundamental freguency which must be
specified and the inbteger 1<.'.P gives the frequency of the higher harmonics.
The values of kp for the various modes appearing in Eq. (4) were determined
from the resuits of the nonlinear combustion instability analysis of Powell
and Zinn;o. For example it was Tound that, due to nonlinear coupling between
modes, the 2T and 1R modes oscillated with twice thé frequéncy of the 1T mode.
Thus in Eg, (L&) k, =1 and k%, = k3 = 2, The amplitudes and phases of the
various modes depend on the axial location (i.e., @) in the nozzle through the

unknown functions Ap(¢).

Wext the assumed series expansion for &' (i.e., Eq. (4)) was substituted
into the wave equation (i.e., Eq. (2)) to form the residual, EN(EJ). According
to the Galerkin method, the residual EN(E") was required to sabisfy the
following orthogonality conditions:

" - 1
[ = wik Wt . : -

_f JSEN(é ) e 3 cos md I [umn (E‘l’;) ] dsdt =0 (5)

(@]

Jd =1 2, «os N..

where N dis the number of terms in the series expansions of the dependent
variables. The weighting functions in Eq. (5) correspond to the assumed time
and space dependences of the terms that appear in the series expansion.

10



The‘ time integrfa,tion is performed over one period of ogelillation, T = zn/w,
while the spatial integration is performed over any surface of ¢ = consbant
in the nozzle (in Eq. (5) 45 indicates an incremental area on this surface).
Evaluating the spatial and temporal integrals in Eg. (5) yielded a
system of N mnonlinear, second order, coupled, com,ple}'c ordinary differential
equations to be solved for the complex amplitude funchbions Ap(tp) .
Unfortunately these equabtions were not guasi~linear; that is, the highest
order derivatives appeared in the nonlinear terms. This greatly complicated the
mumerical solution of these equations, thus an additional approximation was
made to obtain a quasi~linear system. of equations. N '
This additional approximation was based on the well-known fact that most
transverse instabilities behave like the first tangential (1T) mode. Based
on the results of the recent nonlinear combustion instability 'theoryu, it was
assumed that the aﬁplituﬂe of the 1T mode was considerably larger.than the
amplitudes of the remaining modes in the series solution., Through an order of
magnitude analysis correct to second order, the original non-quasilinear system

of equations was reduced to the following linear inhomogenecus system of

equations:
dEAl as,
H (p) —5= + M (@) —= + N (94, (p) =0 (6)
aep de .
aa, | o (o) { aa, dzAl}
H (9) —5= + M (¢ N (9A(9) =T 14, —, —5
o dq,2 P ay P i) p Ll acp aep
P=2,3, ¢« N
wWhere



2 =2 =2
- u

HP(CP) =u (e (7)
21 gas

() = - P [L s op o]

P :-2 ch - P
2
S < B

[ omR-tlae £ 20

NP(CP) L5 puc z o ik -y TR

o

and, IP are inhomogeneous terms which are Tunchions _of ¢ and the amplibude
of the 1T mode, Al(cp). o .

It can be seen that the sbove equations are decoupled with respect
to the 1T mode; that is, the solution for Al can be _obtai.ned ‘independently
of the amplitudes of the other modes. Thus to second order the nozz.le non-
linearities do not affect the 1T mode. On the other Hand; the nozzle non- '
Jinearities influence the amplitudes of the higher modes (i.e., A, and A3)

by means of the inhomogenecous terms in the equations for the higher modes.

Derivation of Admittance Relabions
It has been shown (see Refs. (12) and (13)) that the solution of Eq. (6)
can be expressed as the sum of a homogeneous solution Algh) and a particular

solution of the inhomogeneous equation A;') as follows:

n@ =xa@ 2P (8)

Using this result a nonlinear admittance relation to be used as a boundary
condition in nonlinear combustion instability analyses was derived. Noting

that the velocity potential @' given by Eq. (5) is a summation of partial
potentia]_:s @:5 where



(@) o) 3, 8, B )

'a nozzle admitbtance relation can be written for each of the partial pot‘en-
tials. This is dome by introducing Bq. (8) into Bq. (9), taking partial
derivatives with respect to z and t and eliminating K, between the
resulting equations. The resulting admittance relations are given by:

23’ 28’
1 . .
By(2') =52 + VI, e (10)

+ ﬁeai ‘[cos(me) J [Smn (f;)%] eﬂipwt} 1"p =0

where

- (n}
in . dA
Tp T (Ykew) -(%1) lc;cp B b2l ()
B Ap
(k) (1)
.y GA dA i
PP = ?%’ET [A:gl) -—a%—- - Al()h) _(ﬁ)__ P = 2:3;:-"-1‘]: (12)

c A
P

Equation (10) is the nonlinear nozzle admitbance relation to be used
as the boundary condition at the nozzle entmiance plane in nonlinear stability
analyses of rocket cowbustors. The quantities Yp and Ip are, respec;'hivel;y‘,
the lineay and nonlinear admittance coefficients for the pth mode., The
nonlineay admittance, FP, represents the effect of nozzle nonlinearities

upon ‘the nozzle response, and it is zero when nonlinearities are absent

(i.e., for the 1T mode).

13



It can easily be shown that when the Mach number at the nozzle entrance

is small, Bg. (10) can be expressed, correct to second order, as:
-
U—YP=—uec1" _ N (13)

where UP and PP are the (p-ciependent amplitudes of ":the ai:iié.l veii.oc?i'!.:y and
Pressure perturbations respectively.

In order to use the admittance relation (Eq. (10) or Ea. (13)) in
combustion instability analysis, the admibbtance coefficients YP and I‘P
must be debermined for the nozzle under consideration. The equations
governing these guantities are readily derived from Eqs. (6) using the
definition of I’P (i.e., Ba. (12) to obtain:

iiEP_ 2 L
= - - - i)
5 3o ML =N ~H T (1h)
al’ ~2 I
2 (. L Y=1 du .y . P
Hp de ( Hpgp P Hp rp 52 (15)
whexre
L al®
P

Calculation of the Nozzle Response

To obtain the nozzle response for amy specific nozzle, Eqs. (12) and
(15) are solved in the following manner. As pointed out earlier, the non-
linear terms vanish for the 1T mode (i.e., 1":L =0, Ii = 0) and it is only
necessary to solve Eq. (14) to obtain C, (and hence Yl) at the nozzle
entrance. Since Eq. (1L) does not depend on the higher modes, it can be
golved indépendently for £+ Once C, has been determined both Egs. (1)



and (15) must be solved for.the obther modes., Tn order o do this, the
amplitude Al(tp) mwust be determined since Eq. (15) depends on Al(cp) and its
derivatives bthrough Ip(q:). Once gl(tp) is known, Al(tp) is determined by
mumerically integrating Eq. (16) where the constant of integrabion is
determined by the specified wvalue of the pressure amplibtude Ipl] (of the 1T
mode) at the nozzle entrance. The value of Al thus found is inbroduced into
Eg. (15) which is then solved for T .

Since Egs.(14) and {15) are first order ordinary differential equations,
the numerical integration of these equations must start at some initial point
where the initial conditions are known, and terminate at the nozzle entrance
where the admittance coefficients YP and 1"P are needed. Since the
equations are singular at the throat, the inbegration 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 varisbles in a Taylor
series about the throat (v = 0).

In Eqs. (1%) and (15), the quanbtitles HP, MP, I\IP and IP are functions
of the steady-state flow variables in the nozzle and these must be computed
before performing the mmerical integration to cbtain l;p and ij' For a
gpecified nozzle profile, the steady-state quantities are computed by solving
the guasi-one-dimensional isentropic steady-state equations for the nozzle
flow. Figure 2 shows the nozzle profile used in these computations. A1l
of the length varisbles have been non-dimensionalized with respect to the
radius of the combustion chamber to which the nozzle is atbached, and hence
T, = l._ At the throat Tin is fixed by the Mach mumber at the nozzle
entrance plane. The nozzle profile is smooth and is completely specified by
0a? Tot and Gl, which are respectively the radius of curvature at the
chanber, radius of curvature at the throat and slope of the central conical
section. The steady-state equations are integrated using equal steps in
steady~state potential ¢ by beginning at the throat and continuing to the
nozzle entrance where the radius of the wall equals 1.

A computer program, NOZADM, has been developed to mumerically solve
Egs. (14) = (16) and calculate the linear and nonlinear nozzle admittances. .
A computer code and description of this program is given in Appendix A.
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COMBUSTION TNSTABITITY ANATYSIS

Combustion. Chanber Modél

This sectlon deseribes the application of the nonlinear nozzle admit-
tance theory developed in the previous section to the analysis of combustion
ingtability in a liguid-propellant rbcket combustor. A cylindrical combustor
with unii‘ozﬁ injection of propellants at one end and a slowly-convergent
nozgle at the other end was considered. The ligquid Jpropei‘l.la.nt rocket motor
that was analyzed is shown in Figure 3. The analysis -oflsuch a mobor for a
linear nozzle response is given in Ref. (11). _

The oscillatory flow in the combustion chamber is described by the
three-dimensional, second-order, pqiséntia.l theory developed in Ref. (11).

Tn this theory the velocity potential & must satisiy the following nomlinear
partial differential equation: )

L
~
1

-

-+i2§- +3" -8’ o (an
Ir

F 2 do 7 o2
-2k, - 2 %% 6y " 20
F ) i 1 _+ )
- - . = 3 o= +
(y-1) g'b(érr + T ér r2 %9 ﬁzz)
du

-t F
- 4 ——
211@2t (v 1)@t

+

d.ﬁ. ". - - ‘
Yo = E@é(r,e sZ,E) - @é(r,e,z,t - T)] =0

where Crocco's time-lag (n --T) model is used to describe the distribubed
unsteady combustion process. In the present analysis the ].::.near nezzle
boundary condition used in the previous analysis (see Eq. (2) of Ref. 1l) was
replaced by the nonlinear sdmittance condition given by Eq. (10).
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Application of Galerkin Method

Assuming a series expansion of the form (sgae Ref. 11):

N N
3 = Z s = 2 B(6) cos(m) 7,(8, 7) cosh(in z) (18)
p=1 p=1 ’

the Galerkin method was used to6 obtain approximate solutions to Eq. (17).
Tn Eq. (18) the radial and azimubhal eigenfunctions are the same as those
used in the nozzle analysis (see Eq. h). Unlike the nozzle analysis where The
unknown coefficients Ap(fp‘) were functions of axial location in the nozaale,
the wnknown coefficients Bp(t) in Eg. (18) are functions of time. The D N
appearing in the axial dependence are the axial acoustic eigenvalves for a
chamber with a solid wall boundary cond:ition at the injector end and a
linear nozzle admittance condition ab the obher end.

The urknown amplitudes B_(t) . were determined by substitubting the
assumed series expansion (i.e., Eg. (18)) into the wave equation (i.e.,
Eq. (17)) to form the residual EC(E’), Similarly, the series expansion
was substituted into the nozzle boundary condition (i.e., Eg. (10)) to cbtain
the boundary residual BN@ ‘). The residuals Ec('é") and, BN(%”) were
required to satisfy the following orthogonality condition (see Ref. 11):

ze am 1 N . - ,
Jo JO _fo E‘c(§ ) Zj(z)_ ®j(G)Rj(r) rdrdddz (19)

em 1 .
7 *
N }0 .[o :'BN@ ) Zj-(ze) ®j(9)Rj(r) rdrdd = 0

3=1,2, ... T
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where the Z-),é are ‘the'complex conjugates of the axial acoustic eigenfunctions
appearing inJEq. (18), and ®j and Rj are the azimuithal and radial eigen~
Tunctions respectively.

Evaluating the spatial integrals in Eqgs. (19) gave the following system
of N complex nonlinear equations to be solved for the amplitude functions s Bp(t):

23
L {6 =2+ o (.05 () + [0,(3,8) - no (J,p)] (20)

=1

alB_(t-7)]
+ 1103(3:1) “_'Eét_ + C}_!_(J:P)e P t}

N X dB_ - G'.B.X-
r’l al
+ L 2 {Dl(j;P:Q)BP '&Eq" + D2(jaP:Q)BP "é_'.ég'
r=1l g=1 . '
=% *

x 4B
+ D3(33P3Q.)BP -3 + Dh_(a 3P:Q) ___9. = 0

j =132, v e N

In the above equation, the term Cll_(j,p)eikpwt results from the presence of
nozzle nonlinearities (i.e, the term in:vo]_.ving FP in Bg. (10)).

The coefficients appearing in BEq. (20) were determined by evaluating
the various inbegrals of hyperbolic, trigonomé’cric, and Bessel functions
that arise from the spatial inbegrations indicated in +the Galerkin ortho-
gonality conditions. These were calculated by the compuber program
COEFFS3D (Appendix B).

The time-dependent behavior of am engine following the introduction of
a disturbdnce is determined by specifying the form of the .initial disturbance
and then following the subsequent behavior of the individusl modes by
mumerically integrating Egs. (20). Once +he time~dependence -of the individual
modes is known, the velocity potential, 3), is calculated from Eq. (18).
The pressure perturbation at any loeation within the chanmber is related t;:v

b &



¢° Dby the following seconmd~order momentum equation (see Ref. 11):

2 2
- oy -ty 1 fer 1 ( I) 1 (Nf)
- & — —— —_ -
T ¥ [@t tug + 3 (@ri + 5 35 +5 (%

umerical Solubion Procedure

Equation (20) is a system of N ordinary differential equations which
deseribes the behavior of the N complex time-dependent functions, .

‘Bp(t) . Beginning with a sinusoidal initial disturbance, a fourth order
Runge-Kutta scheme was employed for the numerical integration of this system
of eguations. In the present calculations, a thi'ee-mode geries expansion
consisting of the first tangential (IT), second tangential (2T) and first
radial mode (1R) was used. This is the same series expansion used in the
stability ealculations presented in Refs. (10) and (11). The numerical
integration of Ege. (20) is performed by the compuber program, LCYC3D, which is
deseribed in Appendix C.

The oscillatory flow in the combustor and nozzle are mutually dependent
on each other; that is, the combustion chamber analysis requires knowledge of
the nozzle admitbtances, but these nozzle admittances depend on the frequency
of oscillation and the pressure amplitude, which can only be determined by the
combustion chamber analysis. Thus an iterative solubion technique is used.

Tn this procedure, linear nozzle admitbances are first calculated for the
specified nozzle geometry. WNext, the combustion chamber analysis is

carried out using these linear nozzle admittances (I‘P = 0), and limit-cycle
frequency and pressure amplitude of the 1T mode at the nozzle entrance

are determined. This information is then used in the nozzle theory Lo
determine the nonlinear nozzle admitbances which are used in the chamber
analysis to caleculate new limit-cycle frequencies and pressure amplitude.

If the limit-cycle amplitude obbained with the nonlinear nozzle boundary
condition is significantly differemt from the limit-cycle amplitude obtained
with the linear nozzle admittances, new values of the nonlinear admittances
are calculaied and the proéess is repeated until the change in limit-cycle
amplitude is sufficiently small,
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RESULLS AND DISCUSSTON

Admithance Coefficients
Computations of the admittance coefficients have been performed using

a three-term series expansion consisting of the first tangential, second
tangential and first radial modes. An Adam-Bashforth predictor-corrector
scheme was used to perform the numerical integration, while the starting values
needed to apply this method were obtained using a fourth order Runge-Kutta
integration scheme. Compubtations have been performed for several nozzles, ab
different frequencies and pressure amplibudes of the Tirst tangential mode.

Figure 4 shows the frequency dependence of the linear admittance coeffi-
cients for the 1T, 2T, and ZLR‘mod.es for a typleal nozzle (81 = 200, Too = 1.0,
oy = 0.92343 M = 0.2). Here, ® is the frequency of the 1T mode, while the
frequency of the 2T and 1R modes is 20 due to nonlinear coupling. Hence the
real ﬁz;rts of the linear admittance coefficients for the 2T and 1R modes
actually atbain their pesk values at a higher frequency than that for the 1T
mode. The Linear admittance coefficients for the 1T mode are in complete
agreement with those e:alcula:teé_ previously by Bell and Zjnn16.

The frequency dependence of the nonlinear admittance coefficient for
the 2T mode is shown in Figure 5 with pressure amplitude of the 1T mode as a
parameter. While the behavior of the linear admittance coefficient depends
only upon the frequency of oscillations, the bekavior of the nonlinear
admittance coefficient is seen to depend alsc on the amplitude of the 1T mode.
The zbsolute values of both Fr and I'i increase with increasing pressure
amplitude of the IT mode, which acts as a driving force. It is observed that
the absolute values of I"r and. I“i vary with frequency in a manner similar
to the absolute values of Yr and Yi. The frequency dependence of the non-
linear admittance coefficient for the IR mode is shown in Figure 6 with pressure
amplitude of the 1T mode as a parameter. .

Figure 7 shows the effect of pressure amplitude upon the magnitude of
the ratio of nonlinear admittance coefficient to the linear admittance coeffi-
cient for the 2T and 1R modes respectively. This ratio, II‘/YI , inecreases
with increasing pressure amplibude., In the limiting case of iplr =0,

the nonlinear admitbance coefficient is zero for all frequencies as expected.
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Figure 8 shows the influence of entrance Mach nunber Me on the nonlinear
nozzle admitiance coefficients for the 2T and 1R modes respectively. Here the
relative magnitudes of the linear and nonlinear admittences (i.e., |T/Y}) are
plotted as a function of amplitude of the IT mode. In each case there is a
significant decrease in |T/Y¥| with increasing Mach number, thus it appears that
the importance of nozzle nonlinearities will be smaller at higher Mach nmubers.

The effect of nozzle half-angle on |I/Y| for the 2T and IR modes is
shown in Figure 9. It is readily seen that for Bl :
there is only a slight effect of nozzle half-angle on the relative magnitudes
of the linear and nonlinear admittances. However, it should be noted that both

between 15 and 45 degrees

the linear and nonlinear theories are restricted to slowly convergent nozzles
(i.e., small BI).

Figure 10 shows the effect of the nozzle radii of curvatbure upon the
quantity ]F/Y[ for the 2T mode. Tt is observed that a change in the radius of
curvature of the nozzle at the throat has an insignificant effect on the
relative magnitude of the linear and nonlinear admittances. On the other hand,
a similar cha.née in the radius of curvature of the nozzle at the entrance
gechbion has considerable effect on the relative magnitude of the linear and
nonlinear admittances. Similar results were obtained for the 1R mode.

In summary, the results obtained in the admittance caleulations indicate
that the magnitude of the nonlinear admitbance coefficient is comparable to
that of the linear admibbance coefficlent, especially at large pressure ampli-
tudes. To debermine if this result has a significant‘effect upon combustor
stability, calculations were made for typical liquid rocket combustors using the
nonlinear admittances. These resulis were compared with similar calculations -
using linear admitbances. The results of this investigation are discussed in the

remainder of this report.

Stability Calculations

Combustion instebility calculations have been made using the three mode

series consisting of the 1T, 2T, and 1R modes, These calculations have been
pade for differemt values of the following parameters: (1) time lag 7, (2)
interaction index n, (3) steady state Mach number at the nozzle entrance M, .
and (4) charber length-to~dismeter ratio L/D. A1l of the combustors that
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have been analyzed are atbached to nozzles with the following specifications:

radius of curvature of nozzle at the combustion chamber, o 1.0, radius of
curveture of nozzle at the throat, Top = 1.03; and nozzle half-angle, 61 = 20°,
In each case, golutions have been obtalned with both the linear and nonlinear
nozzle admittances.

A typical neutral stability curve is shown in the n-T plane in Figure 1l.
Since it was desired to study the limit-cyclé—: behavior of the mobor, the values
of n and T considered were chosen from the unsteble region of this stability
diagram.

Timit~cycle amplitudes and waveforms were calculated for T = 1.6
(resonant conditions) for several values of un as shovm in Figure 11. Wall
pressure waveforms (antinode) are shown for a mildly unsteble case (Point A,

n = 0.52) and a strongly unsteble case (Point B, n = 0.70) in Figures 12 and 13.
Figure 14 shows limit-cycle amplitude as a function of n for T=16, In
cach case both linear and nonlinear nogzle admittances were used in the calcula-
tions. These results show that the nozzle nonlinearities have only a small
effect on the limit-cyele amplitude and waveform even for falirly large amplitude
ingtabilities.

Similar comparisons were made for the off-resonant values of n and
T shown in Figure 11 (see points C, D, B, ¥). These results also show very
iittle effect of nozzle nonlinearities on the limit-cycle amplitudes for off-
resonant oscillations as seen in Figure 15.

Finally, comparisons of limit-cycle amplitudes are shown for various
exit Mach nmbers in Figure 16 and for various length~to-diameter ratios in
Figure 17. Again, limit-cycle amplitudes obtained using the nonlinear nozzle
boundary condition agree closely with Those obtained using the linear nozzle

boundary condition.

CONCIUDING REMARKS

A gecond-order theory and computer program have been cieveloped. for cal-
culating three-dimensional, nonlinear nozzle admittance coefficients to be used.
in the analysis of nonlinear conmbustion instability problems. This theory is
applicable to slowly couvergent, supereritical nozzles under isentropiec,

irrotational conditions when the combustion chamber oscillations are dominated
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by the 1T mode. Nozzle admittances have been computed for typical nozzle
geometries, and results have been shown as a function of the frequency and
amplitude of the 1T mode. )

The monlinear nozzle admittances have been incorporated into the
previously developed nonlinear combustion instability theory, and caleulations
of limit=cycle amplitudes and pressure waveforms have been made to asgsess the
importance of the nonlinear coubribution to the nozzle admittance. Tﬁese
resulbs show that nozzle nonlinearities can be safely neglected in nonlinear
combustion instability calculations if the following conditions are satisfied:
(1) the amplitude of the oscillations are moderate, (2) the niean flow Mach
nurber is small, and (3) the instability is dominated by the first tangential
mode. Therefore, the linear nozzle boundary condition used in the previous
nonlinesr combustion instability analyses is adequate for most cases involving
1T mode instability.
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APFENDIX A
PROGRAM NOZADM: A USER'S MAWUAL

General Description
Program WOZADM calculates both the linear and the nonlinear admittance

coefficients for a specified nozzle. These admittance coefficients are
required as inmput for Program COEFFS3D (see Appendix B) which calculates the
coefficients of both the Ilinear and nonlinear terms in the combustor amplitude
equation (i.e., Eq. {20)). The output of Program NOZADM is either punched .
onto cards or stored on disk or drum for input to Program COEFFS3D,.

Program Structure

-

A Tlow chart for Program NOZADM is shown in Fig. (A-1). The program
performs the following operations: (1) reads the input dabta, (2) calculates the
steady-state flow quantities in the nozzle, (3) obtains the starting values
needed to numerically integrate Eqs. (14) and (15), (4) performs the numerical
integration of Egs. (I4) and (15) to obbain the desired admittance coefficients,
and (5) provides the desired oubput.

The inputs to the program include parameters describing the nozzle, the
frequency and pressure amplitude of the fundamental mode, and the various
control numbers.

After reading the input, the program cbitains the steady-state flow
quantities at every station in the nozzle by calling the subroutine STEADY.
This subroutine also calculates the number of station poinks (NPLAST) in the
nozzlie.

The evaluabtion of the admitbance coefficients is carried oub in stages.
The work performed in each step depends upon whether or not the nonlinear
admittances are to be evalvated. If only the linear admittances are required,
only the equation for QP needs to be solved., Thus, the equations govering gp
are solved individuwally for each of the modes in the series expansion. On the
other hand, if the nonlinear admittances are also required the equations
governing the linear admittance for the fundamental mode (gl)and the amplibude
of the fundamental mode (Al) are first solved to obbain these gquantities at
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Figure A-1. Flow Chart.
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every station in the nozzle, In the subsequent steps, the equations for {

and ' for each of the remaining modes are solved.

Input Data

A precise definition of the input data reguired to run the‘ computer
Program is given below. The input is given through three data cards. In the
descripbtion of the cards below, the location number refers to the columns of
the card. "I" indicates integers and "F" indicates real mumbers with a
decimal point. For the I formats, the values are placed in fields of five
locations vwhile a field of ten locations is used with the "F" formats, TIn
elther case, the nunmbers must be placed in the rightmost locations of the
allocated field.

No. of
Cards Iocation Tpe Tnput Ttem Comments
1 1-10 F oL Mach nunber at the nozzle
entrance
11=-20 F ANGIE Nozzle half-angle
21=30 F RCC Radivus of curvature of the
nozzle at the entrance
31~40 T RCT Radius of curvature of the
nozzle at the throat
431-50 F GAM Ratio of-specji‘ic heats
1 . 1-5 I NOZNL1L TIf O: nonlinear admittances

are not evaluated

If 1: nonlinear admittances
are evaluabed

6~10 I NOUT Determines output
If 0: only printed output
If 1: printed: and stored on
disk or drum (output device
nunber 7)
If 2: printed and cards
punched in a format sultable
for the program COEFFS3D

ko



No of

Cards Location Type Toput IGem Conments
11-15 I TEXTN If O: no extension section

, If 1: an extension section
is present.

16-25 F EXTNSN Iength of the extension

section; omit if IEXTN =
1 1-10 L WC Frequency of oseillation
11-20 i) P1AMPT, Pressure amplitude of the

fundamental mode. Omit if
only linear admittances
are needed.
The nozzle parsmeters ANGIE, RCC and RCT corregpond to 81, rcc and r
in Fig. 2. For IEXTN = 1, the integration of Egs. (14) and (15) is conbirnued
beyond the nozzle entrance plane to a length FXTNSN within the combustion chember.

cb

When NOUT = 1, the values of the necessary admittance coefficients are stored
on disk or drum (device number 7) in a format suitable for input to program
COEFFS3D. If, instead of providing this data to program COEFFS3D through data
f£ile 7, it is desirable to provide punched cards only, NOUT should be 2,
Again the formzt 1s such tﬁa.t these cards can be fed To program COEFFS3D
directly.

Steady-8tate Quantities
The subroubine STEADY is called to avaluate the steady-state quantities

iy the nozzle. This subroutine first calculates the radius of the nozzle at
the throat necessary to obtain the specified Mach nunmber ab the nozzle entrance.
The steady-state flow quant:.‘r;:.es at +the throat are debtermined by the choking
conditions. Starting with these values, *+the steady-state flow quantities ab the
other stations in the nozzle are caleulated by numerically integrating the
steady-state equations starting from the throat. The subroubine RKSTDY deter-
mines the values of the steady-state velocity near the throat using vhe
Runge~Kutta scheme. These values are needed to start the Adam's predictor-
corrector scheme For integrating the steady-state flow equetion. The numerical

integration is performed by the subroutine UADAMS. Starting slightly upstream.
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of the throat, the numerical integration is continued till the nozzle entrance
is veached (radius of the nozzle R = 1), The arrays U and C conbain the

steady-state velocity and speed of sound respectively,

Coefficients

The complex coefficients that appear in the nozzle admittance equations
are evaluated in the program by calling the subroutine COEFFS, These coeffi-
cients contain certain integrals involving trigonometric and Bessel funetions.

The subroutine INTGRL sets up arrays for these integrals.

In"begrals

The ﬁecessary trigonometric integrals are determined by the subrouwtine
INTGRL itself. Denoting

@P(e) = cos (mpe },

the Integrals are as follows:

. 2m 2
spm (1, p) - | [%®)] 0,0 ®
21
! 2 )
ATPHA (2, p) = J [@P(e)] @l(e) a8
2m
amEa (3, p) = [ ©l(0) @ (0) @ (0) a
217- 5
atems (4, 2 = | [0 0)] @
0
. an
amem (5, p) = [ ©7(9) @ (6) @0

Ll



The intégrals involving Bessel functions are as follows!:

1 2
BETA (1, B) = | [R,()] By(0) r ar
o
1 2
m (2, p) = | [R,@)] mG) far
]
- 2
B (3, ) = | [RA®)] RG) rar
O
1
BETA (4, ) = | K(x) R () R (2) = @
o
1
mra (5, p) = | B(2) R () Ry) &
P
@]
- 2
BETA (6, p) = J‘[Rp(r)] r dr
Q
1
BETA (7, D) = f R (x) R, (x) ar
O
1
BETA (8, p) = _]l R;(r) Rp(r) r dr
O
X 2 1
mETA (9, 2) = | [R,®] T

Q

Here Rp(r) = J_'m[Smnr] where m and n are the transverse mode numbers

*or the phth mode. _
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These integrals of Bessgel functions are obtainéd ffom’tﬁerfdﬁctions
RAD1 and RAD2. RADZ2 provides the first five integrals while RADL provides
the last four integrals. Simpson's integration scheme .is.used in these
function subprograms tc evaluate these inbtegrals. The values of the Bessel
functions of the first kind are obtained using the subroutine JBES (see Ref, 17

Integration of the Differential Equations

For the numerical integration of the differential equations, a fourth-
order Adam-Bashforth predictor-corrector scheme is employgd. The necesgsary
initial values are obtained by using a fourﬁh—order Runge;Kutta scheme near
the throat. The Runge-Kutta integration is performed by subroutine RKTZ.

The predictor-corrector integration is performed by subroubines TADAMS and
ZADAMS. 'The values of the dependent varishles are stored'in the array ¥ and
their derivatives are stored in the array DY¥Y. The integration is continued in
steps of DP in the axial variasble (steady-state velocity potential) till the
combustion chamber is reached. '

After the numerical integration of all the differential equations is
completed, the admittance coefficients are evaluated. AMPL (J) and
PHASE(J) are the amplitude and phase of the linear admitt;ﬁce coefficient for
mode J. GNOZ(J) is the complex, nonlinear admibttance coefficient for mode J.

.

Output
The output of the program NOZADM contains two sections.

In Section 1, the parameters of the nozzle bheing analyzed are prinbted
oub. The output of this section occupies only one page and is essentially a
print out of the input data. The parameters, which are prinbed are:
the Mach number at the nozzle entrance (CM), the specific heat ratio (GAM),
the nozzle half-angle (ANGIE), the length of the extension ;ection, if any
(EXTNSN), the radius of curvature of the nozzle at the throat (RCT), the
radius of curvature of the nozzle at the embrance (RCC), and the mumber of
stations in the nozzle (NPIAST). Section 1 is printed Tor any value of the
control mmbexr WOUT. ) '
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Section 2 contains the nozzle admittance coefficients. Depending on
the value of the combrol number NOUT, Section 2 is printed, stored on disk or
drum or punched onto cards, These three modes of cutput will now be discussed
individually.

Printed oufput: The control number NOUT for this mode is O. The
printed output appears on one page and contains both the linear and nonlinear
admittance coefficients. For each coefficient, the real and imaginary parts as
well as the magnitude and phase are printed out. If nonlinear admittance
coefficients are not calculated by the program (NOZNLlr= 0), zeros are enbered
in the spaces for the nonlinear coefficients. )

This mode of output is inconvenient to use for instability analysis
gsince it would then be nécessary t0 manually punch all the input cards for the
program COEFFS3D.

Disk or Drum Storage: The control number NOUT for this mode is 1.

When disk or drum storage (like the FASTRAND System on the UNIVAC 1108) is

available, this is the most convenient means of storing the output of

Section 2. The necessary admitbtance coefficients are stored in a format suit-
gble for input to the program COEFFS3D. The device nunmber for this oubput
is 7. The control stabement needed to request the disk or drum storage on the
computer depends on the computer facilities being used.

Punched Caxrds: NOUT for this mode 1s 2. This mode of output is the

simplest way to run the instebility program. The cards containing the

necessary admitbance coefficients are punched by the compuber in a format

suitable for use with program COEFFS3D, which is the next program to be executed.

h7



FORTRAN Listing

N

kRkAdkdkdokkkrkurk PROGRAN NOZALM hakk &aaamamooon sk ok sk ok d ok okok ok ook okok 4ok

THIS FROGHAM EVALUATES THE LINEAR ANLC NONiINEAR AMI TTANCES
OF A SFECIFIED NOZZLE« ’ ;

THE FOLLOWING INPUTS ABE"BE@UIREﬁ:

G IS5 THE MACH NUMBER AT THE NOZZLE ENTRANCE.

ANCGLE IS5 THE SLOFE OF THE MIDILLE SECTION ‘GF THE NOZZLE.

RCC IS5 THE RADIUS OF CURVATURE OF THE NOZZLE AT THE ENTRANCE.
RCT 15 THE RADIUS OF CURVATURE AT THE THROAT.

Ga 15 THE SPECIFIC HEATS HATIOC.

NOZNL1 DETERMINES WHETHER THE NONLINEAR AIMITTARCES AHRE_TO
BE EVALUAT:D: )

NOZNLY = G NOT EVALUATEDs
NOZNLY = 1} EVALUATED.
KOUT DETERMINES THE QUTFUTT: . .
NOUT = © FRINTED GUTPUT ONLY
NOUT = 1} FRINTED ANLD URITTEN INTO A FASTRAND FILEs
NOUT = 2 PRINTEL ANL AIMITTANGCES FUNCHFD INTO CARDSs
IEXTN DETERMINES IF THERE 1S AN EXTENSION SECTION - .
1EXTN = D NO EX1ENSIOK SECTION. ;
IEXTIN = 1| THEHE 15 AN EXTENSION SECTICON.

EXTNSN IS THE LENGTH OF THE EXTENSION SECTION.

WC IS5 THE FRECUENCY OF THE FUNDAMENTAL MODE.
FlaMFL IS THE PRESSURE AMFLITULE OF THE FUNDAMENTAL MOLE.

2R R NN+ R e N e Nt NN r e R R r R e Ne Ry Fr R e R N Re R r R e R Re R R R R R e N

COMMON FX17CMs ANGLE» RCC» RCT»GAM» €2 K T2 DF
/X2/TRisRESNFLASTsNEND> LFXIN -
FEISUCs SUNS IP»MOLESs NUsKF(3)

FXLrRUCTIS REUCTISZ THRE L, GTHRL

7X5/0¢ 10002, EUC 10007, CC1000) s FWC 1000
JXE6/AFN, AFNTS AFN2

. /XT/ALPHACS» 325> BETA(9., 3)

/XE/ZEKC LO00D

COMFL EX AFNC100G)» AFNIC1000) s ARN2C 10002 ACHNERs CONSTs
CCC253,CLI(25)2CFHs CFMs CFN2 CEGRF 15 CGRF2s
INHMG, INHMG1,ZTHERESZ THR1» AHs AH 12 GTHER, GIHE 1,
ZETA» TAU>LINAIM, LFK» GNOZ(3)

DIMENSION GUaAIsGFC»Y (422 DY Qs )5 SMNCIIS I STERC3)

1 NAMEC3), PHASE{3)s AMFL(3)
DATA (NAME(MOLE)}, MODE = 153) /2HITs2H2T, 2HIR/
' i (SMNCMODE)S MODE = 123) /1+84118534054242 3B3371/

S AME LN e

Gy B v

KEAD (5250052 CMsANGLErRCCsRCTsGAM
HEAD (5:,5010) NOZNL 1, NQUTs IEXTNs EXTNSN
READ (5,5015) WCs FlaMipl
CRINI = GAM = 1.
GFL1 = GAM %+ 1+
DF = ~0-002
C ISTEP = 1 3 INTEGRATE FOR ZETA ONLY.

gggﬁf Wl
ALy
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0

o, o0

a0

20
25

1STEP = 2 13 INTEGRATE FOF ZETA & AH.
ISTEF = 3 3 INTEGRATE FOR ZETA & GAMNA.
IF (NOZNL1 «EGe« 1} &0 TO 10O
ISTEF{1) =

IS5TEF{2) =

ISTEP(3) =
GO TO 15
ISTEFC(1)
ISTEF(2)
ISTEP(3) =
CONTINUE
KF{1} = 1
HF(2} = 2
KP(3) ¢« 2

-t b et

L]
[N AN )

OBTAIN STEADY-STATE QUANTITIES IN THE NOZZLFE .
CALL STEADY

FRINT OUT THE NCZZLE FARAMETERS.
VRITE (6510053 '
WRITE (651010) CM

WRITE (6210152 GAM

VRITE (6, 1020> ANGLE

WRITE (651025) EXTNSN

WRITE (6,1030) RCT

¥RITE (621035) RCC

WHITE (651040) NFLAST

NEND = NPLAST
IF (IEXTN oNEes 1)} GO TO 25

DETERMINE NUMEER COF S5TATIONS IN THE EXTENSION KEGION.
PEFINE STEADY-STATE QUANTITIES IN THAT REGION.

UEXT = UCNFLAST)

NENE = NPLAST = (EXTNSN % UEXT #% «5) 7 DF
DO 20 NP = NPLAST»NEND

ULNP} = U(NFLAST)

C(NP} = C(NFLAST?

DUCNPY = DUCNPLAST)

RW(NP) = RUW(NFLAST) ’

CONTINUE

AND

CONTINUE ORIGINAL PAGE I¥

IF (NEND +GT. 1000} GO TO 550

CALL INTGHL
SRTRe(RT*RCTI%* 5

ACHMBR = CMPLX (FIAMPL /7 CWCXGAM)Y 20.)
IF (NOUT «EQ+ 0) WRITE (6,1050) wCsFlaMFL
IF (NOUT +EQ« O} WKITE (651055)

D0 500 MODE=1,3
IP=I STEP(MOLE)
SVN=SKNIMODE)

OF POOR QUALITH
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c

SUNR=SUN/RT

Cok e ke sk ok e e o of o o ok STAE‘i‘I NG VALUES SECTION®¥Eiakkakarikk k¥ kiok 3okt Rk ¥k dok ook bk

C

oo

aaaa

110

136

140

50

P=0.
AHER =
AHI =

1l
Ge

AH = CMFLX (AHR,AHL?
Ur = 01}
CP = C(1)

ook o ke

DUl

Ru¢ 1)

COEFFS <UF,DUFsCFsERWF,COY

CCCL)

CC(2Y + CC(6)

CCC3) + CCC4)y + COCS5Y + CCCTY + CCLB)

*%%4R+¥DERIVATIVES OF THE COEFFICIENTS AT THE THROADE*exkskkx

EVALUATE DERIVATIVES OF LINEAR COEFFICIENTS.

EH = -
ECFH1
XR =
Xl =
CFM1
XR =
1
2

Xl = -~
CFNL =

tnor en

SET U

4¢/CGPL1 * SRTRI
CMFLX (XRs0e)
(24 % 4o * GAM) / (GPL] * 3. % RT * RCT>
8s * WC * KP(MODE) / (GFL1 * SRTR)
CMFLX (XR»XI) ‘
2e%GMIN1 * (BETA (8,MODE) + PETA (7sMOLE) + BETA (9,MODE)
* ALPHA (5,MODE) / ALPHA (4»MODE)) / (GFL1 * KT * RT
* SRTR * BETA (6,MOLE)) ‘
€12 + 2%GAN) * WC * KP(MODE) * GMIN1 / (3.%GFL1 * RT*RCT)
CMPLX (XE»X1)

P VALUES AT THE THROAT . BY. TAYLOHRS EXFANSION

STARTING VALUES ¥OR ZETA -

ZTHR =

- CFN 7 CFi

ZTHRl = ~ (CFM]1 » ZTHH + CFH! * ZTHR * ZTHR + CFN1) 7 CCFH1 + CFM)

ZEKC1)

IF (MO

= ZTHR

DE.NE+1) GO TC 110

AFNC1) = AH

AFN1C1>» = AFNC1) % ZTHR i
AFNE2C(1) = AFNIC1) * ZTHR + AFNC]) * ZTHRI -
CONTINUE

GC1) = REAL (ZTHR)

GL(2) = AIMAG (ZTHR)

DY €1s1) = REAL (ZTHR1)

BY (28,13 = AIMAG (ZTHRI1?

GO T0 €120,130,140)» 1P

G(3) = AHR

G(4) = AHI

AH] = AH * ZTHR

DY (3212 = REAL (AH1)
DY<4,1) = AIMAG (AH1)
GO TG 120
CONTINUE



26

0 e

CGRPI = CCC13) + CCC14a) + CCCI9) « €C(23) + CC(24) + ccies

CGRP2 = CCC10) + CCC113 + CCC37) + CLC2OY + cCC21) + CCc22)

INHMG = =CGCI8) * AFNC]) * AFN2C]1) - CC(12) * AFNI1C1) * AFN2C1)
~¢CCC9) + CCUL15)) * AFNIC1) #» AFNICL1) - CGRP1 * AFNCDY *
AFNIC1Y ~ CGRPZ2 % AFNC1) %= AFNCI)

EVALUATE DERIVATIVLS DF NON-LINEAR COEFFICI ENTS.

A1B1 = ALFHAL1,MODE) * BETAL 1,MODE?

L2B2 = ALFRHACZ,MODE? * BETA{S,MODE)

A1B3 = ALFHAC1,MODE) * BETA(ISsMCLE)

ALBE = ALFHAC4,MODE) » BETAC6sMODE?

L0 26 J ® 1225

CCI€J) = CMPLA (002002

XR 5 = (2.%A1B1 % WG Y (A4BS5 % GFL1 #» SRTR)

X1 s XR )

CC1¢9) = CMPLY (XRsXI)
XRE = + C4e ¥ A1B1) 7 (341415927 * GFLI * SRTR * A4B6)
X1 = - Xk

i ¢12) = CMPLX (XFR»XI)

XE = = A1B3 7 (GFL1 % RT * RT ¥ SRTR * A4E6)

X1 = - XR .

CCi €13) = CMFLX (XRsX1) -

XR &= = A2B2 7 (GFL! * RT * RT * A4B6 * SRTR)

Xl = = &R

cCl ¢34 = CMELX (XRsXI)

¥BE & = AIBI % (3e%xGFL1 * SRTR + GMIN1 * C12«+GAMY)Y /
1 (2. * AT % RCT % GFLt * GEL1 % A4B&)

Xt = - AR

CC1 €15) = CMFLX CXRsXI1) :

R = AIB3 %* (Qe = DeR(AM « GAMRGAM) 7/ C(1B. * KT**3 % HCT *‘GFLI
| * A4B6)

Hl = = XR

cCl €16) = CHMFLX (XRsXI1?

XB = AZR2 * (9. = 2%*GAY = GAMEGANY # (12« % RT*%3 * RCT = GFL1
1 . = A4B6)

X1 = = XR

CC1 ¢17) = CMPLX (XEeX1)

¥R = = (GMINl * WC % AlBl) 7/ (GFLI * SRTR * A4B6?

X1 = XR

CC1 ¢18) = CMFLX (XR.XD)

XR &= » C(GMIN] % (64¢GAM) * WC % AlBl) 7 (3« * GFL1 * RT * RCT
H % A4B6)

¥l = XR :

ccl (193 = CMPLX (XReXI1)

¥R = = (GMIN1l * ALFPHA (1sMODEY * (BETA CgsMODE)Y = BETA(SsMOLEX)?
1 / (GFL1 % RT * RT * SRETR *- A4B6&)

¥! = -~ XR

CCi (23) = CMFLX (XReXI1)

XH = =~ CGMINI % ALPHA (1,MODE) * RETA (S:MODEY & Ze)
1 7 (GPL} * RT * KT * SRTR # A4B6)

Xl = = KR

CCY ¢(24) = CMPLX (XR.XI)

XR = - (GMINI #* ALFHA (3sMODE} * BETA (2,MDDEX

1 s (GPL1 % RT % RT * SHIR * A4B6)

¥I = = XR

51



Qo

OO0

160

162
170

150

52

CCl {(25) = CMPLX (XRsXI)

INHMGY = = AFNZC1) = AFN2(1) * CCC(12) - AFN1C1) % AFN2(1) *
CCCC18Y + CCICI8) + 2%CC(9) + B«*(CCC15)2 -~ AFN2C(12
* AFNC1Y % (CCIC1BY + CGERF!1Y - AFNIC1) * AFNIC]1) =
(CC1(9) + CCI1(1S) + CGRF1) = AFNIC1) * AFN(I) *
(CC1(13) + CCI1C14) + CC1(19) + CCLC23) + CCil(24)
+ CC1(25) + 2«#CGRF2) =~ AFN(1) * AFNC1) * (CC1{10)
+ CClC11) + ECIC173 + CCI(20) + CCI(21) + CClC22X»

U DWW

STARTING VALUES FOR GAMMA

GTHR = = INHMG / (CF * CFM)

GTHR] = (~CF % GTHR % (CFHi * ZTHR + CFM1) + (GMIN]1 % «5 x 4 /
1 ¢ GFL1 * SRBRTR»? * GTHR * (CFH1 + CFM) -~ INHMG1) 7/
o ¢ CP * CFH! + CF * CFM)

G{3) = REAL (G6THR)

GC4) = AIMAB (GTHR)

EY €3,1> = REPL (GTHRIL)D

DY €4,1) = AIMAG (GTHR1)

CONTINUE ¥

BdopkkkkkicnkkkNUMERI CAL COMFUTATI ONS%k¥kkkkdkkkddohsk ks kdkkdr ok gk %

RUNGE-KUTTA INTEGRATION TO FROVIDE INITIAL VALUES
FORE FREDICTOR~COHRRECTOR INTEGRATION

D0 30 IFK = 24
CALL RKTZ{DPsFsGsGPs IRK)
P=p+DP

ZR=G( 1))

ZI=G(2)

ZRHKCIEBK) = CMFLX (ZR.Z21)
DYC 141 RKI=GPC 1)

DY (2, I RK)=GP(2)

GO TO (150s16051703s IP
AHR = G(3)
AHI = GC4)
DY (3, IRKY=GP(3)

LY €45 I RK ) 2GPC 4)

IF (MODEeNEs1) GO TO 162

AFN (IFK) = CHMPLX (GC33»6¢4))

AFN1 CIRK> = CMPLX (GP<3)2GP{4))

AHZ = G(1IRGP{3) ~ G(2)*BP(4) + GF{1)%G(3) -~ GP(E2)*GL{4)
AIZ = GC2M»%GPU3) + GCIY*GFE(4) + GFC(2Y*G(3) + GF(1)*G(4
AFNZ2(IRH) = CMPFLX (ARZ2,Al2)

6C 10 150 -

CONTINUE

GAME = G(3)

GaMI = GC4)

DY(3s IRK) = GF(3)

DYC4s IFK) = GPC4)

CONTINUE

CONTINUE

YC13=2ZF



190

eoe

-
2]
o

a0 a0

35

40

220

Y(2)¥=21

GO TO (180.190.2002» 1P
Y(3) = AHR

Y{&) = ARI

G0 TC 180

CONTINUE

Y(3) = GArER

Y(4) = GAMI

CONTINUE

FREDI CTOF= CORFECTOR INTEGRATION
CALL ZADAMS (DFsP.Ys LY, TORZ)

CALCULATE LINEAR AIMI TTANCE COEFFICILENTSe
UE = UCNEND) '

CE = CC(NENDY

RHOE = CE #% (l./GMIN1>

FR = WG * KF(MODE)

F = UE #* .5 ¢/ (FR*GAM)

IF (CITORZ «EQe 13 GO TO 35
ZR®Y( 1)

ZiasY ()

ZETA = CMPLX (ZR,ZI12

LINAEM = F * CMFLXCDesr1a) * ZEIA
G0 T0 40

TRe YC13

Tl = Y(2>

TAU = CMPLX (TR, T1)

LINAIM = F * CMPLX(0as1<) / TAU
CONTINUE

YR = REAL (LINALM)

YI = AIMAG CLINADM)

YMAG = CABS (LINADM)

YFHASE = ATANZ (YI»YR) * 180 7/ 31415927
AMFL{MODE) = YMAG

PHASE(MODE) = YFHASE

GO TO (210s220,230)» IF

AHR = YC(3)

AHI = YC(4)

IF (MODE «NEs 1) GO TO 210
CONST = ACHMBR 7/ AFN(NEND)
DO 50 NF = ]1,NEND

AFNCNF} = CONST %= AFN(NF)
AFNICKF) = CONST * AFNI(NF)
AFNZ2INPY = CONET ®= AFNEZ2(NF}
CONTINUE

NONLINEAR ADMITTANCE CGEFFICIENT IS ZERO FOH

GAME = Ow
GAML = O
GMAG = ODe
GFHASE = Qe
GEYY = 0.0

1T MODE.

23



GNOZC 12 = (0+«0,00)

GO TO 21
230 CONTINUE

C CALCULAT
GAMRE = Y
GAMI = Y

1]

E NONLINEAR AIMITTANCE COEFFICIENTS.
3
{4)

GMAG = C(GANMR * GAMR + GAMI * GAMI) %* .5

GFHASE =

ATANEZ (GAMI,GAMEY * 1ED. 7 31815927

GBYY = CARS (CMFLX (GAMR,GAMI) 7/ LINADD

GNOZC(MOL
c
210 CONTINUE
IF (NOUT

E) = CMPLXC(GAME, GAMI)D

«FQs 0) WRITE (6510603 NAME(MOLEYs YH» Yl

1 YVMAGs YPHASE», GAMEs GAMI» GMAG, GFHASEs, GEYY

s00 CONTINUE
510 CONTINUE
sao CONTINUE
550 CONTINUE
IF (NOUT
B0 570
1F (NOUT
IF (NOUT
570 CONTINVUE

«F@s 02 GO TO 560

= 1, 3

+EGe 1Y WRITE (7270053 J» AMFL(J}» FHASE(D)
+ECQs 2) PUNCH 7005 Js ANMPL(J)» FHASEC(D)

IF (NOZNL1!1 EQe 0) GO TO 560

DO S80 J
1F (NOUT
1F (NOUT
580 CONTINUE

= 1, 3
«EDe 1) WRITE (7,7005) Js» GNOZCJ)
+EQs 2> PUNCH 7005 J» GNDZCJ)

560 WRETE (62106572

C dekdokddmkkooiokokdoktk READ FORMAT SFECIFICATIONS soksksk sk dokfok dox sk &

5005 FORMAT (
S010 FORMAT (¢

6F10«0)3
3I5:+F10-Q2

5015 FORMAT (2F10.0)

- C sk Rtk fbkkikk YRITE FORMAT SFECIFICATIONS sk kimkondoksiskmkkkd

1005 FORMAT ¢
i
1010 FORMAT
1015 FORMAT
1020 FORMAT
‘1025 FORMAT
1030 FORMAT
1035 FOEMAT
i
1040 FORMAT
1050 FORMAT
1
2
1055 FORMAT

5k

VTH» 2777777775 85K s 1 TH R Rk ok ik ko y /o 55X s

17HENQZZLE FARAMETERSs 73 45X | THE Rk Rk kEk kb khkks /S S/ /1)
C1HO: 25X "MACH NIRMBER = “sF4.2) .
CIHD: 25X CANMA = “aFd4e2)
C1HO» 25X»"NOZZLE ANGLE = s F5.2)
C1HOD» 25X>YLENGTH OF EXTENSION SECTION = "2 F4.2)
(1HD» 25X “REALI US OF CURVATURE AT THE THROAT = “sF7+5
(1HOs 25X “RADIUS OF CUEVATURE AT THE NOZZLE ENTRANCE = *»
F7e52
CiHD» 25X "NIMBER OF STATIONS IN THE NOZZLEL = "»I14)
ClHLs £7 775 H6X 5 | SHRdck%K2GkkAok kR kK g Fp JEX s

1EHNOZZLE ADMI TTANCESs 75 46X s 18HERF ¥4k ek ik kktkhd ko LA/ 111y
20X, "FREQUENGY = "sFBebs 40X, "FRESSURE AMPLITUDE = "“»F6.4)
C/2777770 5% " MODE"s 10¥s CHY Fe OX» BHY I 20X "YMAG™, 9% "Y FHASE™,

ORIGINAL PAGE IS
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1060
1065
7008

11X+ 2HGRs 9Xs 2HGI s9Xs 4HGMAGs 10X » GHEGFHASEs 1 3Xs JHG/Ys 77)
FORMAT (1HOs 5XsA2s2X»3F12¢42F 1645, 3F12e4,2F16.4)
FORMAT (1H1)
FORMAT (I5,2F10+95)

ppprargnppe e T TP T TTY LT ITI IS SRS E 2222 S 22 2 R 2 2L S L Lo 2o bl

STOP
END
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SUBROUTINE STEADY
THI S SUBROUTINE EVALUATES STEADY-STATE OUANTITIES IN THE NOZZLE.

NOZZLE PHOFILE AND FLOW PARAMETERS ARE PASSED TO *THE SUBROUTINE
THROUGH THE COMMON ELOCKS X1 AND X2.

THE SUBPROGRAM PROVIDES THE OUTPUT THROUGH COMMON ELOCH X3S

U 1S THE SQUARE OF THE STEADY-STATE VELOCITYS

DU IS THE DERIVATIVE OF U WITH KESPECT T0 STEADY-STATE FOTENTIAL
€ IS5 THE SQUARE OF THE SFEED OF SOUND: ’
RW 1S THE RADIUS OF THE NOZZLE.

THESE DUTPUT QUANTITIES ARE STORED IN THE RESPECTIVE ARRARYS AT
INTERVALS OF DF IN F (STEADY~STATE FOTENTIAL).

COMMON /X1/ ClasANGLEs RCC»RCT-GAM», Qs RT2 DP
COMMON /X2/ T»Ri»hE2,.NFLASToNEND,IEXTN

COMMON /X447 RUCTISRDUCTISZTHEl» GTHR]

COMMON /XS57 UC10003,DBUC10003,5,CC1000), RWC1000?

T= 321815927%ANGLE/Z {80

FT = (CM#%e5Y %k ({]e+(GAM=1+3%CMk%D/Ba) ** ({(=GOM~14)/
CAF(GAM=1)IIIXC(22(GaAM+1)) %% ({~GAM=~1)r/CAH«x(CAN~LIDIDID

SRTR = (RTxRCTY *%+5

0 = (+25%RT)Y & ((2.7/(GAM+ 1)) % C(GAM+1e) / Clam(GAM-1323)

Rl = RT+RCT*(1.=-COSC(TY ’

B2 = 1.~RCC & (1=~COSLCTY)

Re=KkT

F= Q.

Rw(l) = RT

1) = 2.7(GAM+14)

RUCEY = UC1)

e¢iy = 0UC1I

PUCE) = 4a/(CGAM+ 1+ 3%SRTER)

RTUC1Y = DLC1)

G = Ul

Do 30 1=2,7

CALL EKSTDY (P»GsGF)

P = P + DP/2s

RU(IY & G

RDUCI )Y=GP

IF ¢! +EQe 2%x(1/2)> GO TO 30

NP = (1+13/2

UYNP} = RU(1)

DUCNF)Y = RDU(CI)

CI(HNP) & le=(GAM-LIXULNFY%*.5

RUCNP) = Qkk((CCNE)Y) %% (~1e¢/(2e%{GAM=1432)3

ECUNPYk¥« o 25)% Jo
CONTINUE
CaLL UADbAMS (F?
RETURN
END

a
»
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SUBROUTINE RKSTDY(PsG»,DUM)

THIS SUBROUTINE FERFORMS & FOURTH ORDER RINGE-KUTTA INTEGRATION
TO OBTAIN STARTING VALUES OF STEADY-STATE VELOCITY FOR THE

PREDI CTOR~CORRECTOR METHGD.

P IS THE CURRENT VALUE OF THE STEADY=STATE FOTENTIAL: INFUT.

6 IS THE SQUAKE THE STEADY~STATE VELOCITY: INFUT AND OUTPUT.

AS QUTPUT, G IS THE VALUE AT THE NEXT STEFP.

B IS DERIVATIVE OF THE SGUARE OF STEADY=STATE VELOCITY: OUTPUT.
D IS OBTAINED BY CALLING SUBROUTINE HREKUDIF.

COMMON /X1/ CM»ANGLEs RGCs RCT2GAMs 82 RT» DF
DIMENSION AC4)FZ(4) .

All)Y & 0o
A( 2} = 0-5
A(Q) = (.5
Alg) = §a
H = DP/Z2.
FR=F

Gh=G

CALl., FERUDIF(PR,GEs DM}
FZC1) = DM

D0 30 Il=2,4

PR = P+A(1)&H

GR = GHACTIRH*FZ(I~1)
CALL FHRKUDIF (PRsGRs,DUM)
FZCI) = DM

CONTINUE

G = G + Hk (FZC1XY + 2%(FZ(2)+FZ(3)) + FZC5))/6»
CaLlL RAUDIFC(PE.GsDUM)
RETURN

END
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SUBROUTINE

RKUDIF(F»GsGF)

TH1S SUBROUTINE EVALUATES THE DIFFERENTIAL ELEMENT IN THE

RUNGE~KUTTA INTEGEATION SCHEME FOR SOLVING THE EGUATION FOR SQUARE

OF STEADY-STATE VELOCGITY.

-

P 15 THE VALUF OF STEADY-STATE FOTENTIAL AT THE STATION.
WHERE DIFFERENTIAL ELEMENT 1S5 SOUGHT: INFUT.

6-15 THE VALUE OF THE FUNCTION AT F5 INFUT.

GP IS5 THh KEQUIRED DIFFERENTIAL ELEMENT.

COMMON /s/X1/ CM, ANGLE»FCC, RCT»GAM2 O kT P
COMMON /227 ToR1oR2sNFLAST,NENDsTEX TN
COMMON #X 37 WG:SUNJ}P:MODE?NU:KF(ﬁ)

IF (F) 15,

1015

GF = 4o/ ((GAM+]e) % ((RCTXRT) %%+5))

G0 TO 20

C = 1=-(GAM~1+)%G*a5

*k (=]l C2ekx{CAM=1e33)) % <G**-.25) * La
28, 22,50
252 30,30

DR = =((2+%RCT#(R~RT) = (RK-RT) % (F-RT))}**e5} / (RT+KCT=R)

R e @O
IF (R=1.)
IF (R=Rl)}
GO TO 45

IF (ER=E2)

355 40» 40

LR = -TANC(T)

GO TO 4%

DR = ({2#RCC*¥(1-HKY = (R~1)Y*%(R~1)) #%5) 7 (le=B=KCC}

DU = =(G**

GF = DUXLR
GO TO 20
GP = Qe
RETURN

END

2 TSIECOHRCL{ReRkGAM=1) / CLe*(GAN=12I3Y) 7
COXCLemCGANM+ 1) * GHe5))
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SUBROUTINE UADAMS(P)

THIS SUBROUTINE CARRIES OQUT A MODIFIFD ADAMS PREDICTIOh~CORRECTOR
INTEGRATION SCHEME TO SOLVE THE BIFFERENTIAL EQUATION FOR THE
STEADY~STATE VELOCEITY.

P IS5 THE VALUE OF THE STEADY~STATE POTENTIAL AT THE STATION,
WHERE PREDICTOR-CORKECTOR INTEGRATION COMMENCES: INFUT.

DURING THE FPROGRAMs F 15 CHANGED T0' THE VALUE AT CURRENT STATION.
H I5 THE S5TEP-51ZF; INFUT THROUGH COMRMON ELOCK Xl

COMMON BLOCKS X1 AND X2 FROVIDPE DETAILS OF NOZZLE FROFILE.

THE STEALY-STATE QUANTITIES ARE THE OUTPUTs AND
ARE PROVILDED BY MEANS OF CCGMMON BLOCK XS

COMMON /X1/ CMsANGLE,RCC»RCT» GANMs 05 HTsH
COMMON rsX27 T»>R1,RE2sNFLAST»NENDs JEXTN
COMMON /X5/ UCI10002,DUCICO0Y2CC10002RWCLI000)

NP=4

CONTINUE

PRED = UC(NF) + HX{S55.%DU(NP) = S9%DU(NF=1) + 37.xDU(NF-2)
~Q«XkDUCNF=3))r2460

PP+ H

NP = NP + 1}

UP = PRED

CP = 1+.~(GAM=~1.3%UF%*45

B o Ok(CPFA¥(=1e/ (2+%(CAM=14I2I) % (UPk%k=,25)x .

1F R = 1s THE NOZZLE ENTRANCE HAS BEEN REACHEDe
IF (R=1«) 175175100

IF (R~R1) 20,225,285

DR = =((2%KCT¥(H=RT) = (R=RTI*(K=RT))*%+53 / (RT+RC7«R)

GO TO 40

IF (R-R2Y 30s35s3%

DR==TAN(T>

GO TO 40

PR = ({2+aRCCk{1a=R) = (1e~RIX{1+-RIVI*%:5) / C}]l~-R~ELCC)

DO & =(UPk%+75) % {CPXR{({Z2+%xGAN=1) / (2%(GAM~]I)I)) 7~
CQkClo=~(GANM+L+) % UFP % «52)

DUP = DR*DR

COR = U(NP~1I)+H* (G +&DUF+ 19« LI(NF~ {2} = S«%DU(NF~2)
+DUINP=-3))784.0

UP = (251%¥C0R + 19.%PREDY / 270«

CP = 1e=(GAM=1c)%UP*e5

R = GF(OPX¥(~1+/ (2:%(CAM=12))) * (UP*%=o25)% fe

IF R = 1l» THE NOZZLE ENTEANCE HAS BEEN REACHED
I1F (R=1+) 62-62,100

IF (E=R1} 65:70»70

DR = =({2+%RCTH(H=RT) =~ (R+RT)*(R=FKTII)=**.5) / (RT+RKCT-R)
GO TO 865

IF (R=R2) 75,B0s80

ORIGINAY, PAGE 1§
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80
85

87

100

60

1

DR = =TANCT)

GO TG 8BS .

DR = ({Z24%xRCC*(1e=R} =~ (1+-RI¥C1+=RII%%e5) 7 (1le=R~KCC}:

DR = «(UF*%*<75) % C(CP**x{{(B+*CAM=1) / (L«%(GAM=1I)))/
COX(l.-(CAM+14) % UF * 25)) ’

iF (NP «GTe« 1000 GO TO 87

STORE S5TEADY STATE QUANTITIES AT STATION NF IN RESPECTIVE éRBBYS.

DUCNP)=DR%*LQ
U(NF) = UF
C{NFP) = CF
RW{(NP) = R

GO TO 10O
NFLAST= NP1
RETURN

END
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SUBERODUTINE COEFFS (UsDUsCeRsCC)

TH1S SUBROUTINE COMPUTES THE COEFFICIENTSe

UsDUsCs R ARE THE STEADY~STATE GUANTITIES AT THE AXIAL LOGCATION,
VHERE THE COEFFICIENTS ARE REQUIRED.

CC ARE THE COMFLEX COEFFICIENTSe

SUBROUTINE INTGEL PROVIDES ALPHA & BETAs THE VALUES OF TRANSVERSE
INTEGRALS THROUGH COMMON PLOCK X7.

COMMON /X3/ WCs SUNs 1 FoMODE, NU.KP(3)
COMMON/X7/ ALPHA(S,3)s, BETA(9,3)
COMPLEX €C(25)

DATA GAM/Z 1.2/

GMINL = GANM -~ 1.

¥M = MODE

A4BE = ALPHA (4,M> ® BETA (65M)
RSQR = R * K

Caeokokkkekkd LINEAR COEFFICIENTS e koo o sl 2 G ok Akl o o o e v o o e e o o ok ok R e Ok

C

c

c

CCR = U % (C=-1)
CCL1) = CMPLXCCCE»0.02

CCR= - UsDU 7 C

CCC2) = CMPLX{CCR»0«0)

CCR = C * (BETA (8sM) = BETA (7sM)) 7/ (RS@R * BETA (6.M)2
CEC3) = CMPLXC(CCRsDe)

CCR = 2« % © % BETA (7,M) / (RSGR * BETA (6sM1D

CC(4) = CMFLX(ECRs0.03

CCR = C * ALFHA (5,M) ® BETA (9.M) / {ESCE * A4B6)
CC(5) = CMFLX(CCR»0:+02 .

CCR = (0

CCl = = 2+ % LC % U % KP(M)

CCe¢6Y = CMPLY C(CCRsCCI

CCR = 0«0

CCI = -~ GMING * WC * KP(M) % U * DU 7 (2« * ©)
CLC7Y = CMPLX (CCRsCCI)

CCR = (WC * KF(M)) *x2

CCI = 0.0

CCC8) = CHELX (CCR»CC1)

IF CIP +NE« 3 GO TO 110

Chkokaiockkk® NONLINEAR GOEFFICIENTS-#**#******#**********t*#**#******t

ALPHA C1,M)

Al =

A2 = ALPHA (2,F)

A3 = ALFHA (3.M)

Bl = BETA (1.,M)

B2 = BETA (2,M)

B3 = BETA (3,M}

B4 = BETA (4s102

BS = BETA (52092

CCR = = «5 % Al¥Bi * WCxU / A4E6
CCI = CCR

CC(9) = CMFLX (CCHsCCL?

61
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CCR = = ¢5 % Al * B3 * WC / (RSER * A4E6)
CCI = CCR
CCC10> = CMPLX (CCR,CCI?

CCR = = .5 ¥ A2#*B2 * WC / (RSOR *= A4B&)>

CCI = CCR

GCC11) = CMPLX <CCRsCCI)

CCR = = ((GAM+1+) * DUkU * A1%B1) / ca-*3-1415927*A4863
CCI = ~ CCH

CCC12y = CMFLX (CCR.,CCI) . .

CCR = = (U * Al % B3) / (4. * RSOK * A4B6)

CCl = - CCHR

CCC13) = CMPLX (CCRsCCI)

CCR = - (U * A2 * B2) 7/ (4. % RSER * A4B6}

CCI = = CCR '

CCCl4Y = CMPLX (CCR»CCI1)

CCR = « 3Je¥U % (le + «5FCGMIN1 * UkDUSC) * Al*¥Bl 7/ (B+%ALB63
CCI = = CCR

CCL15) = CMFLYX (CCR.CCI)

AN

CCR = = DU % Cle = (2.=0GAM} * UsC) # Al * B3 7 (16 * KSGR * A4B6)
CCI ="~ CCR .
CCC16) = CMFLX {CCRsCCIY ’ -
CCR = = DU * (e = (2.-6AM) % U/CY * A2 % B2 7/ (16 * KSCRK * A4E6)
CCI = = CCR .

CCC17) = CMFLX C¢CCR»CCID)

GCR = = (GMINI % WC * Al * Bl) 7/ (he * A4EE)

CCI = CCR

CCC18) = CMFLX CCCEH,CCI) )

CCR = =~ (GMINI * WC % U * DU * Al % BI1) 7/ (4. * .C * A4B6)

CCl = CCH !

CCC19) = CMFLX (CCR.CCI)

CCR = - GMIN1 % WC * Al * (B4 - BS5Y / (4. * RSGE'* A&P6)

€CI = CCR

CCC20) = CMFLX C(CCE»CCI)

CCHR = - GMIN]1 # Al * BS 7 (2. * RSGFR * H4LEG)
CCI = CCR
CCC21) = CMPLX (CCR,CCl)
CCH = - GMIN1 # A3 * B2 7/ {4+ * RSER ¥ A4B6)
€CC1 = CCh
CCCa2) = CMFLX (CCR,CCl)
CCR = = GNINI * U%A)l *x (B4 - B5) 7 (4. % RSGR * A4E6)
CCI = - CCR
CCC23) = CMFLX (CCR»CCI)
COR = - GWINL * U * Al * BS 7 (2+¥RSQR =* A&B&)
CCl = ~ CCR
CC(24) = CMFPLX (CCER,CCIl)Y
CCR = = GMIN! * U * AS * B2 7/ (4.%xHS0R * A4B6)
CCI = = CChH
CC(es5) = (CMFPLXK (CCE;CCI}
110 CONTINUE
RETUEN
END
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SUBROUTINE INTGRL

THIS SUBROUTINE EVALUATES THE DIFFERENT TREANSVERSE INTEGRALS.

COMMON/X7/ ALPHALS5, 3)» BETA(9:3)
S1 = 1.84118

3.05424

3.83171

3.1415927

wn
[A]
nann

sedkarokkdokkokk ko k ® TANGEN TI AL INTEGRAL5##*****************************

DO 20 NOPT = 153
ALPHA (NOPTs1) =0.

ALPHA Cas1) = L0
ALPHA (5,1 = =1.0
ALPHA (1,2) = Q&5
ALFHA €2:2) = =05
ALPHA (322) = =05
ALPHA (4,2) = 1.0
ALFHA (522) = =40
ALFHA (1,3 = 10
ALPHA (253) = 10
ALPHA (3233 = =10
ALFHA 4,3) = 240
ALPHA (553) = 0«0

PG 30 -1 = 1.5
PO 30 J = 1.3
ALFRACI»v) = PI*ALFPHACI»Z)

k¥ rekskx RADI AL INTEGEALs*********m*#t*t***t*****s***t******s*

LO 40 MNMODPE = 1,3

GO TO (110s120,130)» MOLE
M=1

5=51

GO TO 140

M=z

S=52

GO TO 140 -
W=0

S=53

CONTINUE

BETA €1sMODE) RADS C1s1s1sMs51s5125)

=
BETA (2,MODE) = RADZ (2> 1s1sMs51s5155)
BETA (3,MODE)Y = RADZ2 CslslstiaS1,51.5)
BETA (4>MODEY = RADE (Bs1s1sMsS1s 515 5)
BETA (5,MODE) = RADRZ (S5s1»r1sMs51s 51480
BETA (6sMODE? = RAD1 (1.Ms5)
BETA (7,MODEY = ERADI CasMs S)
BETA (8sMODE) & RADl (SatsS)
BETA (9,MODEY = RAD1 (2sMs5)
CONTINUE
RETURN
END
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FUNCTION RAD! (NOPT-M,E)

THIS SUBRO

UTINE CALCULATES THE INTEGRAL OVER THE INTERVAL

(0, 1) OF THE FOLLOWING PRODUCTS OF TWO BESSEL FUNCTIONS

NOFT = 1

NOPT 2

NOPT

B

3

NOPT 4

NOPT = 5

JMEB¥R? * JM{B¥RK) * K
JMIB¥R)Y * JMIBXR)/R
JFM{B%XR)Y * JM(B*R) * R
JIM{B¥R) * JMC(B*+R)

JPPMCBKR) % JMCBER) % &

J¥ 1S THE BESSEL FUNCTION OF FIKRST KIND OF ORDER M
JPM IS THE DERIVATIVE OF JM WITH RESPECT TO R

JFPM IS TH

E SECONL DERIVATIVE OF JM WITH RESPECT TO R

M I8 A NON-NEGATIVE INTEGER
B IS5 A REAL NiMBER

LIMENSION

FUNCT(200)

DOUBLE PRECISION DN, DH» DSTEF., DR, ARG, PES1, BES2, EESH»

NN = 100
PN = NN

BESL, PRODs FUNCT, Si, S2, 53

DH = 1.0/DN

NPl = NN +
Aokokok ok Kok A
B0 160 I =
DSTEF = I
DR = DH #
ABG = B *

CALCULATE

i

**k CALCULATION OF INTEGRANDS sk skdkokodok ok ok ko koo dok ok o o

1> NP}
-1
DSTEP
DR

BESSEL FUNCTIGNS.

CALL JBES(MsARG» BES2s $5500)

BES1I = BES

2

IF (NOPT +LTe 32 GO TO 130

CALCULATE

FIRST DERIVATIVES OF BESSEL FUNCTIONSs

CALL JBES{M+},ARGsBESH, $500)

IF (NOFT o
IF €I «EGQe
RM = M

BESY = B *
GO TO 130
IF (M +FB.

EQe 5) GO TO 120
i GO TO 115

(EM*BES1/ARG - BESH)

0y 60 T0 117

CALL JBES(M-1:ARGs» BESL $500)

BESI = B %
GO TO 130

CALL JBESC
BESI = +~BE

(BESL - BESB)Z2.0

1, ARG» BESI, $500)
51 ¥ B
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120

122

130

140

145
150

160

20

30

500
6000
501

GO TG 130

CALCULATE SECOND DERIVATIVES OF BESSEL FUNCTIONS.
IF {1 «Ef« 1> GO TO 122

M = M

F = R ®* (HM ~ 1.0)/CARG * ARG)

BESI = ({(F = 1.0) * BES1 + BESH/ARG) * B x B
GO T0 130

CALL JBES(M+ 2, ARG»BESH» £§500)

IF (M +EGQs 0) RBESYt = )5 * B * B * (BEESH = BES5S1)
IF (M «EGe 1)} BES]1 = 025 % B % B *({BESH = 3«0%BESi>»
IF (M «LTe 2 GO TO 130

CaLL JBES(M=2s ARG BESL» $500)

BES1 0«25 ¥ B * B % (BESL ~ Z2.0%BES1 + BESH?

FROD = BES]1 * BESZ2

CALCULATE WEIGHTING FUNCTIONS AND LIMITS FOR K = O.
IF (NOPT .E@s 2) GO TO 140
IF (NOPT +EQs 43 GO TO 150
FUNCTCI) = PROD * DR

GO T0 160

IF (1 «EQ+ 13 GO T0 145
FUNCT(1) = PROD/DR

GO T0 160

FUNCT(I) = 0.0

€0 TO 160

FUNGT(1) = PROD

CORTINUE

EdRRE R kSRR EE SIMPSONS RULE INTEGRATION sakakakskokoktok koo doko sk sriokok o

NM1 = NN -~ 1}

51 = FUNCGTC(1) + FUNCT(NF12
S = 0.0

53 = 0.0

DO 20 I = 25 NN» 2

S8 = 52 + FUNCT(I)D
CONTINUE

PO 3061 = 3, NMis» 2

$3 = 53 + FUNCT(!)
CONTINUE

RESULT = DH * (Sl + 4.0%52 + 2+0%53)73.0
RAD'Y = RESULT

GO TO 801

WRITE <(6s 6OCO3

FORMAT (1Hi, 10HERRGR JBES)
CONTINUE

RETUEN

END
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FUNCTION RADZ <(NOPTsL,MasNsfAs»BsC) .

THIS SUBRQUTINE CALCULATES THE INTEGRAL OVER THE INTERVAL
(0»1) OF THE FOLLOWING PRODUCTS OF THKREE BESSEL FUNCTIONS

NOPT = 1 JLCA*R) = JM(B*R> * JN(C¥R) % K

NOPT = 2 JLCA*R) % JM(BE*RY * JN(C*R}/R
NOPT = 3 JL(A%R) * JM(EB#R) * JN(CkR)/CR%R)
NOPT = 4 JPLCA%R) »* JNC(B%R) % JN(C*E) * R

NOPT = § JFLC(S¥R) % JMCB*R) * JNCCkR)
NOPT = 6 JPLCA*R) % JM(B*E) * JN(CER)/R

NOPT = 7 JPL(A%R) % JPM(B*R) * JN{C*E) * K

NOPT = 8 JPPLCA*R) #* JMCBXR) * JNCCR) * R

NOPT = 9 JPPLCA%R) # JPM(B*R) * JNCCHR) # R

JL. IS THE BESSEL FUNCTION OF FIRST KIND OF ORDER L

JFL IS5 THE DERIVATIVE OF JL ITH RESFECT T0 R )
JPEL 1S THE SECOND DERIVATIVE OF JL WwITH RESFECT TO R

L, Ms N ARE NON-NEGATIVE INTEGERS
A» B» C ARE REAL NUMBERS

DIMENSION FUNCT(200)
DOUBLE FRECISION DN, DH. DSTEF» DR» ORGls ARG2» ARG3s

1 - BESl,» BES2, BES3: BESH» BESLs FROD»
e FUNCT, BESLIMs 51, S2, 53

NN = 100

N = NN

EH = 1.0/DN

NFl = NN + 1}

Fddkkdkkkhkkkt CALCULATION OF INTEGRANDS sk skokok ok okt o o e sk shof o o ofeote 5 o e s o Sk

DG 160 1 = 1, NPI
DSTEF = I = 1]

DR = DH % DSTEP
ARGl = A * DR
ARG2 = kB * DR
ARG3 = C * DK

CALCULATE BESSEL FUNCTIONGSe

CALL JBES(Ns ARE3sBES3s $500)

CALL JBESC(LsARG1»BESL, $500)

CALL JBES(M, ARG2,BESE, £500)

IF (C(NOPT +EQ+ 73 +0Fe (NOFT +EB. 93 GO TO 105
GO TO 110


http:NOPTLN.NA,.BC

105

107

i09

110

115

117

120

ig2

130

133

134

CALCULATE FIRST DERIVATIVES OF BESSEL FUNCTIONS.
CALL JBES{¥M+ 1, L8RG22, PESB: 5500

IF (1 +ERe 1Y GO TO 107

RM = M

BFS2 = B * (HM*BES2/ARG2 = BESH)
GC TO 110

IF (M «E€« 0) GO TO 105

CaLl, JBES(M~1l,ARG2, BESLs £500)
BESZ = B ¥ (BESL - BESHY/72.0

GG TO 110

CaLL JBESC1,ARG2,BESZs $5002

BES2 = =BES2 * B

IF (NOFT -.LT. &) GO TO 130

CALL JPESCL+1,AFEGl»BESHs $5007

1F C(NOPT «GT« 7} GO T0 128

IF (1 «EQ+ 1Y GO TO 115

RBL = L

BESY = A * (RL*BES}/ARG] - BESH)
GO TO 130

IF (L «EGe 0) " GO TO 117

CALL JBES(L=-1,APRG1,BESL, 25003
BES! = A % (BESL = BESHY/Z7Z2.0

GO TO 130

CALL JBES(1,AKG1,BESL, $500)

BES! = =-BES1 % A

GO TO 130

CALCULATE SECOND DERIVATIVES OF BESSEL FUNCTIONS.
IF (I .EC« 1) 60 TD 122

EL = L

F= R *# (L - 1+.0)7CARGI * ARGI)

BESL = ({(F ~ 1.0) * BES! + PBESH/AKRG1)Y * A *x A
G0 TO 130

CALL JEESCL+2,ARG1,BESH, $500)

JIF (L. +E@s 0) BES)] = (0.5 % A % A * (BESH ~ BESl)

IF (L +EQe¢ 1) BESI = 025 *# A % A %(BESH — 3.0%#BESI)
IF (L +LTe 2 60 TO 130

CALL JBES(L-2,ARGI,» BESL»S$500)

BESL = 0285 * A % A * (BESL -~ 2+0%BES5! + BESH)

FROD = EESI % BES2 * BES3

CALCULATE WEIGHTING FUNCTIONS AND LIMITS FOR R = 0.

IF ((NOFT +EQ+. 2) +GR. (NOPT «EQs 6)> GO TO 133

IF (NOFT +EQ« 32 GO TO 136

IF (NOFT «EG. 5% -GO TO 140

FUNCTC(I) = PROD * DR

GO TO 160

IF (I +EG. 1} GO TO 134

FUNCTCI> = PROD/DR )

G0 TO 160

BESLIM = 0.0

IF (NOFT oE@e 6 GO TO 135

IF CCLeEQ+]1) «ANDe (MaEGeD) «&NDs (N.EG.02Y BESLIM = A/2.0
IF ({L<ER20} +ONDe (MeE(Gal) oANDs (N-EQ«(0)) BESLIM = Br/Z2.0
IF ((LeEQeQ) «ANDe (MEReD) +ANDe (NeEQ+1>) BESLIMN = C/2.0
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G0 Y0 155

13% IF ((L+«EGe0) 2ANDs (MeEQel)) «ANDe {(N+EH=0Y) BESLIM = -pk AL 20
IF €{Le+EQe1} oANDs (MiEGe1) +ONTe (N.ED«0D)3 BESLIM = AxBAUO
IF ({L+EQe1l) .AND. (MeBLLO) o« ANDe (NeFERa13) ERESLIK = AL 40
IF €{L+EQ+2Y +AND (MaEQs DY »BNDe (NeEfRe0?? DBESLIM = PRAFHD
6O TO 155

136 IF €I EG. 1) &0 T0 13B
FUNCT(I) = FROD/ ¢ DE*DR?
GO TG 160

138 BESLIM = Q0
IF {{L<EGe2) =pNDs CHeEDeD? +ANDs (N.EQe0)) BESLIM & AkASB.0
IF {(CL+EQ«+OF +ANDe CMAEGQ2) +ANDe {H-EQ.0}) BESLINM = BxB/B.0
IF ((L+EQeD) «ANDs» (M+EQeD) «ANDe {NEB-2)) RBESLIN = CHC/8.0
IF ((LeEBel) +ANDe (MaEQe1) +AND» (N+EQ.0Y) BESLIN = ARBAL0
1F C(C(L+EQs1) «ANDa CMaEQe}) «ANDe (Ne+EQe1))> BESLIM = bk C e O
IF ((L»EQe0) +AND. (MaEGal) «ANDs (N«ERe12) BESLIM = BxC/H.0
60 TO 155

140 FUNCT{1} = PROD
G0 T3 16D

165 FUNCT{I) = BESLIM

160 CONTENUE

Fakdciokxskkkkgs SIKFSONS RUOLE INTECRATION sk s ko e sk ke R kR R R R R %

oo O

Nt = NN -~ 1
S1 = FUNCTC1) + FONCTINEL)
52 = 0.0
53 = 0.6
o 20 1 = 22 BNy 2
§2 = 52 + FUNCTL(I?
20 CONTINUE
0O 30 1 = 3» NMis 8
58 = 53 + FUNCT(I?
30 CONTINUE |
HESULT = DH ®* (8% + 4.0%52 + D 0kS337340
BALZ = RESULT '
GO TO 501 .
500 WRITE (&8s 60000
6000 FORMAT ¢ 1M1, 10HERROR JBES)
501 CONTINUE
RETURN N
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SUBROUTINE RMTZ{Hs Ti,G,DUM,IRK)

THIS SUBROUTINE PERFORMS A FOURTH ORDER RUMNGE-KUTTA INTEGHATION
T0 GBTAIN THE INITIAL VALUES FOR THE FREDICTOR-CORRECTOR METHOD.

NU IS THE NWMBER OF DIFFERENTIAL EQUATIONS TO EE SOLVED.

IF IP = 1,INTEGEATION 1S CARRIEL OUT FOR ZETA ONLY (NU = 2).

IF 1P = 2, INTEGRATION IS5 CARRIED QUT FOR ZETA AND AH

(NU =

4) -

IF IP = 3, INTEGRATION IS CARKIED OUT FOR ZETA AND GAMMA (NU = 4.
IP 15 FASSED TO THIS SUBROUTINE THROUGH BLOCK COMMON X3«

H IS THE STEP-SIZE; INPUT.

T 15 THE CUREENT VALUE OF STEADY STATE FOTENTIAL; INFUT.
G ARE THE VALUES OF THE FUNCTIONS AT THE NEXT STEF: OUTFUT-

DM ARE THE VALUES OF THE DERIVATIVES OF THE FUNCTIONS

AT THE NEXT STEF; OCUTFUT.
LuM ARE OBTAINED BY CALLING SUBROUTINE HEKDIF.

COMMON /X3/ WC»SVUN.IF,MODE,NUsKP(3)
DIMENSION ACA)-G(M.CZ{A): DML FZ (4, &2
AC1)=0.

AlBI=eS

A(3)=e5

AC4)=1]e.

TZ=T1

NU=4

IF (IP«+EQ+1) NU=2

D0 10 J=1.NU

GZCII=G(D)

IK=1

CALL RKDIF(TZ,GZ,DWM,IHK.IRK?>

DO 25 J=1.NU

FZC 1o J)=DUMCT)

EG 30 IK=2,4

TZ=TI+ACIK)*H

Do 35 J=1,NU
GZLJ)=G{IY+A(TKI*H*FZ{IK~1,J}

CALL FKDIF(TZsGZs»DU:s IK»IRK)

B0 50 Jd=1.NU

FZ(IK ) =PUM{ )

CONTINUE

L0 55 J=1,NU

G =GCdY+H*(FZ (1, I+ 2 (FZ( R, I)+FZ (3, dPI+FLZCH,JII 76
IK=4

CaLL RKDIF(TZ,G,DUM,IKs IRK?

RETURN

END
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SUBROUTINE RKDIF(F:GsGFsIK,IERK)

THIS SUBROUTINE EVALUATES THE DIFFERENTIAL ELEMENT IN THE
RUNGE=KUTTA INTEGRATION SCHEME.
F IS THE CURRENT VALUE OF STEAEY-S5TATE FOTENTIAL; INFUT.
G ARE THE VALUES OF THE FUNCTIONS AT Fs INPUT.
GF ARE THE DEHIVATIVES OF FUNCTIONS AT P3 OUTFUT.

corMMonN s7X17/
COMMON /X2/
COMMON /7X37
COMMON sX4/
COMMON /X6&/

CM» ANGLE» RCCoRC T GAM» Qs KT» DP
T>rR1»E2s NFLASTHNENDs I EXTN
WCs SUN» I FoMODEs NUsKF{(3)
RUCT7Y»RDUCTI»ZTHR1» GTHRI
AFNs AFN1» AFN2 .

COMELEX AFNCI00OD)» AFNI{1000Y>AFN2(1000)

COMPLEX CG(25),CFH, CFMa. CFNs INKMG

CONFLEY ZETO,ZETAlsAHsAH1, CGANS CEAM1,Z THR1» GTHRI» APs AP1s AF2
DIMENSION GC4)»CGPC4Y

ZR = G(1)
Zl = G2y

ZETA = CMFLX (ZR,2Z12
GO TO (110,120, 130)»1F

AHR = G(3)
AHI = G{4)

AH = CMPLXE C(AHR., AHIY

G0 TO 110
CONTINUE
GAME = G(3)
GaMI = GC4)

CGAM = CMFLX (GAMRsGAMX)

CONTINUE

IF CF) 15-,10,15

GF(1) = REAL{(ZTHKI1}
GP(2) = AIMAG(ZTHEIL)

G0 J0 (140,1502160)» 1IF
sH]1 = AH * ZETA

GP(3) = REAL

(AR

GPC{4y = AIMAG (AHLY

GG TO 140
CONTINUE

GP(3) = REAL (GTHER1)
GP(4Y = AIMAG {GTHRI1>

CONTINUE
GO TO0 20
ICL = 2%IRK
IF CIK +EQe
IF CTH <EQe
UsRUCICL)
DU=RDUCICL)

Cele=(CAM~1.
R=@k((CI k(=

- &
1) ICL = 2%IRK - 3
4 ICL = 2%IRK - 1

Ik o &
1/(8%(GCAM= 13X 28 ( k= 25)% 4s

cALL COEFFS (U»DUsCrRsCCH

CFH = CC(1)
CFM = CE(2)
CFN = CC(3%

+ CC(G) -
+ CCC4d & CCL5) + CC(7» + CLC(BD
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ZETAL = ( =CFM % ZETA « CFN) / CFE - ZETA + ZETA
GP{1} = REAL (ZETAl)
GPL2) = AIMAG (ZETAL)
G0 TO (170:180,1903s 1P
180 ARI = AH * ZETA
GPC3) = REAL (pAH1)
GPC4) = AIMAG (AHI)
60 T0 170
190 CONTINUE
GO TO (30s40,80,56%2 IK
30 AP = AFN (IRX~1)
AFl = AFN1 (IEK-1»
AF2 = AFN2 (IRK~-1)
GO TO 60
40 AP = o5 * (AFN C(IRK-1) + AFN C(IiRK))
APl = «5 % C(AFN1 (IRH-1) + AFN1 CIRK))
AP2 = +5 * (AFN2 (IFRK=~1) + AFN2 CIRK)?
60 TG 60
50 AF = AFN <IEK)
&Pl = AFNiI (I1RK)
APE = AFNE (IERK)
60 CONTINDE
INHMG = ~ CCC18) * AP * AP2 - CCCI2) * AF] * AP2 - (CCCo)
+ CCC15)) * AF] * APL - (CCCI3) + CCC14) + CCC19)
+ 00232 + CO24) + CCU25)) * APY » AP - (CCC10) + CCC1i3
+ CCUITY + CCC20) + COC21) + CCCE2YY * AF * AF
COAMI = ( = ZETA + 5% (GAM«1«) % DU/C -~ CFMsCFH) * CGAM
1 ~ INHME 7 (L * CFH)
6F(3) = REAL (CGaM1D
GPC4) = AIMAG (CGAMI)
170 CONTINUE
20 RETUERN
END

L
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SUBROUTINE ZADAMS (HsXsY»EY»ITOKRZ)Y

THIS SUBROUTINE CARRIFS OUT A MODIFIED ADAMS FRELICTOE-CORRRCTOR
INTEGRATION SCHEME TO SOLVE THE VARIOUS DIFFERENTIAL EQUATIONS AZ
DESCRIBED BELOW

IF IF = 1, INTEGRATION 15 CARRIED OUT FOR ZETA ONLY:

IF IP = 2, INTEGRATION 1S5S CARRIED CUT FOR ZETA AND aH;

IF IP = 3, INTEGRATICN 15 CARRIED OUT FOR ZETA ANL GAMMA.

IP 1S PASSED TO THE SUBKRCOUTINE THROUGH COMMON BLOCK X3

H IS THE STEP~S1IZE; INFUT.

X IS THE VALUE OF STEADY-STATE FOTENTIAL AT THE STATION »
WHERE THE FREDICTOR~CORRECTOR INTEGRATION STARTSS INFUT.
DURING THE FROGFRAMs X 1S5 CHANGED TG VALUE AT CURRENT STATION.
¥ ARE THE VALUES 'AT X » OF THE FUNCTIONS, WHOOLE EOQUATIONS ARE
BEING SOLVED: INFUT AND OUTEUTs

LY ARE THE DERIVATIVES OF Yi: INPUT AND OUTFUT.

I1TORZ FASSES TO MAIN FROGRAM THE INFORMATION- AS TCO WHICH VARIABLE
(TAU OR ZETAY HAS EBEEN INTEGEATED.

ITORZ = 1 t INTEGRATION OF EGUATION FOR TAU.

ITORZ = 2 : INTEGRATION OF EQUATION FOk ZETA.

COMMON /X117 CiMsANGLE,ERCC: RCT»GAMs &2 RT

COMMON /X227 T»R1sR2sNFLASTsNENL,IEXTN

COMMON /ZX37 WCsSUNs IFMODE-NUKF(3)

COMMON 7XS/ UC1000Y,LUCIC00Y,CC10D0Y»RWC 10002
COMMON /X667 AFN,AFN1, AFNZ

COMMON /X877 ZETH, TAUs CCEXT

COMFLEX ZETACIDODO0Y» TAUC1000)>COEXT(ED)
COMPLEX AFNC1000Y»AFNICI000),AFNEC1000?
COMFLEX CCC253,CFHsC N, CFNs INHMG,ZETAL»A8Hs AHLY» ARZ, AFs AF 12 AFES
i CCAM, CGANMI]

DIMENSION YC4),D¥C4, 4).CFE(4)sPREDCAI > CORCA)

NP=4
ITORZ = 2
IF (1EXTN -NE+ 12 GO T0 10

DEFINE STEADY STATE QUANTITIES IN THE EXTENSION KEGION.

UEXT = UCNEND)
CEXT = CC(NEND)
REXT = RWONENDD

DUEXT = DUCNEND)
CALL COEFFS (UEXT:PUEXT,CLXTsREXTsCCEXT)

NU I5 THE NUMEER OF EQUATIONS TO BE S0LVEDe

CONTINUE

DO 15 J=LtsNU .
FREICJIRYCJI+H*(S552%DY (Jr ) =59 e % DY (Js 3)+ 3T 2 DY (J5 )
1 ’ =CakxDY(Js 133724

CONTINUE

X=X+H

DRIGINAL PAGE IS
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NF=NFP+ 1
ZR=FRED( 13
Z1=PRED(2)
ZETAC(NPY = CMFLX (ZBsZ1)
GO TO (110,120,1302s IF
120 AHR = PRED(3)
AHI = PREDC4D
AH = CMPLX C(AHR,AHLY
Go TC 110
130 CONTINUE
CGAM = CMFLX (PHRED(3),PREEC(4))
110 CONTINUE .
IF (NP +LE. NFLAST) GO TO 20
po 85 I = 1285
a5 CC(I) = CCEXTC(IY '
G0 TO 30
20 CONTINUE
UP=U(NP)
DUP=BUCNP)
CP=C(NF}
Re=RWONF) .
CALL COEFFS (UP,DUFsCF»R>CC)
30 CONTINUE ’
CFH = CCC1)
CFM = C4eey + CCLH)
CFN = CCC3) + CCC4ad-+ CCL(5) + CCLT) + <ct8d
ZETAl = ¢ = CFM * ZETA(NF) = CFN) # CFH -~ ZETAC(NF) *%2
DPC1Y = REAL- (ZETAL)D
DP(2) = AIMAGE (ZETAL)
GO 10 €140s150s160%> IF
150 AH)] = PH * ZETA(NF)
PP(3) = KEAL (AH1]
DFCa) = AIMAG (AHID

‘GO TO 140
160 CONTINUE
c
c AFsAP1 ARD AP2 ARE THE VALUES OF THE AMFLITUDE FUNCTION AND
c THEIR DERIVATIVES AT THE CURRENT STATION. )
AP = AFN(NP) )
AF1 = AFNI(NFY’ )
AP2 = AFNZ(NP? -
C .
INHMG = = CCCi8) * AP % AF2 ~ CCC12) * AFl * AP2 - CCCCD)
1 + CCC1S)) * AP1 * APl = (CCC13) + CCCia) + cCe19)
2 + CCC23) + CC(24) 4 €CL25)) % APl * AF - CCCC10) + CCLID
3 + OCC17) + CCC20) + COC21) + CCL22)) * AP * AP
CGAM1 = ¢

- ZETACNE) 4+ «5% (GAM=1.) % DUP/CP = CFM/CFH) % CGAM:
1 ~ INHMG / (CF * CFH) -

DP(3) = REAL (CGAM1)

DPC4) = AINAG (CGAMLI)
140  CONTINUE

DG 45 Jm=1sNU -

CORCUI= Y(J) + HECDYCJs2)=50%L¥ (Js 3419 4¥ IV (s 4D

1 +9 #DECJ) ) /2440 )
45  YCJ)m (251.%CORCJI+19 «*PRELCI)I /2708
I3
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180

182
190

170

o000

(o R w]

410

420

1G0

Th

EO 55 Ixl.NU

O 55 Ju1s3

IY(Isd) = DYCIad+l)

ZR=YC1)

Zi=Y(2)

ZETACKE)Y = CMFLX (ZEsZI)

ZETAl = ( -~ CFM * ZETA(NF) - CFN) 7 CFH = ZETA(NEF) *%D

DY Cls4) = EEAL (Z2ETH12

DY (2-4) = AlFAG (ZETALY

GO TO €170,180,190), IF

AH = CMFLY (YC3Y,Y(4)3

AH1 = AH x ZETACNE)

BY€3,4) = REAL CaH1)

LYCas48) = AIMVAG C(AHL)

IF CMCDE.NE.1) GO TO 182

ARZ = AHl * ZETACNF) + AH * ZETA1

AFNINP) = AH

AFNL1C(NF) = AH!

AFNZ2C(NF) © AHS

GO TO 170

CONTINUE

CGAM = CMPLY (YC3),YC42)

CGAMY = (- ZETA(NF) + «5*k (GAM=1<) * LUF/CF - CFM/CFH)Y % CGAM
~ = INHEG /7 (CF * CFH) -

DYUC3s4) = HEAL C(CGAMI)

DY (4240 = AIMAG (CGAM1

CONTINUE

I1F (NF <EQ« NENDY GO 10 100

DECIDE WWHICH EQUATION IS5 T0 BE INTEGRATED ¢ TAU OR ZETA

IF (CABS (ZETACNF)YY +LTe 10 60 TO 10
ITORZ = } ’

CALCULATE VALUE OF TAU AND ITS DERIVATIVE AT LAST FOUR STATIONS.
0 410 1 = i,4

TAU (NF=a44+1) = 1+/ZETA(NF=4+41)

Y(1}? = REAL C(TAUCNF))

Y(2) = AIMAG (TAUCNP)?

0 420 I = 1.4

TSGR = REAL (TAUCNP~4+I) * TAUINF-~24+13)

TSQI = AIMAG (TAUCNF«4+I) * TAUINE=4+13)

ZFR = DY(1,1)

ZFl = DY(2.1)

Drits1) = -~ TSCR*ZFR + TSEQI*ZFI
IYees,1y = - TSGR*ZFI =~ TSQRI*ZER
CONTINUE

CALL 1ADAMS (HsNEsX»sY»DY2I€s1T0ORZ)
GO TC C10-.1002- IG

KEETURN

END
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SUBROUTINE TADAMS (HaNF2X,YsTYs10,1TORZ)

THIS3 SUBROUTINE CAERIES OUT & MODIFIED ADAMS FREDICTCR-CORRECTOR
INTEGRATION SCHEME TO SOLVE THE VARIOUS DIFFERENTIAL EQUATIONS AS
PESCRIBED BELCW

IF IP = 1» INTEGEATIGN 15 CARRLED OUT FORE TAU ONLY:

IF IF = 2, INTEGRATION 1S CARRIED OUT FOR TAU AND AHS

1F IF = 3> INTEGRATION 1S CARFRIED OUT FORK TAU AND GAMMA.

IP IS FASSED TO THE SUBROUTINE THROUGR COMMON ELOCK X3.

H IS THE STEP~SIZE; INPUT. .

X IS5 THF VALUE OF STEADY-STATE FOTENTIAL AT THE STATION »

WHERE THE FREDICTOR~CORRECTOR INTEGRATION STARTS: INFUT. .
DURING THE FROGRANs X IS CHANGED TO THE VALUE AT CURKENT STATION.
Y ARE THE VALUES AT X » OF THE FUNCTIONS, WHOEE EQUATIONS ARE
BEING SOLVED: INFUT AND OUTFUT. .

DY ARE THE DERIVATIVES OF Y; INPUT AND OUTFUT.

IQ INDIGATES WHETHER INTEGRATION IS COMFLETE3 OUTFUT.

ig= 11 INTEGRATION IS 10 BE CONTINUED BY SUBROUTINE 2ADAMS.
1I¢ = 2 ¢ INTEGRATION 15 COMFLETE.

ITORZ INDICATES WHICH EQUATION SHOULD BE INTEGRATED 3

1TORZ = § 3 INTEGHATION OF EQUATION FOR ZETA.

ITORZ = 2 ¢ INTEGRATION OF EGQUATION FOR TAU.

COMMON X1/ Cis ANGLEs RCCs RCTs GAMa Gs RT

COMMON /X2/ TsR1sE2,NFLASTs NENIs IEXTN

COMMON /X377 WC» SUN»1P,MOLE, NU,KF(3)

CONMMON sX5/ UC10003,DUC1000Y,CC10603sRWC1000)

COMIMSON /X6/ AFNs AFN1. AFNZ

COMMON /X8/ ZETA, TAU, CCEXT

COMFLEX AFNC1000)sAFN1C1000),AFN2C1000) ]
COMPLEX CU(25)»CFHaCFMaCFNs INHNGs AHs AH 12 AF2 AF 15 AF22 CGANMs CGAlN L
CONMFLEX ZETACI000),»TAUCLI000)» TAUL, CCEXT(Z5)

DIMENSION YC4)sDY(4s4):DPC L) EREDCAYs CORC )

CONTINUE

NU 185 THE NUMBER OF EQUATIONS TO EE SDLVED.
QO 15 J = 1,N0

- PRED{JI=Y (J)+H2(55.4DY(Js 43 = 59-*DY(J:3)+3?-*DY(J;2)

-9.*BY(J:I))/2&a
CONTINUE
¥ = X+H
NP = KNP + 1
TR = FPRED (1)
TI = FRED (&)
TAU (NF) = CMPLX C(TRsTI)
ZETA (NP) = leo/ TAUINF?}

GO TO (110,120,1303s IP
-AHR = PRED(3)

AHI = PRED (4

AH = CHPLX (AHR»,AHI)

GO TO 110

CONTINUE

CGAM = CMPLX (FRED(3).PRED(4))
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CONTINUE
1F (NP «.LE. NPFLASTY GO TO 20

CBTAIN COEFFICIENTS IN THE EXTENSION SECTION
0 25 I = 1,85
CCLIY = CCEXTCID

GO TO 30

CONTINUE

DUFP = DUCNFJ}

UP = UINFD

CF = CC(NF)

R = RW (NF)

CALL GCOEFFS (UFsEUFsCFshsCCH

CONTINUE :

CFH = CCC1

CFFr = CCC(2) + CCl&2

CFN = CCC(3) 4+ CCC4) + CCCB) + CC(7) + CCL8Y
TAULl = 1. + (CFM + CFN * TAUKFI) * TAU(NF) / CFH
TF(1> = REAL CTRULD

DPC2y = AIMAC (TAULJ

GG TG {140.150-,1603> IF

AH1 = AH 7/ TAU(NE2

DP(3) = REAL (AH1)D

DFC4) = AIMAG (FAH1D

GO0 T0 140

CONTINUE

AF, AP1 AND AF2 ARE THE VALUFS OF THE AMPLITUDE FUNCTION AND
THFEIR BERIVATIVES AT THE CURBENT STATIONa

AF = AFBN(NP?

APl = AFNIINE)

AF2 = AFNE(NE)

INHMG = = CCC1B8) # AF % AP2 - CCC12) * AFl * AF2 - (CC(D)

)] + CCC15)) * AF1 * APl - (CCC13)» + CC(14) + cCeig?
e + CC(23y + CC(24ad + CCC25)) * AP} % AP - (CCC10)Y + CCO1DD
3 + CC{17) + CC(20) + CC(21) + CC(28)) * AF * AF

CGANM1 = ¢ = ZETACNF) + +5 % (GAM = 1.) % DUF/CF - CFM/CFH) * CGAM
1 = INHFG s (CF % CFH)

EFPC(3) = REAL (CGAMNID

LP(4y = AIMAG (CGAMI?

CONTINUE

DO 45 J=1,NU

CORCAI= Y(Jd) + h¥(DY(Js 2)=Se%HLY(Js 32+ 19%EY(J54)
1 +3«#xLF(J} /840

Y(JdI= (251.%CORCJIF19«xFRED(J)}/270.

L0 55 I=1-NU

10 55 J=1,3

DYCIrdd = DY(Esd¥1l)

TR = ¥¢(12
TI = ¥<2)
T2 = TE*TR + TI%TI

TAU (NE) = CMFLX (TH.TI)
ZETA (WP) = le7f TAUINEF)
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TAUL = 1e¢ + (CFM + CFN * TAUCNE)) * TAUCNF> 7 CFH
DY Ci-4) = REAL ¢ TaUL)
Y (2,4) = AlMAG ¢TAUL)
GO TG €170,180.,190, IF
180 AHR = Y(3) '
AHLI = Y(4)
AH = CMPLX C(AHH,AHIL)
AHI = AH / TAUINE)
DY (3s4) = REAL (AH1)
DY (4s4) = AIMAG (AR1D
IF (MOLE «NE. 1) GO TO 182
AFNCNFY = AH
AFNY(NF) = AH}
AFNZ (NF) = ¢ TAUCNP) * AFNIC(NF) - TAUl * AFNC(NF)Y 9 7
1 ¢ TAUINFI*TAUCNFY )
182 GO T0 170
190 CONTINUE
CGAM = CMFLX (Y(32,Y(4))
CGAMY = ( - ZETAINP) + +5 % (GAY = l1+2 * LUP/CF =~ CFM/CFH) * CGAR
1 = INHMG s (CP * CFH)
DY (3,4) = REAL C(CGAM1D
DY C4,4) = AIMAG (CGAM])
170 CONTINUE
IF (NP +EQ. NEND) 6O TO 100

c .
C DECIDE ¥HICH EQUATION IS 10 EE INTEGRATED ¢+ TAU OR ZETA
c
IF C(CABSCTAU(NFIY +LT. .10) GQ TO 10
ITORZ = 2 ’
Y(13 = REAL ( ZETA(NEY )
Y(2) = AIMAG ( ZETACNE) )
<
C CALCULATE DERIVATIVES OF ZETA AT THE LAST FOUR FOINTE.

IO 420 1 = a4
ZSQR = FREAL ( ZETA(NE-4+1) % ZETA(NF-4+1) »
Z5Q1 = ALNMAG € ZETA(NE-4+1) * ZETA(NE=4+1) ¥
TFR = BY($,1I2
TFPI = Dy¢o,1>
EYCI»I) = = ZSQR*TFR + ZSQI*TFI
DYC(2,13 = ~ ZSGR*TPI - Z501%TEEK
420 CONTINUE

16 = 1 !
RETURN

100 g =g

105 RETURN
END
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APPENDIX B
PROCRAM COEFFS3D: A USER'S. MANUA
ch - N . s .

Program COEFFS3D calculates the coefflclents of both the linear and
nonlinear terms that appear in Eq. (20). These coefflclents are requlred as
input for Program ICYC3D (see Appendix C) which numerically intégrates this
system of equations. Program COEFFS3D is a slightly moﬁified vefsion of the
Program described in detail in Appendix C of Ref. 1l. The modification lies in

the evaluation of one more coefficient, Ch(j, p) defined by

| ; 2T
¢,(3,0) =%, ¢ I‘ 7 (z ) 4o @I'J Jde _riRpRjrfir.-

This céef_ficie'nﬁ' represenbs the effect of nozzle nonlinearibties. Bxcept
for this additional coefficient, the two programs are very similar in the
structure of their numerical calculations and their output. Hence in this
user's manual, only the listing of the entire program together with a precise
description of the necessary input.id given. For details of the program,
one is referred to Appendix ¢ of Ref. 1l. ' , ‘

In the following description of the input, the location number refers
$0 columns of the card. Three Formats are used for impubt: "A" indicates
alphanumeric characters,- "I' indicates integers and "F" indicates real
mubers with a decimal points -For the "I" and,mF".formats the values are

placed in fields of five and ten locations regpectively (right.justified).

1

g;ég;i Location Type Inpubt Ttem Comments
1 1-72 A Title Title of th; case :
1 1-10 F GAMMA, Ratio of specific heats
11-20 B UR Steady-state Mach number
at nozzle entrance
21-30 F RID Iength~to-diameter ratio
31-k0 F 7.COMB Iength of the combustion
zone
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_ Location

ﬁ1~h5

L6-50
1~5

6-10

11-15

16-20

21-25

26=30

mya‘l: Ttem
NDROPS

WOZ% 16

NIMAK

NONLIN

NEGL

NOuT

NOZNLIL

NZDATA

The next card ls necessary only if NEGL = 1.

Comments

Tf 0: droplet momentum
source neglected

If 1: droplet momentum
source included

If 0: guasi-steady nozzle
T£ 1: conventional nozzle

Turber of series terms
(complex)

If 0: linear terms only
If 1: both linear and
nonlinear terms

If Q: all non-zero coeffi-
cients calculated

If 1: small coefficients
neglected

£ 0: printed output only
If 1: printed and written
into file

If 2: written into file only
T 3: card output only

If 0+ nozzle nonlinearities
neglected
If 1: nozzle nonlinearities
included

If 0: pozzle admittance values
input through cards

If 1: nozzle admittance
values input through file

Tf NZDATA is 1, NOUT in
program NOZADM showld be 1
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No. of

Cards Location Type Input Ttem Comments
1 1-10 . F SM1 Iinear coefficients with

absolute valué less than”
. SMl neglected

11-20 r SM2 onlinear coefficients

with absolute values less
than SMZ2 neglected

The next NJMAX cards are necessary only 1f NOZZIE = 1 and NZDATA = O.

RJIMAX 1-5 I J Integer which identifies
the series term
6-15 Fo AMPT( J) Amplitude of the Linear
nozzle admittance
16~25 F PHASE(J) Phase of the linear nozzle
admibtbance

The next NJMAX cards are necessary only if i\'LZDAIA =0 and NOZNLL = 1.

NIMAX 1-5 -I J Integer which identifies
the series fterm
6-15 F eNoz (T) Real part of the nonlinear
nozzle admittance
16-25 F GNOZ(J) Imaginary part of the
nonlinear nozzle admittance
NIMAX - 1-5 - I J Inbeger which identifies
series berm
6-10 T L{T) Axial mode number, <
11-15 I M(J) Tangential mode nunber, m
-16-20 . I N(J) Radial mode number, n
21-25 - NS (T) NS(T) = 1: @, = sin (ud)
WS (T) = 2: @g = cos (m8)
26-30 A NAME (T} Four character name
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FORTRAN Listing

Aok Aok Rk Rk kR kR PHOGRAM COEFFS3D sokokskkkdokdkkitorkdkkikkkksh

THIS PROGRAN COMFUTES THE COEFFICIENTS WHICH APPEAR
IN THE DIFFERENTIAL ECUATIONS WHICH GOVERN THE MODE~AMFLI TUDE
FUNCTIONS. THESE COEFFICIENTS AKE PUNCHED ONTO CARDS FOR
INFUT INTO FROGRAM LIMCYCs

THE FOLLOWING INFUTS ARE REQUIRED:
THE TITLE OF THE CASE.
GAMMA IS THE SPECIFIC HEAT RATIO.
UE IS5 THE STEADY STATE MACH NUMBER AT THE NOZZLF ENTRANCE.
RLD 1S THE LENGTH-TG-DIANMETER RATICs .
ZCCHB IS5 THE LEMNGTH OF THE RFGION OF UNIFORFLY DISTRIBUTED
COMBUSTION, EXFFESSED AS A FRACTICN OF THE CHAMBEF LENGTH»
. NDRGFS DETERMINES THE FEESENCE OF LFOFLET MOMENTW SQURCES:
NLROFS = 0 DROFLET MOMENIUM SOURCE NEGLECTEL.
NDROPS5 = | DKROPLET MOMENTW. SOURCE INCLUDEED.
NOZZLE SFECIFIES THE TYFE OF NOZZLE USED:
NOZZLE = © GUASI-STEALY
NOZZLE = | CONVENTIONAL NOZZLE.
:FOR CONVENTIONAL NOZZLE
AMFL 1S THE NOZZLE AMFLITUDE HKAT!O.
FHASE IS THE NOZZLE FHASE SHIFT.
NGZNL) DETERMINES THE PRESENCE OF NOZZLE NONLINEARITLES

NQZNLY = 0 NOZZLE NOMLINEARITIES NEGLECTEE.

NOZNLT = 1 NOZZLE NOKLINEARITIES INCLUDED.
NZLCATA DETERNINES HOW THE NOZZLE DATA IS SUFFLIED

NZDATA = O FROM CAHRLS.

NZDATA = 1 FROM A FASTRANL FILE.

NJUMAX IS THE NUMEBER OF MOLE~AMFLITUDE FINCTIONS IN THEF ASSUMED
SERIES SOLUTION. NJMAX MUST NOT BEXCERL MX.
THE COEFFICIENTS COMFUTED ARE LDETERMINED EY NONLIN AS FOLLOES
NONLIN = 0 LINEAR COEFFICIENTS ONLY
NONLIN & 3 BOTH LINEAR AND NONLINEAR COEFFICIENTS
COEFFICIENTS TO BE NEGLECTEL ARE DETEFMINED BY NEGL
AS FOLLOUS:
NEGL = ¢ TERMS SMALLER THAN 0.00003 ARE NEGLECTEL.
NEGL = } LINEAR TERMS SMALLER THAN SM1 ANL NOKLINEAR
TEEMS SMALLER THAN SM2 AEE NEGLECTELs
THE OUTPUT 1S DETEEMINED BY NOUT AS FOLLOWS
NGUT = © FRINTED OUTFUT ONLY
NOUT = 1 FRINTEL AND WKITTEN ON FASTHRANE FILE.
NOUT = 2 FASTRANLD FiLE ONLY.
"HOUT = 3 CARD OUTFUT OKLY.
EACH MODE~AMFLITUDE IS ASSIGNEE AN INTEGER Je
THE MODE IS SFECIFIED EY 1HE INEBICES L(JYs M{Jd)s AND N{Jde
1.¢J) IS THE AXIAL MODE NLMBER AND MUST NOT EXCFED S.
M(JY IS5 THE AZIMUTHAL MOLE NUMBER AND MUST NOT EXCEED B«
NCJ> 1S THE RADIAL MODE NUWMEER aNp MUST NOT EXCEED 5.
THE INTEGER NS(J) IS ASSIGNED AS FOLLOWS:
NS = 1 A=FUNCTION SINCM%THETA) # COSHCI*EB%Z)
NS = 2 B~FUNCTION COSCMR*THETAY * COSHCI%PB*XZ)
NAME(JY IS A FOUR-CHARACTER NAME.

ﬁOC‘IOOﬁODOODOOOGOOODOOOOOOQOOOOC‘JOOﬁﬂnnﬁﬁﬁﬂﬁﬂﬂﬂﬁ,ﬂﬂﬂﬂﬂﬂﬂﬂﬂ
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#ft********#**************************#***************************

PARAMETEFR

B DO e

[ AN O

DIMENSION

COMFLEX

COMMON

DATA INFUT.

ME=5>
LK),

ucad,
CRSLTs
Gl.,

Mxe=10,

JOCMIX2),
Cis, ZEJ»

DCQEF»

CNORM(MX), CSSQ(NMNXYs TANINT(2):

CGAM»

AMFL(MX),

MXa=20
NMXYs NAME(MX)a
RJEOGOTCI0,5s RJIVALC10,5),
DMK L, MX2MABI,
BES1(95,9»9), BESS(09s,9,9),
TEC4,MXL)Y,
ZEFP1y ZEF2,

CAXs

B(MX),

S{MKIa

Sd(MH)s

AXINTCHs 330 CCUS,MEIMKDI, COICMXsMXaMXD s

CD2AMX, X MXD) s
CD3(MXs MXa10XD
B FBLK2r

= 31415927

AXCHY S
QDQCMXJMX3MX):
MOMX)Is NS(NMXD)

T,

T2,

Ei, Da.
GNOZ (X3

TITLECBOY

Cl X2, MX2)» ClOsMX22 M
FHASE(MX) »
BES3(9:,95%93s
TSOMX2),
CZEs

AZIC2Y»

KMAX(5)
CAZs CRAD.
BC(MX), YNOZ(KX),
HADINTC 33, )

SMl = 0.00001 v

SM2 = 0400001

SM3 = 000001

Cl = C0«0,1+07 ’

INFUT ROGOTS AND VALUES OF EESSEL FUNCTIONS.

OO A LN -

WO S DN e

DATA (CRJRCUTC(Is»Jd,

3483171
1e84118»
305424,
420119,
5.31755,
G+41568,
T+50127»
Be 57784,
G EUTALES

~De 440276
0.58187»
0+ 4B65D»
(e 43439
0e 399655
037409
035414,
043379 3»
0+ 32438,

T«01559,
533144
Ee«7061 3¢
B-01524,
9 .28240,
1051986
11473494,
1293239,
1411552,

DATA (CRJVAL (L2 J0s J

030012,
~Da34613s
=0»31353»
~(3+22116a
~Ce27438»
~G+E610C9»
~0.25017s
=~0.28096,
~0+23303»

J = 1,53, 1

1017347
B+53632»
G4969470
t1-345%2,
12.68191,
13.98719»
15. 268186,
16«528337>
17«77401,
1253,
~0e 24970,
0=27330»
D+ 2547 4s
Ce 2407 4»
Ge 28959,
C«22039s
D+21261»
0. 20588,
O+ 19998,

r 149)/

13432369,
1370600
13.1%037»
14« 58585s
1596411,
1731884,
18« 63744
1994165,
21+ 22906

I = 1293/

0+ 21836
-0.23230,
~0-82088,
=0.2109%»
~0+ 20876,
=0+19580»
-0« 182 78>
“0s 1B 44T
~0s 17979,

1647063
1486359,
16 34752
17+78875»
19+ 19603,
20+.57551,

21.93172»

23426805
2458720/

“D«19647»
0.20701-
Ol ig 79&)
O« 19042
0+18403s
QO+ 17843,
D+ 17363
0« 16929,
0+ 1685397

4 READ (5,5000, END = 600}

INPUT PAKAMETERSs
CTITLECL ?»
ELD» ZCCMBs

1 = §, 72}

READ (5-5001) GAMMA, UE, NLROPSs NOZZLE
IF-(BAKNMAY 600, 600s B

READ (52 5004) NJMAX, NONLIN> NFEGLS
IF {NEGL «EQe¢ 13 KEAD (5.5005) S¥ils
IF (NOZZLE ~E&. 1) GO TQ S

COMPUTE ADMITTANCE FOR QUASI-STFADY NOZZLE.

NOUT, NZEATA

S

NOZNL 1
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110

10

12

15
25

20

Y = (GAMMA - 1.0) * UE/(2.0 % GAMMA)

DO 3 J = 1s NJIMAX

AMFLC(J) = ¥

FPHASE(J) = 0.0

CONTINUE

GO T0 7

CONTINUE

IF (NZDATA «E&« 0) NZDATA = 5

IF C(NZDATA EQ. 1) NZDATA = 7

DO 61 = 1, NIMAX

READ (NZDATA» 5003} J» ANFL(J), FHASE(J)
CONTINUE

IF CNOZNL]1 .NE. 1) GO TO 7

O 710 1 = 1,NJMAX

READ (NZDATA, 5003 J» GNOZ ()

CONTINUE

DO 10 I = 1l» NJMAX

READ (5,5002) Js L{J), MCJYs NCJSY, NS(JII, NAMEWD
CONTINUE

DO 12 J = 1, NJMAX

THETA = FHASEC(J) % FL/180.0
YR = AMFL(J? * COSCTHETA)
YI = AMFLCJ2 * SINCTHETA)
YNOZCJY = CMPLXCYEREsYI)
CONTINUE

ZE = 20 ¥ FLD

CZE = CMPLXC(ZE,QO-.0)

CGAM = CMFLXC(GANMMAs O«0)

CAX = CGANM

IF (NDEROPS «EQ. 1) CAX = CGAM + (1.0:,0.0)

#**********#******************#*********#********************##***

ASSIGN ARRAYS FOR ROOTS OF BESSEL FUNCTIONSe
DO 20 J = ls NJMAX

IF C({M(J) «EBe 0) <AND. (NCJ) «+EQs 022 GO TO 15
MM = M(J) + 1}

NN = N¢CJD

£¢J) = RJROOTI(MM, NND

Sd(J) & RJVAL(MMaNNI

GO T0 25

5C(Jd) = 0.0

SJCGJY = 1.0

586 = S(J) * S(J)

C550CJ) = CMFLX(550s0.0)

CONTINUE

a——————— e e e p e e L DL T R LD L R L L L E LS Ll ol L
CALCULATE AXIAL ACOUSTIC EIGENVALUES.

FIND MAXIMUM VALUES OF L(J), M(J)s AND NCGJ).
KN = 0
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aaaocoan

30

-3
o

165

112

120

125

8l

LyAX = 0O
MMaAxX = O
NFAX = O

DO 30 J = 1, NJMAX

IF CLCJ) «GTe LMAX) LEAX = LCJ)
IF (MCJ) «GT« MMAX) MMAX = MC(JD)
IF (NCJ) «GTe RMAXY NMAY = NCJI
IF (NCJ) «NE« NC1)) KN = |}
CONTINUE

LMax = LMax + |

MMAK = MMAX + 1

COMPUTE EIGENUALUES.

O 40 J = 1, hJMAX

LL = Lt} :

SMN = 5¢J)

YAMPL = AMFL(J)

YFHASE = PHASE(D)

CALL EIGUAL(LL, SMN»GAMMAsZEs YANMFLS Y LHASES CREL T
B(JY» = CESLT

BC(JY = CONJGCCRSLT)

CONTINUE

oK e e e o o s sk sk ek ok A sk o ok o ok ok ke A o ok ok o ok ok o ke ok o o ok ok ok o o ok ok ko Aok o ok ok e sk e ok ok ok sk oK
CALCULATE LINEAFR COEFFICIENTS.
CALCULATE THE NUMBER OF LINEAR COEFFICIENTS.

NCOEFF = ¢4
IF (NOZNL1 «EQ« 1) NCOEFF = S
NCFM1 = NCOLRFF-1 o

DO IDD NJd = 1, NJMAX
DO 100 NF = ], NJMAX

ZERD COEFFICIENT ARRAYS:
I0 105 KC = 1, NCOEEF
CL(KC»NJoNP) = (0-0,0.0!
CONTINUE

OHIHOGONALITY FHOPERTY OF TANGENTIAL EIGENFUNCTIONSa
IF ¢ NSCNP)Y «NEe NS(NJY 2 GO I0 100

IF (MUNF)Y «NE. MENJYY GO 10 10D

IF (MO(NJY «EQ. DY €0 TO 112

H6Z = PI .

GO TG 120

IF ( NS(NJ2) +EQe 12 GO TO 100

AZ = L«0 * Pl -
ORTHOGOCNALITY FROFERTY OF RATIAL EIGENFUNCTIONS.
IF (N(NF) «NE«s NCNJYY GO TO 100

IF (S(NPY) 125 122, 125

SEM = MCNJ) * MCODNJD

S50 = SINF)Y % S(NF)



(e Ne] [ 3 ] oo

[ X+ TN » BN o X o]

o]

Qoo

122

127

130

{00

140

SJ50 = SJ(NJ) #* SJ(NI)

RAD = (550 = SEM) * SJSQ/(2.0 # 55Q)
GO TO 127

RAD = 0. 5

CALCULATE AXIAL INTEGRALS.

PO 130 NOFT = 15 4

CALL AXIAL1 (NOFTs NFs NJs UEs ZEs ZCOMEs CHSLT)
AXI(NOFTY = CHSLT

CONTINUE

EVALUATE FUNCTIONS AT NOZZLFE END.

ZEJ = CCOSH(CI*BC(NJ)*CZE)

ZEF1 = CCOSHCGI*EB(NF?*CZE?

ZEF2 = C1 * B(NF) * CSINHC(CI*+BI(NEI*CZE)

CazZ = CMPLXCAZ,D.0)
CRAD = CMELX(RADs 0+0)

COEFFICIENT OF THE SECOND DERIVATIVE OF A(F}.
CCClaNJLNF) = AKC(1) * CAZ * CRAD

COEFFICIENT OF A{F).
CC(Q:NJ:NF)T: CCSSQINFI*AXIL) - AX(2) + ZEF2*«ZEJY * [AZ * CRAD

COEFFICIENT OF THE FIRST DPERIVATIVE OF A(FY.
CCLI»NJLNF) = {CAX*AX(3) ¢+ (240 Qa(I*AXCHD
+ CGAM*YNOZ(NPEI*ZEFP]|#ZEJ) * CAZ * CRAL

COEFFICIENT OF THE RETAKLDED DERIVATIVE OF A(P).
CCC A NJaNPY = CGANM * AX(3) * CAZ * CRArD

IF (NOZNLi{ .NE. 1) GO 70 100

COEFFICIENT DUE TO NOZZLE NONLINEARITIEEs
CESO = 1= {GANMMA-1) x UE/2.
CC(S,NJ>NF) = UE * CESD * GNOZ(NP) * ZEJ * CAZ ¥ CRAD

CONTINUE

NOFMALIZE LINEAR COEFFICIENTSe

D0 140 NJ = 3, NJMAX

CNORM(NJ) = CCC1,NJsNJI

LO 140 NP = 1, NJMAX

DO 140 KC = i, NCOEFF

CCCKC,NJsNF) = CCCKC,NJsNF2 /CNORM(NJ)
CONTINUE '

e ok o ok o e ol ok ok o st e o ok ok o o sk oo sk ok ek o e ok e e S e sk g o e ok e ok stk OR o R ol e e ke ke ko ok
COMPUTE NONLINEAR COEFFICIENTSe

IF (NONLIN «EC. 03} GO TO 402
Gl = (CGAM = (1-0,0+07) * C(0+5:0+0%
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COMFUTATIONS OF BESSEL INTEGHRALS WHEN ALL SERIES TEEMS HAVE THE
SAME RALI AL MOLE NUMBEE N(J). :

IF (KN «EGs 1) GO T0 170
O 150 MP = 1, MMAX
DO 150 M@ = 1, MMAX
DO 150 Md = 1, MMAX
BESIC(MP,MO,MJ) = 0.0
BES2CMP,MQ,4J) = 040
BESI(MP,MQsMJI) = 0.0
Lt = MP = 1
LS = M@ = 1
L3 =Md ~ 1
1M = L1 + L2
LN = Ly + L3
MN = L2 + L3
IF CCL3.EQsLM) «ORe (L2.EQ.LN) «OF+ (LI.EQ.MN)) &C TO 160
6C TO 150
160 IF (NMAX «EQe 0) 60 TO 165
Al = RJEOOTCMPNMAX)Y ¢
AZ = EJROOTCMO,NMAX)
A3 = RJROOT{MJs NMAXD
GO TO 167
165 Al = 0.0
A2 = 0.0
A3 = 0.0
167 CALL RADIALC1,L1,L2,L3,A15A2sA3, RESULT)
BESI(MFsM@sMJ) = RESULT
CALL HRADIAL(E,L1,L2,L3sAlsA2, A3, RESULT?
BES2(MPsM@sid) = RESULT
CALL RAGIAL(3,L1,L2,L3,A1,A2, A3, RESULT)
BES3(MF»NM0sMJY = RESULT
150 CONTINUE
170 B0 200 NJ = 1, NJIMAX
DO 200 NE = ], NJMAX
TO 200 N@ = 1, NJMAXK
CH1 (N NEsNQ) = (0-0-0.02
Chet(NJs NFaNOY = C0+0s0+0)
CL3¢(NJsNPsNE) = £0+050e0)
CDACNJIsNESNG) = (Ge0s 0a0)
DO 210 J = 1, 2
CALL AZIMTLCJ,NP,N&sNJs RESULT)
AZ1(JY = RESULT OR
TANINTCJ) = CMELXCRESULT> Os0) REDE&L,P
210 CONTINUE op POOR QUAGE I3
“1F (AZIC1)) 280» 225, 220 -
oo IF (AZIC(2)) 220, 200, 220
000 IF (KN +EGe 0) GO T0 2282
L1 = MNP)
Le = MNQ)
L3 = MC(NJ?
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OO n

a2ae

244

242

2480

250
200

408

Al = S(nP)
A2 = S(ND
A3 = S(NJ)
G0 T0 244

MF = M(NP) + 1}
MQ = MINGQY + 1
MJ = M(NJ) + 1
RADINTC(E) = CMPLE(BES1C(MF2MQsMJI»0.0)
RADINT(2)Y = CMPLX(BESE(ME,MQsMJda0.07
RADINTC(3) = CMPLX(BES3(MF:,MQAsMJI»0+0)

™M 2e40 J = 1, 3

IF (KN EQ« 0 GO TO 242

CALL BADIAL ({(JsL1sL2,L3,A1sA2:A3,RESULTY
RADINTC(JY = CHMELXC{RESULTs 0«02

PO 240 NC = 154

CALL AXIALE CJsNCoNF2NQsNJ»ZEs CRSLT)
AXINTC(NC,J) = CHSLT

CONTINUE

DO 250 J = 1,4

Gl % CSEQENF) * AXINTC(J» 1)

Gl ¥ AXINT(J«3)

AXINTCU» 13 % TANINTC1) # RALINT(3)
ARINTCJ2 13 & TANINT(2) % RADINT(EZ}
AXINTCJ»2) % TANINTC(L) * HADINTC12
D4 = (T2 = T1) = TANINT(I) * RADINT(1)

=)
[
B nnu

DCOEF = (D+5,00) % (L1 + L2 + D3 + Da)/CNORMINID
IF (J +E8¢ 1) CPIC(NJ2NF-NG) = (1e0s=1+0) % DCOEF
IF (J +EQe 2 CL2(NJsNFsNE) = (10,102 % DCOEF

IF (J «E€+ 3) CD3(KJLNF>NG) & (1.0,140) & DCORF

IF ¢J «EQe 4 CDACNJsNEINO) = (1+0s-1.0) % DCOEF
CONTINUE

CONTINUE
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CALCULATE COEFFICIENTS FOR EEUIVALENT KHEAL SYSTEMe

DO 350 NJ = 1. KNJmaX
NEWJ £ (2 % NJ) .= 1
NEWJ]1 = NEWJ + 1

DO 350 NP = 1, NJMAX -
NEWP = (2 % NF) .=~ 1
NEWPl = NEWF +_1
CGEFFICIENTS OF LINEAR TERNS.
GCR = REALCCCCIsNJaNP3)
CCI = AIMAGCCCC1,NJsNP))
C1(NEWJsNEWF) = CCR
C1(NEVJLNEUFLI) = -CCI
C1(NEWJ1sNEWE) = CCI
Cl(NEWJ1sNEWF1> = CCR
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CCR = REALC(CCCECH 1,NJalFI2
CCI = AIMAG(CCC(KC+1,NJ-NF))
CCKCsNEWJsNEWF) = CCk
CCKCoNEWJ»NEKFPL1Y = -CCI
CIKCsNEWJ I NEUWF) = CCE
C(HCsNEWJI,NEWF1) = CCH
CONTINUE

COEFFICIENTS OF NONLINEAR TER*S.
IF (NONLIN oECGs 0O) GC TO 350
PO 370 NO = 1s NJMAX

NEWG = (2 = h@) - |

NEWQ]l = NEWG + 1

CDIR = REALCCDI(NJ,NF,NQI)
CL1I = AIMAGC(CDI(NJ,NF>NG))
CI2F = REALCCLE(NJsNFsNG))
Cr2l = AIMAG(CD2(NJ»NF»NE))}
CD3R = REAL(CD3(NJsNF,NE))
CL3l = AIMAG(CD3(NJ,NF.NE&))
CE4E = REALCCDA{NJ,NF>NEG))
Ch41l = AIMAGCCTAC(MNJIsNEFLNO))D

DC(NEWJs NEWF»NFWwE) = CDIR + CD2E + CD3k + CL4R
L{NEwJa NEWF2NEW&1) = ~CIL1I + CL2l - CL31 + CL4l
D¢NEWJsNEVEILNEWE)Y = -CD1I - Cr2l + CD3I + Cr4l
DCNEWJ, NEEF1sNEWG1) = ~CT1k + CE2K + CL3kR - CIL4ER
DCNEVJ1,NEWF.NEWGY = CL!I + CL21 + CE3I + CDhal
D(NEWwJ 1 NEWF,NLEWE@1Y> = CDIK - CL2F + CD3K - CL4R

D(NEWJ 1+ NEWP 1o NEWQ? CLIEk + CD2R - CL3F - CL4R
D¢CNEWJ 1, NEWP 1. NEWOLEY = ~CDIT + CP2I + CD3I - CL&l
CONTINUE

CONTINUE
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COMEUTE COEFFICIENTS FOR THE EQUATIONS WHICH ARE DECOUFLEL
IN THE SECOND DERIVATIVES.

L0 405 KC = 1» NCOEFF

EMARCKCY = O

CONTINUE

CALCULATE INVERSE OF THE MATRIX C€1l(ilsd}e
JMAX = NJMAX

NJMAX = & * NJMAX

Vi1l = 1
CALL GJRC(C1>MXEsMX22NJMAKS Dsr 2S500sJC V2

USE INVERSE 10 CALCULATE DECOUFLED COEFFICIENTS.
DO 410 NF = 1, NJIMAX

LINEAR COEFFICIENTS.
D0 420 NJ = 1 NJIMAX
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DO 420 KC = 1, NCFM!

TS(KCsNJ) = 00

B0 420 K = 1, NJMAX

TSCKCsNJ) = TS(KCaNJ3 + CI1{NJsK) * CCKCs K2 NPD
480 CONTINUE

IO 430 NJ = 1, NJIMAX

DO 425 KC = 1, 3

CCKC»NJI»NFY = TS(KC.NJY

ABSUAL = ABSCCCKC»NJLNPY)

IF C(ABSUAL +GEe. SMI) KMAX(KC) = KMAX(KC) + 1
225 CONTINUE

IF C(NOZNL1 «NE. 1) GO TO 430 .

CCaNJeNF) = TSCasND) *

ABSUAL = ABSCCC4sNJLNFPYD ’

IF ¢ABSUAL «GE. SM3) KMAXC(Z) = KMAKC4A) + 1
430 CONTINUE

NONLINEAR COEFFICIENTS.

1F ¢NONLIN <«EB. 0} GO TO 410

PO 415 NO = 1s NJMAX

DO 440 NJ = 1, NJMAX

TSQINJ)Y = 00

DO 440 K = 1 NJIMAX

TSOINJ) = TSQ(NJ) + CI(NJsK) * E(K.NP,NGD
440 CONTINUE

PO 445 NJ = 1s NJMAX

DI(NJINESNG@) = TS@(NJ)D

ABSVAL = ABSC¢DINJ,NP,NE))

1F (ABSUAL .GEe S¥2) KMAX(NCOGEFF) = EMAXCRCOEFF) + 1
445 CONTINUE
415 CONTINUE

410 CONTINUE

*********s****xt**#*******##**************************************
QUTPUTs.

IF (NOUT «GE« 2) GO TO 455

PRINTED OUTFUT ’

YRHITE (6260013 CTITLECI)» 1 = 1s ey

VRITE (6s6002) GANMAsUE,HLD2ZCOMB

IF (NDREOPS «EQ. 0) WRITE €65 60207

1F (NDROPS +EQe 12> WRITE (626021)

IF C(NOZZLE <Ed. 0 VWRITE (6560120

IF (NOZNL1 +EQ+ 13 GO TO 760

WRITE (6s60827

¥RITE (6s,6004)

DO 310 J = 1, JMAX

WRITE (626003) NAMECJ)s Js» LGJIs MlJIs NCJd2s NSCJ)s-

1 - SCJYs Sd(J)s BCJIs» YNOZC(ID
310 CONTINUE

GO TO 765
760 CONTINUE

WEI TE (6560233
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WRITE (6s;6025)

L0 770 J = 1ls JMAX .

WRITE (656026 NAMEC(JY, Js LCJ)s> MCJIs NCJIs NS{JY 2
S(J), SJCJIs BCJIs ¥YNOZLJIIs GNOZLDD

C T2

770 CONTINUE
765 CONTINUE
IF C(NONLIN sE@e D) WRITE (6s6013)
OQUTFUT OF LINEAR COEFFICIENTS.
DO 320 KC = 1s NCEM1
15 (KC -EQ. 13 VWERITE (6560052
1F (KC +EG. ) WRITE (6,6006)
IF (KC +EQ. 2) WRITE (6s6007)
IF C(KC +EQe 4) WRITE €6s6024)
WHITE (6560083 (dJds J = 1; MJIMAXD
WEITE €6,6014)
L0 320 NJ = 1s NJMAX
VEITE (6s6009) NdJs (C(KCsNJsNPYs NP = 1s NJKAX)
320 CONTINUE
OUTFUT OF NONLINEAR COEFFICIENTS.
IF (NONLIN «EGe 0) 6O 10 452
DO 400 NJ = 1, NJMAX
wBITE (6-6010) NJ
WRITE (6,6011) (Js & = 1» NdMAX)
WRITE €6s6015)
[0 400 NF = 1, NJMAX
WRITE (6r6009) NEs (DINJsKPsNQY, NG = 1s NJMAXD
400 CONTINUE
ase IF (NOUT +E@. 02 GG TO 4
455 IF (NOUT +EQe 3) 60 T0 480
Rl TE- COEFF1CIENTS ON FASTRAND FILEs
WRITE ¢9,7001) GAMMAs UEs ZEs ZCOMBs NEEOPS, NJMAXs NOZNL 1
DO 450 J = 15 JMAX ‘ :
WRITE (9,7002) ds LCJ2s M(J3s NCJYs NSCJIs SCJIs SJCdIs
NAMEC(J) .
450 CONTINGE
DO 457 J = 1, JMAX
WRITE (9, 7006) dJs YNOZ(J)s BCJ)
457 CONTINUE
IF (NOZNL1 -NE. 1) GO TG 720
I0 730 J = 1, JMAX
WRITE (9,70073 Js GNOZ(JD
730 CONTINUE
720 CONTINUE
Do 460 KC = 1, 3
WHITE €9,7003) KMAX(KC)
Lo 460 NJ = 1, NJMAX
IO 460 NP = 1y NJMAX
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ABSVAL = ABSC(C(KC,NJsNFP))

. 1F (ABSVAL «GEe SM1) WRITE (9,7004) NJs>NF» CCHCoNJINF)
460 CONTINUE

IF (NOZNL1 «NE- 12 GO TO 464

WRITE (9,7003) HKMAXCAD

IO 462 NJ = 1 NJMAX

DO 462 NF = l» NJMAR

ABSVAL = ABS(CC4,NJaNP)) .

. 1F C(ABSUAL .GEs SM3) GRITE (9,7004) NJ» NFs CC4aNJSNF)

462 CONTINUE
464 CONTINUE

WRITE (9s 70032 KMAX{NCOEFF)

IF (NONLIN +EG. 0 B0 TO 4

DO 470 NJ e 1, NJMAX

DO 470 NP = 1, NJMAX

PO 470 N@ = 1, NJMAX

ABSUAL = ABS(D(NJ»NP»NQ@})

IF CAESUVAL +GE. SM2) WRITE (9,7005)NJs NFs NG, DINJsNFsNE)
470 CONTINUE

GO TO 4

PUNCHED CARD OUTPUT.
480 PUNCH 7001 GAMMA; UEs ZEs ZCOMB, NDROFS, NJMAX, NGZNL1

DO 482 J = 1» JMAX -
PUNCH 7002 Js LCGJ)» ¥MCJYs NCJI» NSCJYs S5C23s SJ0JI)»
1 NAMEC(SD

482 CONTINUER

PO 484 J = }eJdMAX
FUNCH 7006 J, YNOZ(J)}s BCJ)
484 CONTINUE
IF (NDZNLt «NE. 1> G0 TO 740
IO 750 J = §» JIMAX
PURCH 7007 JsGNOZL(JD
750 CONTINUE
740 CONTINUE

PG 486 KC = 1» 3
. PUNCH 7003 KMAX(KC)
DG 486 NJ = 1s NJMAX
IO 486 NP = 1, NJMAX
ABSUAL = ABS(C{KCsNJsNF))
1F (ABSUVAL «GE. S61) PUNCH 7004 NJs NE, GCKC, NJsNPY
486 CONTINUE

IF (NODZNL) oNEe 1) GO TO 490

FUNCH 7003 KMAX(4)

DO 492 NJ = 1, RJIMAX

0O 492 NP = 1, NJMAX

ABSUAL = ABS(C(4:NJsNFY)

iF (ABSVAL .GE. SM3) FUNCH 7004 Nds NFs CLasNJ2 NP

9l
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492 CONTINUE
490 CONTINUE

PUNCH 7003 KMAX C(NCDEFF)

IF (NONLIN «EQ+ 03 GO TO 4

B0 488 NJ = 1s NJAMAX

LO 488 NP = 1, NJMaX

DO 488 NO = 1, NJIMAX

ABSVAL = ABS(D(NJ.NF,NG))

IF (ABSUVAL +GEs gM2) FUNCH 7005 NJs» NF, N@., DINJ:NP,ND
488 CONTINUE

GO TO 4

ERROR EXIT
500 1IF (JCC1}) 510, 510s 520
510 JCU1) = ABSCJC(1))>
WRITE (6s6017) JCC1)
GO TO 4
580 VRITE (6560182 JC(12
GO TO 4 -
600 CONTINUE
WEITE (6s6027)
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FORMAT SPECIFICATICNS.
5000 FORMAT (72A1)
S001 FORMAT (4F10.0,215)
5002 FORMAT (515s1Xsa4)
5003 FORMAT (IS5»2F10.0)
5004 FORMAT (615>
50065 FORMAT (2F10.0)
6001 FORMAT (1H1,1X,72A1//)
&002 FORMAT (2X,BHGAMNMA = +F5.2,-5%Ks 5HUE = 2FGe8s5Xs 6HL/D = »FB<5,

1 SX»BHZCOME = ,F5.2/)
6003 FORMAT (2XsA45515: 4F10+5:2F 114573 -
6004 FORMAT (2X//772Xs 29HNAME J L ™ N NS> 7TXs 3HEMN, 3XKs

1 THIMCSMND » 7Xs BREFSs TH2 3HETA 8X s 2HY R+ BXa2 2HYI /)
6005 FORMAT (1HI-4SH L[ECOUFLEL COEFFICIENT OF B(P): CCiada PYLLYD
6006 FORMAT (1H!»44H DECOUFLED COEFFICIENT OF THE DERIVATIVE OF,

i 6H B(PYtsSL,8HC(2sJsF)//7) . )
6007 FORMAT (1H1.3%H DECOUFLEL COEFFICIENT OF THE RETARLEL,

1 20H DERIVATIVE OF BCP)1sSXsBHCL{3JsPI 77D

6008 FOEMAT (7Xs IHF,18.9112)

6009 FORMAT (8X//5Xs13, 3%, 10F1£46)

€010 FORMAT (1HMi»42H FECOUFLED COEFFICIENT OF ECE) * DRCE)/DTs
1 19H IN EQUATION FOR E(,I12,1H)///)

6011 FORMAT (7X» I1HG.I8,9112)

6012 FORMAT (2Xs 19HGUASI-STEALY NOZZLE/)

6013 FORMAT (8X/ruXs24hLINEAR CGEFFICIENTS ONLY?

€014 FORMAT C4Xs 1HD

6015 FORMAT (4Xs IHFD

6017 FORMAT (1M1,31H OVEFFLO% DETECTELs LAST KRGy = ,15)

6018 FOFMAT (1B1»38H SINGULARITY DETECIFD, LAST hOW = »185) -

6020 FORMAT (2Xs"DFOFLET MOMENTUM SOGURCE NEGLECTEL"/)

¢

ORIGINAL PAGE IS
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6021 FORMAT (2X,"DROFLET MGMENTUM SOURCE INCLULED"/)

6022

FORMAT

(2X»"NOZZLE NONLINEARITIFS NEGLECTEL"™ /)

6023 FORMAT (2Xs“NOZZLE NCNLINEARITIES INCLULEL"/)

6024

6025

6026
6027
7001
7002
7003
1004
7005
70086
7007

FORMAT

FORMAT

2

FORMAT
FORMAT
FORMAT
FORMAT
FOEMAT
FORMAT
FORMAT
FORMAOT
FOERMAT
END

€1H1>* DECOUFLEL COEFFICIFENT BUE TO NOZZLE"Y,

" NONLINEQEITIES!“’BXJBHC(ﬂ:d:P)////J
(2X//7/2%, 2OHNAME . o L ] N NS»s 7Xs 3HSMN, 3%
THJIMCEMNY > 7Xs 3HEFS, 7X, SHETAS BXs2HY 2 BX2 2HY I,
8Xs 2HGEs 8%, 2HGI- /7

(EXr Al 5155 4F 1D Ss 4F L1 5¢)

CiH1? ’

C4F105»315) )
(SISs2F 10«5, 1Xs ALY

15>

(2l1SsF15+6)

(3IS+F156)

(15, 4F10-5)

{I5,2F10.5)
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SUBROUTINE EIGVAL(L:SMN:GAMMA:ZEJYBHPL:YFHQEE:RESULT)

COMFL EX RESULT o .
COMON sELK1/ 650, ABSO, ALPET, SMNSO

- %
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THIS SUEROUTINE COMFUTES THE COMFLEX AXIAL ACOUSTIC EIGENVALUES
FORh A CYLINDRICAL CHAMBER WITH A NOZZLE AND STORES THEM IN
RESULT» ’

THE EIGENVALDBES ARE COMFUTED BY MEANS OF NEWTONS METHOD.

THE INPUT FARANMETERS ARE AS FOLLOUS

L 15 THE AXIAL MODE NUMBLER.

SN IS5 THE DIMENSIONLESS ACOUSTIC FEEGUENCY. .
GAMMA 1S THE SPECIFIC HEAT RATIO.

ZE 15 THE LENGTH~TO-RADIUS RATIO.

YAMFL IS THE NOGZZLE AMFLITUDE FACTOR.

YFHASE IS THE NOZZLE PHASE SHIFT IN DEGEREES.
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FI = 341415927
EBR = 0«0000001

IF (YAMFL)Y S$260s5

CALCULATE CONSTANTS.

FHASE = YFHASE * F1/180.0

ALFHA = YAMFL % COSCFHASE)

BETA = YAMFL x SIN(FHASE)

G5Q = GAMMA * GANMMA

ABSQ = (ALFHA *# ALPHA)Y - (BETA * BETA)
ALBET = ALFHA % BETA

SMNEO = SMN * SMN

ASSIGN INITIAL GUESS FOFR EIGENUVAL UEe

IF (L «ERe 0) GC TO 45

AL = L

PHI = FI/Z2.0 + FHASE

X = FRL ®* FI/ZE

A = YAMFLSZE

X0 = XM + pAxCOS(PHI)

YO = A% SINCFHI)

GO TO 47

CONTINUE

YPHI = YFHASE

IF (YPHASE +GT. §80) YFHI = YFHASE = 180.
I1F (YPHASE +LTe 0) YFHI = YPHASE + (B0«
IF (YAMPL LT+ 0«1) GO TC 110

IF CYAMFL «LTe 0ead) GO T0 120

IF- (YANKFL «LTe¢ Qe«B) GO TO 150

IF ¢YavPL »LTe 122 GO TO 160

X0 = 10O * YAMFL

GC TO 170

160 X0 = 1+25 % YAMPL

Sl
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170

150

1280
130

140

;7

40

20

30

50

IF €YFHI «LEe 30+) TANFSI = -Q«4
IF CYPHI «GT<30+ «+ANDe YFH1.LE«60+) TANFSI

IF ¢(YFHI +GT. 150.) TANPSI = 0.4
GO TO 140

X0 = 240 % TAMFL

1F (YFHI +LE« 30+) TANPSI = ~0.6

- -'0.2
IF. (YFHI«GTe600 +ANDe YFHIGLE«120+) TANFSI = C-0
IF C(YPHI-GTe120s +ANDs YFRILE.150+) TANPSI = 0.2

1F (YFH] «GT«30s «¢ONDe YFHISLE«60+) TANFSI = «0.3
= (40
1F CYFHIGT+120+» «AND. YFHI «LE.150¢) TANPSL = 03

IF (YFHI «6Te60« +ANDe YPHICLE.120+) TANPSI

IF (YPHI «GTe 150e) TANPSI = 0e6
60 TO 140

X0 = 5. * YANMFL

60 TC 130

X0 = 3. * YAMFL

CONTINUE

IF (YPHI oLE. 30+ TANFSL = —0.75

IF CYFH] «GT+30e «AND. YEHE +LE«60+¢) TANFSI = =04
IF CYFHI «GTe60e «ANDe YPHI«LE«120+2 TANFS1 = Q0
IF (YPHI «GTs180¢ «ANDs YEHI «LEe 150« TANPEL = Os 4

1F CYPHI +GTs. 150.) TANPSE = 075
CONTINUE
Y0 = X0 * TANFPSE

I TERATION USING NEWTONS METHOD FOE A SYSTEM OF TwD EGUATIONS

IN TwO UNKNOWNS.

L1 =0

X = XU

Y = YO

CALL FCNS(XsYsZEsF>GsFisFYsGX2G6Y?2
IF (L1 «EQ. 40) GO TO 5S¢

RJUFG = (FX * GY) = (GX * FY)

IF (RJFG)Y 20, 30s 20

DFLTAX = (~F * GY + G * EY)Y/RdJdEG
DFELTAY = (=G * FX + F ¥ XY /RJFG
L =11 + 1

¥ = ¥ + DELTAX

Y = Y + DELTAY

TEST FOR CONVERGENCE. -
IF (ABS(DELTAX) +GEe ERE «ORe ABS(DELTAY)
G0 10 10

WARNING MESSAGES
YRITE (6»6005%
GO TO 10

WEITE (6.60063
GG TO 10

1

CASE OF HARD WALL (YANMFL = Q)+«

60 RL = L

«CEs

]

ERR)

GO TO 40

5
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X = RL % PI/ZE
Y = 0.0
10 RESULT = CMFLX(XsY)

FORMAT SPECIFICATIONS.
6005 FORMAT (2X/78Xs 16HJACOPIAN IS ZERO//)

6006 FORMAT (2X//28Xs35HFAILED TQ CONVERGE IN 40 ITERATIONS//)
RETURN - )

END
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SUBROUTINE FCONS(XsYsZE>F2G»FXsFYsGXsGY)

THIS SUBROUTINE COMPUTES THE FUNCTIONS F(X-Y) AND G(X»Y)
AND THEIR PARTIAL DERIVATIVES WITH RESPECT TO X aND Y.

COMMON ~rsHLK1/ GSe» ABSAs ALBET, SMNSE

COMPUTE THE TRIGONOMETRIC FUNCTIONS. THE HYPERBOLIC FUNCTIONS
AND THEIR SQUARES.

I =1
ARGKX = ZE % X
ARGY = ZE * Y

85X = SINCARGXY

CX = COS{ARGX)

SHY = SINHCARGY)

CHY = COSH(AHGY)

IF (I +EQe« 2 GO TO 20
545G = 8X % 5X

cxse Cx * CX
SHY S = SHY % 3SHY
CHYS& = CHY % CHY
ARGX = 2.0 * ARGX
ARGY = 20 % ARGY
I =2

GO TO 10

COMPUTE TRANSCENDENTAL FUNCTIONS AND THEIR DERIVATIVES

FF = (5X5@ * CHYSQ) - (CX5Q #* SHYsS@)
GG = (CX54 * CHYS58) - (SX5@ * SHYS@)
HH = 0425 % 5X % SHY

FFX = ZE * 5SX % CHY

GGY = ZE #% CX * SHY

FFY = =~GGY

GGX = -FFX

HHX = 0+5 * GGY

HHY = 05 % FFX

COMPUTE FACTORS

XY56 = CX % X)) - (Y % Y)

XY = X * Y

SMNXY = SMNSE + XYS0

Fl = (ABSQ * SMNXY) = (4+0 % ALBET % XY)

FE& = (ALBET * JSMNXY) + (ABS5Q@ * XY)

Gl = (ABSG # SMNXY) + (4.0 * ALBET % XY)
FX1 = (2.0 %* X * ABSQEY =~ (40 % ALBET * Y)
FX2 = (2.0 % X % ALBET? + (ABSQ * Y)

FYl = (~2.0 % Y % ABSG®) -~ (4.0 * ALBET * )
FY2 = (~2.0 % Y # ALBET) + (ABSG *% X}

o7
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GX1
GY1

€2.0 % X % ABSQ) + (4.0 * ALBET % Y9
(=2.0 % ¥ ¥ ABSQ) + (4.0 * ALBET % X

i

COMPUTE F(X,Y) AND G{(XsY2

F'= (XYSQ % FF) - (4.0 # XY % HH)
1 + GSQ * ((F]l * GG) + (4.0 % F2 % HHI)
G = (XYS5Q % HH) + (XY * FF)

1

LA

1
2
3
1
2
3

1

+ G3Q * ((F2 % GG) - (G1 * HHII
COMPUTE THE PARTIAL DERIVATIVES OF F AND &

FX = (2.0 % X * FF) + (XY5Q * FFX}

~4e & ((Y * HH) + (XY # HHX})

+ GS5@ * ((FK1 % GG) + (Fl * GGX)J

+ C4e0 * FXP % HHY + (4.0 * F2 % HHX))
FY = (~2.0 % Y % FF) + (XYS58 # FFY)

=fe0 % ((X % HH) 4 (XY * HHY))

+ G588 # ((FYY % GG) + (Fl * GGY>

+ (40 % FY2 * HHY + (4.0 % F2 % HHY))>
GX = (8.0 * X % HH) + (XY5Q * HHX)

+ LY % FF) + (XY % FFX) \

+ GSQ@ * ((FX2 % GGY + (F2 % GGX?

=(GX1 % HH) -~ (G1 * HHXJ)
GY = (2.0 * Y % HH) + (XY3Q #* HHYJ

+ (X % FF) + (XY * FFY) )

2 + G558 % ((FY2 *x GGY + (F2 * GEY

3

-(GY1 ® HH) - (Gl * HHY)Y
RETURN
END
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SUBROUTINE AXIALI (NOPTsNFsNJsUEsZE+2CONBs RESUL TY

THIS SUBROUTINE CALCULATES THE INTEGRAL OVER THE INTERVAL
(02ZEY OF THE FOLLOWING FUNCTIONS ACCORLDING TO THE VALUE
OF NOPT

NOPT = } ZANF) * ZCINJ)
NOFT = 2 ZFPINEY # ZU(NJ)
NOPT = 3 UF #* Z(NPY * ZCIND)
NOFT = 4 U # ZF(NP) *= ZOC(NDD

IN THE ABOCVE EQUATIONS:

Z{NPY IS5 THE AXIAL ACOUSTIC EIGENFUNCTION OF INDEX NF.

Z{NJY 15 THF AX1AalL ACOUSTIC FIGENFUNCTION OF INDEX Nde

ZC IS THE COMPLEX CONJUGATF OF THE AXIAL FIGENFUNCTION.

ZP AND ZPPE ARF THE FIRST AND SECOND DERIVATIVES OF THE

AX1AL EIGENFUNLTIONS RESPECTIVELY.

U I5 THE EBETEADY STATE VELOCITY DISTRIBUTION AND UF 15 ITS
AXIAL DERIVATIVE.

THE VELOCITY DISTRIBUTION IS5 COMFUTED BY THE SUBROUTINE UBAK.

PARAMETER WX = §

REAL MAG

COMFLEX Cls, CZEs BP» BJs Ti, T2+ CHs Fl, F2» F3s CZs ARG
? £is, S8, 53, RESULT, FINCT(S00Y.BMX}

COMMON B

€I = (0e0srled2

CZE = CMFLXCZE»D+03

BP B(NF)

BJ = CONJG(B(NG})

IF (NOFT 6T+ 2) GO TO 50

CALCULATE INTEGRALS BY MEANS OF ANALYTICAL EXFRESSIONS FOR
NOFT = 1 AND NOFT = 2.

ARG = (BEF + BJ) % CI -
MAG = CABSCARG)

IF (MAGY 20, 255 20

Tl = CSINHCARG*CZE)/ARG

60 TO 20

Tt = CZE

ARG = (BF - BJY * €I

MAG = CABSCARG)

IF (MAG} 35, 40s 35

T2 = CSINH(ARG*CZE)/ARG

60 TO 45

T2 = CZE

RESULT = (T1 + T8) ¥ (0+5:0.0

IF (NOPT +EG. 2) RESULT = =B(NP) * B(NF) * RESULT

60 TO 100
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NUMERICAL EUALUATIbN OF INTEGRAL'S FOR NOPT = "3 AND NOPT = ds

Qa0

COMPUTE STEP SIZE FOR SIMPSON INTEGRATION.
50 N = 50 ’ T

BN =N

RESULT = (0+020.03

IG ZCGMB

IGC 2 - 1IcC

(LI

D090 J = 1, IC

IF €J +EQe 1) H = ZCOMB * ZE/RN

IF (J «EQe 2) H = (le0 - ZCOMB) % ZE/RN
IF (J «EG@« 13 ZO = 0«0

IF ¢J «+EG@« 2) Z0 = ZCOMB * ZE

NPt = N + |}

CH = CMPLX{H-0.0)

c COMPUTE INTEGRANDS.
DO 60 I = 1» NP1
STEP = 1 - 1- .,
Z = ¢STEP * HY + 20
IF CCI+EQ¢1) «ANDe (JeEQe2)) Z = Z + H/100+0
IF C(NOPT +EQ. 3) CALL UBAR(2,UE,ZE,ZCOMB,ZsF)
IF (NOPT +EQa 4) CALL UBARC1s UEsZEsZCOMBsZs F)
F1 = CMPLX(Fs0+0) i
CZ = CMPLX(Z»0-0) - :
ARG = CI % BP
IF ¢(NOPT .EQe. 33 F2
IF C(NOPT +EQe 4) F2
ARG = CI # Bd
F3 = CCOSH(ARG*CZ)
FUNCTCI) = F)1 * F2 % F3
60 CONTINUE

]

CCOSH(ARG*CZ)
ARG * CSINH(ARG*CZ)

i n

c PERFORY SIMPSON INTEGRATION.
NM1 = N -
31 FUNCTC¢1) + FUNCTC(NP1)
58 C0-0,0.0)
53 (0-0:0-0)
DO 70 I = 2, Ns 2
$2 = S2 + FUNGTCI)
70 CONTINUE
DO 80 X = 3, NMIs, 2
53 = 83 + FONCTCID
8CG CONTINUE
RESULT = RESULT + . .
i CH % (51 ¥ (4e¢050+0)%52 + (2¢050e0)%53)7C3:0:s0.0)
90 CONTINUE

rn

c
100 CONTINUE -~
RETURN
END

100
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SUBEOUTINE AXIAL2(NOFT»NCONJsNP2NQsNJ2ZEs RESULT)

THIS SUBROUTINE CALCULATES THE INTEGRAL OVER THE INTERVAL
(0s,ZEY OF THE FOLLOWING FUNCTIONS ACCORDING TG THE VALUES
OF NOFT AND NCONJ

FOR NCONJ = 1 AND

NOPT = 1 ZINEFY = Z(NGY *x ZE(NJ)
NOPT = 2 ZP(NFY * ZF(N@)Y = ZC(NJ)
NOFT = 3 ZPPCNP) % Z(NQ) * ZCI(NJ)
FOR NCONJ = 2 AND

NOPT = 1} ZNFY * ZOINGD) * ZCIND
NOPT = 2 ZP(NF)Y * ZFC(NQY * ZC(NJD
NOPT = 3 ZPPINP)Y * ZC(NE) * ZCINJ)
FOE NCONJ = 3 AND

NOPT = 1 ZC(NP)Y * Z(NG) * ZCINJ)
NOPT = 2 ZFC(NF) > ZE(N@) * ZC(NJD
NOPT = 3 ZFPCCNP) * Z(NE) * ZCINJI
FOR NCONJ = 4 AND

NOPT = } ZCC(NPY * ZC(NE) # ZC(NJDD
NOPT = 2 ZPC(NF)Y * ZPCING) * ZC(NJD)
NOPT = 3 ZPECI(NF) * ZC(NG)Y % ZC(NJ)

IN THE ABGVE EQUATIONS:

Z(NPYs Z(NQ)s AND Z(NJ) ARE THE A&XIAL ACOUSTIC EIGENFUNCTIOND
AND NP, NBs AND NJ ARE THEIR INDICES.

ZF 15 THE FIRST DERIVATIVE OF THE AXIAL EIGENFUNCTIONS.

ZFP IS THE SECOND DERIVATIVE OF THE AXIAL EIGENFUNCTIONS.

ZC &ND ZPC ARE COMFLEX CONJUGATES OF Z AND ZF RESFECTIVELY.

PARAMETER MX = §

REAL MAG

COMFLEX ¢€ls CFs CZFs» BFs BGs BJds 5SWits RESULT.
1 ARGC4)Y, FUINCTC(A), BMAD

COMMON B

CALCULATE INTEGRALS EY MEANS OF ANALYTICAL EXFRESSIONS.
CIL = (00,10

CF 5 (De25,0+0)

CZE = CMPLXL{ZEsQ-0)

BP = BI(NE)

BQ = BC(N@Q)

BJ = CONJGC(BC(NJII?

IF CCNCONJeEGQe2) «0ORe (NCONJeEQ.423 BQ = CONJGCER)

IF ¢(NCONJ «6Fe« 2 BF = CONJG(BER)

ARGC(1Y = (BF + EQ + BJ) % CI

101
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ARG(2) = (BP + BQ@ = BJ) % CI
ARG(3) = (BP --BQ + BJ) * CI
ARGC4) = (BP - BQ - BJ) % CI
DO 10 J = 1,4

MAG = CABS(ARG(J))

IF (MaG) 12, 15, 12

i

FUNCTC(J) = CSINH(ARG(JI*CZE)ZARGC
GO TO 10

FUNCT(J) = CZE

CONTINUE

IF (NOPT «E@e 2) GO TO 30 - )
SUM = FUNCTC1) + FUNOT(2) + FUNCT(3) + FUNCTC4)
RESULT = CF * SUnM .

IF (NOPT .EQe. 3) RESULT = -BP * BP % RESULT
GO TO 50 - ‘
SUM = FUNCT(1) + FUNCT(2) = FUNCTC(3) - FUNCTL4L)
RESULT = =CF *x BP * B& * SUM

CONTINUE .

REETURN

END
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SUBROUTINE AZIMTL(NOPT,NF,;NQ:NJds» RESULT?

PARAMETER MX = §
DIMENSION NFCNC 3)» 5GC2)
COMMON /BLKZ2/ MCMX), NS(MK?

ke o A o o A o ook o s o e o o e o o ook o e ok ok R R ok sk e R e ek o ok o ek s ok ok ok ok ek ok

THIS SUBKOUTINE CALCULATES THE INTEGRAL OVER THE INTERVAL

(0s 2%PI> OF THE FOLLOWING FUNCTIONS ACCORDING TO THE VALUE
OF NOPT

NOFT = 1 TH(NPY % THINGY * TH(ND)
NOFT = 2 THP(NF) * THRI(NQ@) * TH(NJD

IN THE ABOVE EQUATIONS?

TH(NP)s» TH(NG)» AND TH(NJ) ARE THE TANGENTIAL EIGENFUNCTIONS
AND NF» N&s AND NJ ARE THELIR INLDICESe ’

THP 15 THE DERIVATIVE OF THE TANGENTIAL EIGENFUNCTIONS.

IF NS =1 TH = SIN(M*THETA)
IF NS = 2 TH = COS{M*THETA)

sk ok sk ok sk ofe sk sk o o sk ol o ok e ok ok o ok ksl e s ok s ok ok o oo ke sk ok ke ok okl o ok o ke ksl ok ok e ook ok ok

RKESULT = 040
FACTOR = 1.0
Pl = 341415927

DISTINGUISH BETWEEN SINES AND COSINES.
L0 10 KY 1» 2

NFON(H1)D 1

CONTINOQE

IF (NS(NJJI+EC.2) AFCNCI) =
IF (NOPT +EQ. 2> GO T0 20
IF (NS(NP).EE.2) NFCNC1)
IF (NS(NGY)+EQ.2) NFCNC(Z2) =
GO TO 30

IF (NS(NPY«EQe]» NFCNLLD
IF (NSI(N@).EQ.1) NFCNL(R)
DO 40 KI = 1.2

SG(K1) = 1.0

IF (NFCNC(K])Y «EQes 1) SG(KI) = =10
CORTINUE

FACTOR = SGC1) * S6{2) # M(NF) * MING)

I

o)

i

i
we ol

]

Nsu = 0

0 50 K1 = 1s 3

NSt = NSUM + NFCN(KLDD
CONTINUE
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105
104

60

1ok

iF
iF
I

KoP
IF
GO
LL

fl

((NS5UM «EQs« 33 +0Rs (NSUM «E@s 5)) GO TO 60
(N5SUM «EQe &) GO TO 70 :
(NSUM «EQe 6) GO TO 80

T = 2
(NFCNC1Y) +EQe. 2) " GO TO 72
TO 74

MENP)

MM = MINGY
NN = MINJ

GO
iF
GO
LL

NN
GO0

(NFCNC2) «EQs 2 GO TO 76
TO 78
M{NQ)

M = MINP)

LL = MINJD
MM = MNP
NN = M{N&D

GO

KoP
LL

NN

T =
MINP)

MM = MINQ)

MINJD

COMPUTE VALUES OF THE INTEGEALS.

IF
G0

LN

(CLL4NE.0) +AND. (MM-NE<O> -AND. (NN.NE.0>) '60 I0 101
TC 103 .

L

IM = LL + MM

LL + NN ) D

MN = MM + NN

IF
IF
GO
IF
IF
GO
IF
IF
IF

"1IF

GO
IF
con
RES

(CNN.EQ.LM) +ORs (MMaEQ.LN)) . RESULT = PI/2.0
(LL «E@. MN> GO TO 102

TO 104

(KOPT «E@. 1) RESULT
(KOPT -EQ. 2% RESULT
TO0 104 . '
((LL<EQ+0) «ANDe (MM+EG.0> -AND. C(NN.E@.0)> GO TO 105
CCKOPT+EQe1) «ANDe (KN+EQeD) -ANDs (LL+EO.MM)) RESULT = PI
(CKOPTeEQe1) ¢ANDs (MMeEQeD) +ANDe (LL+E@.NN)) RESULT = PI
C(LL +EQ+ 0} +ANDe (M +EQe KN)>) RESULT = BL .

TO 104 '

(KOPT -EQ. 1> RESULT = 2.0 * PI

TINUE

ULT = FACTOR % RESULT

PI/2+0
~PI/2.0 .

o

CONTINUE

RET
END

URN
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SUBROUTINE RADIAL(NOPT,L»M»NsAsBs Cs RESULT)

THIS SUBROUTINE CALCULATES THE INTEGRAL OVER THE INTERVAL
¢0s>1> OF THE FOLLOWING PRODUCTS OF THREE BESSEL FUNCTLONS:

NOPT = 1 JLCA*R) % JM{B#R) * JNLC*R) * R
NOPT = 2 JLCA%R) * JM{B#R) * JN{C*R)/R
NOPT = 3 JPL{A%R) * JPM(B*R)} * JNC(C*R) * R

J. 15 THE BESSEL FUNCTION OF FIRST KIND OF ORDER L
JPL. IS THE DERIVATIVE OF JL WITH HESPECT TO R

Ls Ms N ARE NON-NEGATIVE INTEGERS
As B» C ARE REAL NUMBERS

DIMENSION TFUNCT(200)
DOUELE PRECISION DN, DHs, DSTEPs» DR, ARGls ARG2s ARG3»

1 BES1, BESZ2, BES3s BESH» BESLs, PROD»
2 FUNGT, BESLIM., S1ls 58, 53
NN = 100

DN = NN

DH = 1+0/DN

NP1 = NN + 1

o 10 I = 1, NP1

DPSTEP = 1 - 1

DR = DH * DSTEP

ARGI = A # DR

ARG2 = B * DR

ARG2 = C * DR

CcALlL JBES(NsARG3>BES3.5500)
IF (NOPT «EQe 3> GO TO 101
CALL JBESCL»ARG1,BES1, 35002
caLL JBES(Ms ARG2.BES253%500)
GO TO 102

IF ¢L «E@. 0> GO TO 103
CALL JBESCL+1sARG1>BESH» 35007
CALL JBES(L~-1,ARG1-BESL.$500)
BESt = A % (BESL -~ BESH)/2.0

GO TO 104
CALL JEESC1,ARG1,BES1.$500)
BES: = -BES1 * A

IF (M «EQ- ©) 60O TO 105
CALL JBES(M+1,ANG2,BESH, 55002
CALL JBES(M-1,ARG2,BESL,$500)

BES2 = B % (BESL -~ BESH)/2+0
Gnn T 1N N
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CALL JBESC1,ARG2,BESZ: $500)
BESZ2 = ~BES2 * B T
PROD BES1 % BESZ2 * BES3

O

I¥ (NOPT «EQ.'2) GO TO 110

FUNCT(I> = PROD % DR

GO TOQ 10 .

IF (I .E@- 1> GO TO 111

FURNCT(I) = PROD/DR -

GO TC :0

BESLIM = 0.0 : £ .

IF ((L«E@¢1) +ANDe (MsEQaD) srvie. LiNebBe U
IF ({L+ERe0) «ANDe (M+EGQel). «ANDs (N+EQ:03)
IF ((L.EGQGeD) <ANDw (M+EQ.0) «&NDs (NeER«1))
FUNCT(1> = BESLIM "

CONTINUE

NM1 = NN -~ 1

§1 = FUNCTC1). +. FUNCTINP1)
52 = 0.0 - -
S3 = 0.0

DD 20 I = 2, NN, 2

52 = S2 + FUNCT(C1}
CONTINUE

BO 30 I = 3, NMls 2

53 = 83 + FUNCT(ID
CONTINUE

RESULT = DH # (51 + Z-0%52 + 2.0%533/73.0
GO TO 501

VRITE (6., 6000

FOEMAT (1H1ls10HERROR JBES)
CONTINUE

RETURN

END

BESLIM
BESLIM
BESLIM

haun

AS2«0
B/2.0
.C/2.0
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SUBROUTINE UBAR(NOPT>UEsZE,ZCOME,Z,RESULT)

THIS SUBROUTINE CALCULATES THE STEADY STATE VELOCITY

DISTRIBUTION FOR UNIFORMLY DISTRIBUTED COMBUSTION COMPLETED AT
Z = ZCOMB * ZE WHERE:
UE IS THE EXIT MACH NiMBER.

ZE IS5 THE DIMENSIONLESS LENGTH.
Z 15 THE AXIAL COORDINATE.

IF NOPT
IF NOPT
iF NOPT

monn

1 THE DISTRIBUTION 1S CALCULATED.
2 THE DERIVATIVE 15 CALCULATED.
3 THE SECOND DERIVATIVE 1S CALCULATED.

ECZ = ZCOMB % ZE

GO TO (10»
IF CZ <LE.
IF (Z .GTe.
GO TO 40

IF (2 +LE.
IF (Z .G6T-
GO TO 40

202302, NOFT
ECZ) RESULT
ECZ) RESULT

ECZ) RESULT
ECZ) RESULT

RESULT = 0.0

CONTINUE
BETURN
END

mn

ol

UE # Z/ECZ
UE

UE/ECZ
0.0
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APFPENDIX C
PROGRAM LCYC3D: A USER'S MANUAL

Program TCYC3D calculates the nonlinear stebility characteristics
of the combustion chamber described 1n.F1g 3 by numericaliy 1ntegrat1ng the
system of dszerentlal equatlons glven‘by Eq. (20) Except for the term

LI_(;;,,p) e p , this equation is the same’ as Eq. (12) of Ref 1L, "whose -
solution is carried oul by the program ILCYC3D described 1n ﬂetall in Appendix D
of Ref, 11, The present computer program is very s:.m:r_lar t6 Program LCYCSD
of Ref. 11 in its general structure, 1nput and output Hence 1n.th1s user s
manual, only the complete 1lst1ng of the presenr prOgram, along w1th a precise
description of the necessary lnput, is given; for details about the program

(ineluding input) one is referred to Appendix D of Ref. 1i.

No,of .
Cards Tocation Type Input Ttem COmments
1 1-5 I NOUTCF : If O: coeff1c1ents are not
- printed out -
If 1: only the linear coeffi-
cients are printed out
If 2: all the coefficients
are printed out
6-10 I NOZNIZ If 0: nozzle nonlinearities
not included
If 1: nozzle nonlinearities
inciuded
1 1-72 A TITIR Title used to label the
plots
1 1-30 F EN Interaction index, n
11-20 £ TAU Time lag, T
21-30 F H Time increment for numerical
integration
31-40 F TSTART Time at which outpubt of

solution begins
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No. of

Cards location Type Input Ttem Comments
L431.50 F TQUIT Pime at which output of
golution ends
i 1-5 I NTEST If O: compube transient
behavior
If 1: compute limit-cycle
behavior
6-10 I JMODE Tdentifies the amplibude -
function used to test for
limit~cycles '
11-15 ) I NIOC Determines location for wall

pressure maxime. and minime

[=]

Iri1; 2=0, 8 =0
If 2: 2 =0, O =45’
If 3: 2 =0, 6 =90°
16-20 I NTERMS Nuriber of amplitude
funetions given initial
Talues
21-25 I NP7 Determines how secondary
instability zones are
handled
If 0: all ingtability =zones
included
1f 1: secondary zones
eliminated
26=-30 T NOUT Determines outpub
If 0: prinmted output
only .

If 1 < NOUT < 6: both
printed and plotted output;
NOUT being the number of
the last plot produced

31-35 I ICTYEE It 1L: amplitudes selected
to satisfy the nozzle
boundary condlition
If 2: amplitudes selected
to eliminate the extranecus
solution
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The next three cards are necessary only if 1 < NOUT = 6,

No. of

Cards Iocation - Iype Comment s

Tnput_Tem

1

1-10
11-20
21-30
3140

1-5

6~10
11-15

16-20

6=10

11-15

F

YHT(1)
THI(5)
YTAB(1)
YIAB(5)
ITICY (1)
ITICY(5)
NFIRST

NOMTT

MDPIOT(1)

MDPTOT(2)

MDPIOT(3)

Maximum ordinate for
pressure plots

Maximum ordinate Tor
velocity plots

Interval for ordinate
labeling of pressure plots

Interval for ordinate
labeling of welocity plots

Nunber of ordinate tic
marks for pressure plots

Nunber of ordinate tic
marks for veloclity plots

Gives the number of the
first plot produced

If 0: time=history plot
produced )

If 1+ +%ime-history plot
omitted

If O: plot of the first
mode amplitude not
produced

If 1: plot of the first
mode amplitude is produced

If O0: plot of the second
mode amplitude not produced
If 1: plot of the second

mode amplitude is produced

If 0: plot of the third
mode amplitude not produced
If 1: plot of the third

mode amplitude is produced



No. of

Cards Iocation

16-20

Lype
I

Toput Ttem

Comments

MDPTOT (k)

If O: plot of the pressure
amplitude of the first
mode nobt produced

If 1: plot of the pressure
amplitude of the first meode
is produced

The next card is necessary only if plot of any mode~amplitude is desired.

1 1-10

11-20

2125

NTERMS 1-5

6-15

16-25

The next card is necessgary onily if ICTIYYE = 2.

1 1-10

11-20

F

r

YHIMD

YTABMD

ITICMD

AST

ACT

DAMP

FREQ

Maximum oxrdinate for mode-
amplitude plots

Interval for ordinate
labeling of mode-amplitude
plots

Nunber of ordinate Eic
marks for mode-amplitude
plots

Tdentifies complex amplitude
function

Amplitude of sin(wt) terms
in initial conditions

Amplitude of cos(wt) terms
in initial conditions

Damping factor in initial
condition, obtained from
linear stability analysis
(Appendix B of Ref. 11)

Corresponding freguency



FORTRAN Tisting

C
C
C
C
c
C
C
C
C
C
c
c
c
Cc
C
C
C
c
e
C
c
C
c
C
C
c
c
c
G
C
C
c
c
C
c
c
c
C
C
G
C
Cc
C
C
C
G
C
C
c
C
c
C
C
C
c

i12

5

FrRRERL Rk Rkk PROGHAN LCYC3D o kdkakskokod ok skakok o o sk ok ool ok ok o ook o ok de ko

THI 5. PROGEAM CALCULATES THE NONLINEAR BEHAVIOE OF
TRANSVEKSE, AXIALs OF COMBINED LONGI TUDINAL - TRANSVERSE
INSTAEILITIES IN A CYLINDRICAL COMBUSTION CHAMEER WITH
UNIFOFM PROPELLANT INJECTIONs DI STRIBUTED COMBUSTION
PROCESS> AND A CONVENTIONAL NOZZLE. 13HE COMBUSTION FROCESS
1S DESCRIBED BY ChOCCO"™S TIME-LAG MODEL. EOTE ThANSI ENT
AND LIMIT=-CYCLE SOLUTIGNS ARE CALCULATED.

THE FOLLOWING INFPUTS ARE KREGUIRED

(1> THE CONTROL NUMEERS, NOUTCF AND NOZNLZ2.
{2 THE COEFFICIENTS FROM FROGEAM COEFFS3De
€3 THE DATA DECK.

NOUTCF PETERMINES PRINTOUT OF COEFFICIENTS.
1F NOUTCF 0 COEFFICIENTS ARE NOT FRINTED OUTe
IF NOUTCF ! LINEAR COEFFICIENTS ONLY ARE FRINTED OUT.
IF NOUTCF = 2 ALL COEFFICIENTS ARE FRINTED OUT»
NOZNL2 DETERMINES IF THE NOZZLE NONLINEAFITIES ARE TO EE INCLUDED.
1F NOZNL2 = 0 NOZZLE NONLINEARITIES NOT INCLUDED.
IF NOZNL2 = | NOZZLE NONLINEARITIES INCLUBDED.

L |

THE LATA DECK CONTAINS THE FOLLOWING INFORMATI ONt
TITLE OF THE RUN.

EN IS5 THE INTERACTION INDEX.

TAU IS5 THE TIME LAG.

H 1S5 THE INTEGRATICON STEP SIZE.

TSTART IS THE TIME AT WHICH OUTEUT STARTSe

TOUIT IS THE TIME AT WHICHE COMPUIATICNS ARE TERNMINATED

NTEST IS5 TASK CONTROL NUXBEF:

IF NTEST = 0O COMFUTE THANSIENT EREHAVIOfH.

IF NTEST = 1 CGMFUTE THE LIMIT-CYCLE EFRAVIOR.
JMODF 1S THE MODE-AMFLITULE USEL TG TEST FOR LINIT=CYCLES.
NLGC DETERMINES THE LGCATION OF THE WALL FRESSUHE MAXIMA®
ANE MININMA:

IF NLGC = 1 LOCATION IS Z = 0s THEIA = C DFCGRFESL.
IF NLGC = 2 LOCATION IS Z = Qs THEJA = 4S5 LDECHEES
I¥ NLOC = 3 LOCATION 15 Z = Os 1HETA = 90 DEGKEES.

NTERMS IS THE NUYBER OF TERMS GIVEN INITIAL VALUES.
NFZ DETEHMINES HOW SECONDARY S1AERILITY ZONES ( FHANTOM
ZONESY ARE HANDLLL.
IF NFZ = O FHANIOM ZONES AKE RETAINED.
1F NFZ = 1 FHENTOM ZONES ARE ELIMINATEL.
NOUT IS THE OUTFUT CONTROL NUMEER
IF NOUT = O FRINTED OCUTPUT OKNLY.
IF KOUT > O BOIH FRINTED AND FLOTTE: QUTFUT, NOUT
DETERMINES THE NUMBER OF THE LAST FLOT

_ PROGUCELD . )
ICIYPE IS THE INITIAL CONLITION CONTRUL NWYEER!
IF ICTYFE = | AMNFLYI TULES SELECTEL T0 SATISFY

ORIGINAL PAGE IS
OF POOR QUALITY
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THE NOZZLE BOUNEARY CONLITION.
IF ICTYFE = 2 AMFLITUDES SELECTEL TO ELIMINATE THE
EXTRANECUS SOLUTION.

DATA FOR SETTING UP FLOTS 3

YHMIC1) IS THE MAXIM(M ORLDINATE FOR FRESSUKE FLOTS.
YHIC(S) 15 THE MAXIMUM ORLINATE FOR VELOCITY FLOTS.
NOTEt THE GEDINATE SCALES FOR FRESSURE AND VELOCITY FLOTS
ARE SYMMETRIC AEBQUT ZEKO.
YLAP IS THE INTERVAL FOR ORDINATE LABELING FOR ABOVE FLOTS.
ITICY 1S THE NUMEER OF ORLINATE TIC MABKS FOR AEOVE FLOTSe
NOTE: 1TICY SHOULD BE NEGATIVE FOR PRESSURE AND VELOCITY HLOTS
TO OBTAIN CENTERLINE. ’
NFIRST 1S THE NUMBER OF THE FIRST FLOT FROEUGEDe
NOMIT DETERMINES WHETHER AMPLITUDE FLOT IS5 FRODUCED
1¥ NOMIT = 0 AMFLITUDE FLO1 15 PROLUCED.
1F NOMIT = 1 AMFLITUDE FLOT IS OMITTED.

MPFLOT DETERMINES IF THE FLOT OF THE MOLDE-AMFLITUDE 15 REGQUL HEL.
IF MDFLOT = 0 FLOT NOT REQUIRED.
IF MDPLOT = 1 FLOT REQUIRED.

YHIMD IS THE MAXIMUM ORDINATE FOR AMFLITUDE FLOTS.

YLAEMD I5 THE INTERVAL FOR ORLDINATE LABELING OF AMFLI TULE FLOTSs
ITICME IS THE NUMBER OF ORDINATE TIC MARKS.

NOTE: ITICMD SHOULD BE NEGATIVE TC OBTAIN THE CENTERLINE.

INITIAL AMFLITULES OF F~FUNCTIGNS (REMAINING CARDS?

ASCJY IS THE AMPLITULE OF THE SINE TERM.
ACCJY 1S THE aMFLITUDE OF THE COSINE TERN.

DAMP AND FRES ARE THE EAMFING COEFFICIENT AND THE FREQUENCY FROM
THE LINEAR STABILITY PROGRAM.

FARAMETER —MXcS5, MX2=10s, MX4=20> MX25Q=100

COMFL EX YNOZ (MX)» B{MX)s Cls C2» C3» CFHIT(MX)» C5LM, A

COMFL EX GNOZ(KX)s CAX1s C1 .

PIMENSION L¢MX)» NCMX)s SCMX)s, NAMECMX)s AS(MX2)s ACIMEZI.
UL 250sMX4)s YIMXAds FZCAsMK4I» YRNX4AY, UZ(MXA)S
CEC4sMXEsMX2)s FREIMX2)s IMFI(MX2)s UMAXIS5002s
Z0(6)s, ANGLECE)s THETA(6)» CFT(GsMK2)s YI(MX2).
CFTHC6,MX2)s CFZ(6sMX2)s FPRESSC6)s AXVEL{3)s YER(MX2),
TELOT(S00)» YPLOT(&» 5003, DUMIYTC 50035 CUMNMNYYC500),
IBUFC3000)s ETTC4d: ITY1C(7)> ITYECT7Is ITY3(TIa
TTYaC7)s ITYS(6)s TAUGUTIMXLYs 1TY6(8), UAVGLICO).
19EC3),  TITLEC12), FRSC(S500)s TIC(S00)s FMAX(500)»
TIMAXC(S00)s YLOCG)» YHICE)» YLAB(E2, ITICYCE),
KFREQ(MXYs» WKP(IX2» AACA)s UFLOT(MX, 5002, PRITC5000»

“MDELOTCA)» MTITLICAY, MTITL2C4), MTITL3ICA)»

ol TLCAYs PRTITLCS)

QIO w= O R 1N e LD -
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COMMON RUGMX2, 43, CCA>MX2,MX2), DIMX2,MX25S@)»

i KPMAXC 4> MX2)s ICCAsMX2,MX2), KPEMAK (X 2)a
e IDPCME 2, MX258)s IDO(MX2sMX256) ’
COMMON /ELKas MCMEI> NS(MX)s SJ(MX)s B

COMMON /BLK3/ NJUMAXs BLMAXs, GAMMAs COEF( 35M%X2)
COMMON /NLTERM/ NOZNL2s EXTRA(MXSs4)

DATA ITT/"DIMENSIONLESS TIME, T'/,
ITY1/"INJECTOR FRESSURE FERTURBATION, THETA = o/,
1TY2/"INJECTOR FRESSURE FERTUREATION, THETA = 45"/,
ITY3/"INJECTOR PRESSURE FERTURBATION, THETA = 0"/,
ITY4/"NOZZLE FRESSUKE PERTURBATION, THETA = 07
ITYS/"NOZZLE AXIAL VELOCITY. THETA = 0"/
ITY6/"NOZZLE BeCe (REC-GAMMA*Y*PHIT)> AT THETA = 0" /s
ITF/"PRESSURE FERKS'/
MTITL1/"AMFLI TUDE QF 1T WODE"/
MTITL2/"AMFLITUDE OF 2T MODE™/
MTITL3/"AMFLI TUDE OF 1K MODE"“/
FRTITL/"PRESSURE AMFLITULE OF 1T MGDE™/

W= ORAAN D W0~

LAST = 250

ERK = 0.001

TDEL = 0.0

NFT = 0

AACYE) = Q.0

AARL(2) = 045

AAC3)Y = 0.5

AACL)Y = 1.0

PI = 3e1415927

READ (5,5003) NOUTCF, NOZNLZ

FEAkkkkxkkkxkkk COEFFICIENT INFUT SECTICN e g A ek ok o o ok o o o ok ok ok sk skok o Rk ok ok o K

THIS VERSION GF LCYC3D READS THE COEFFICIENT DATA FROM
A FASTRANE FILE GENEKRATED BY FROGRAM COEFFS3C. TO READ
THIS DATA FhROM CARDS, USE R¥AD (SsaXXX) INSTEAD OF

EEAD (9sXXXX) IN THIS SECTION. .

INPUT OF MOTOR PARAMETERS AND NIMBER OF TERM S

READ (9,5001) GAMMA, UE ZE»s ZCOME» NDROFS» NJMAX, NOZNL}
WRITE (6,6001) GAMMAr UE, ZEs, ZCOMBs NJMAX

IF (NDROFS «EGRe 0) VKRITE (6560300

EF (KDHOFS +EQ¢ 1) WKITE C€,6031)

IF (NOZNLZ2 «E@s 0) WRITE (6s6032)

IF (NOZNLE «Efe 1> WRITE (6s6033)

NU = 2 *x RJIMAX :

JMX = NJIMAXs2

RLD = 0+5 » ZE

WRETE (6,6002)

INPUT OF DESCRIPTICN OF SERIES EXFANSION.
EO 10 K = 1s, JMX
READ (29,5002 NJ, L(NJY, MC(NJYs NCNJ)» NS(NJ}s SCNJ)» SJCNJ)»

1 ATAMT ¢ ki 1N



WRITE €6,6003) NAME(NJ)s» NJs L(NJ)s MINJ)» NCNJIs NSINJII»
1 SCNJYs» SJINJ)
10 CONTINUE
c
WRITE €656010>
D0 15 K = 1, JMX
READ (9»5010) Js YNOZ(JY» BLS)
WRITE (6,6015) J» YNOZCJYs» BCJ)
Nd & €2 % J) = 1 :
YRCNJ)? = REALCYNOZ(J))
YICNJY = AIMAGCYNOZ €3
YR(NJ+1) = YRCNJ)
YICNJ#1) = YICNO)
15 CONTINUE

IF (NOZNLI +NEs 1).G0 TO B15
VEITE (6s6034)
TO 820 K = 1, JMX
READ (9,5011) J» GNOZCJ)
WRITE €626035) J» GNOZ{J)

820 CONTINUE

815 CONTINUE

€ CALCULATE THE NUMBER OF TYPES OF LINEAR COFFFICIENTS.
NCOEFF = 4
IF C(NOZNL1 «EQs 1) NCOEFF = 5
NCFMl1 = NCOEFF =1

C ZFRO LINEAR COEFFICIENT ARRAYS.
PO 20 KC = 1» NCFM1
DO 20 NJ = 1, MK2
DO 20 NF = 1» MXE2
CIKCoNJ»NF) = 0s0
CP{HCsNJaNP) = 0+0
20 CONTINUE

C ZERO NONLINEAR COEFFICIENT ARRBAY.
DO 30 NJd = 1, MXE
L0 30 NPR +=_ls,_MXZ25@
D(NJ.NPQ) = 0.0

30 CONTINUE

C INFUT OF LINFAR COEFFICIENTS.
DG 40 KC = 1» NCFMI
READ (9,50033) HNAX
IF (NOUTCF «+GT« . 0) WRITE (6.6004) KC» KMAX
IF (KMAX «EQe Q) GO TO 40
DO 45 K = 1» KMAX :
READ €(9,50048) NdJ» NPs CPLKCsNJ2NP)
IF C(NOUTCF «GTe 0) URITE (6.6005) HC» NJa NFs CFKCaNJINFE)
45 CONTINUE
40 CONTINUE

aaa

INFUT OF NONLINEAR COEFFICIENTS.
READ (9, 5003) NLMAX
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58

55
50

51

53

LF CNOUTCF «EQe 23 WRITE (6s6006) NLMAX
IF (NLMAX +EQe 0) GG TO 50

DO 52 NJ = 1, MX2

KPQMAX(NJ) = Q

CONTINUE

DO 55 K = 1, NLMAX

READ €9,5005) NJ» NE, N@» DT

IF (NOUTCF +EQe 2) WRITE (6,6007) NJ, NEF, NQ» DT
KPEMAXI(NJI) = KPEMAX(NJ) + 1

KFQ = KFGMAX({NJ)

IDF(NJ,KPQ) = NF

I1DOCNJILKPQ) = NG

DC(NJ»KPQ) = BT

CONTINUE

CONTINUE

*dFkwkkdkdik* FRESSURE COFFFIGCIENT SECTION 336 3 A e o e S ok ke R ok ol ek

CALCULATE SFATIAL COORDINATES FGE PRESSURE COMFUTATION.
LD 5t NPRES = 1, 3

ZI(NFRES) = 0.0

RTHETA = NFRES - |

ANGLEC(NPRES) = RTHETA % 45.0

THETACNFRES) = RTHETA * FI/4.0

Z(NPHRES + 32 = ZE
ANBLE(NPRES + 3)
THETA(NFERES + 3
CONTINUE

ANGLE(NPRES?
THETA(NFRES)

Hon

CALCULATE COEFFICIENTS FOR FRESSURE TIME HISTORIES.
PO 53 NFRES = 1s 6

DO 53 4 = 1, JwX -

NP = (2 % JY -

Z1 = Z{NFRES)

ANG = THETACNFRES)

CALL PHICFS(J»Z }sANGaC1sC2:sC3)
1F (NFRES +EQ« 4> CPHLT(J) = C1
CFT(NPRES>NFY = REAL(C])
CFT(NFRESsNF+1) = =AIMAGCCI)
CFTH(NFRESs NF) = REAL(C2)
CFTHCNFFESsNF+ 1) = =-AIMAGCC2)
CFZINFRESsNFY = REAL(CZ2)
CFZC(NFRESsNF+1) = ~AIMAGLCDD
CONTINUE

Cl = (0«02 140D

CAXI = GAFMMA = CCOSH(CI * BC1) * ZE)
CAXIR = REAL(CAXI)

CAXIL = AINMAG(CRXI) :

QUTPUT OF COEFFICIENTS FOR PRESSURF TIME HISTORIES.
WRITE (6s6020)
D0 56- NFRES = 1, 6

- WRITE (&-6014)
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56

57

830
ges

320

WRITE (65,6021) Js» Z{NFRES)s ANGLE(NFRES)»

1 CFT(NPRESsJ)s CFTH(NFRESsJ), CFZ(NFRES,J)
CONTINUE

*kkkkEERERER®x DATA INPUT SECTION #kddkkxsskkokkkhskadkddkihripphrrnyr
READ (5s5000) TITLE

ZERO INITIAL VALUE AND FREQUENCY ARRAYSe |
DO 87 K = 1ls NJMAX

AS(KY = 0«0

ACC(KY = 0.0

FRALI(K) = 0.0

CONTINUE

REALD COMBUSTION AND CONTROL FARAMETERS.
READ (5»5006» END = 3003 EN» TAUs Hs TSTAET, TEULT

EEAD CONTROL NUMBERS.

READ (5,5008) NTESTs JMODE» NLOCs NTERMSs NFZs, NOUT- ICIYFE
JMODE = (2 * JMODEY ~ 1 .

JEMODE = JMOLE + NJMAX

IF (NOZNLZ2 «NEs 1) 60 TOQ 825

FREG@ = SC12

KFREDC(1)Y = 1

KFREG(2) = 2

KFRE®G{3> = 2

L0 B30 K = 1, JNX

HYKF(JY = FREG * KFREGCJ)
CONTINUE

CONTINUE

IF (NOUT .6T. 0) NET = 1

IF (NOUT .EQ+ 0 GO TO 9

READ DATA FOR SETTING UF FLOTS.

READ (5,5009) YHIC1), YHIC(S), YLABC1)» YLAE(S)
READ (5,5008) ITICYC1)s ITICY(S2, NFIRST NOMIT
READ (5:5014) MDPLOT .
MDELTL = O

DO 320 K = 1, JNMX

MDFLTL = MDFLTL + MDFLOT(K)

CONTINUE

1F (MIFLTL +EQe Q) GO TC 9

READ ¢ 5»5015) YHIMD, YLAEMD, ITICMD

YLOMD = = YHIND

sk sdokdorkk INI TIAL AMFLITUDES SECTION sk a3k ko ok o A kel ok ek ok ok ok ok ek kR
D0 58 K = 1» NTERMS

INPUT INITIAL AMFLITUDES FOR F~FUNCTIONS.

READ (5s5007) J» AST» ACT

N = €2 % J) = 1}
AS(NJY = AST
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AC(NJY = ACT -

CALCULATE FREQUENCY AND DAMEING.
IF CICTYPE «EQe 2) G0 TO S84
RL = L(J> - -
AX = FL * FPI/ZE
AXE5Q = AX % AX
S58 = SCJ)Y * 8¢
FRQI(NJ) = SQRT(SS5€ + AXSe) -
MPICNJY = §.0
GO TO 586

584 LONG = L&D
SMN = SC(J?
HEAD (5,5099) DAMFsFREQ
EMF1(NJ} = DAMNF
FRE1(NJ)Y = FRFO

586 CONTINUE
FRQI(NJ+1i) = FRQIC(NJY .
DMPLIINJ+ 1) = DMPL(NJ)

IF C(ICTYPE «EQ. 2 GO TO 582
CALCULATE INITIAL AMPLITUDES FOF G-FUNCTIONS

IF (FRRI(NJI)I 58, S8, S81

581 GYRU = GAMMA®TR(NJI*UE
GYIF = GaMMA*YI(NJI*FREOI(NJ)
GYRF = GAMMA*YRI(NJI*FRG1(NI)
GYIU = GAMMA%YI (NJI*UE
NFRES = 4

IF (NSCJ)Y «F@. 1) NFRES = 6

A1 (1.0 + GYRUI*CFZC(NFRES,NJ+ 1)
1 -~ GYIF+CRT(NFRES,NJ+1)

1

A2 = GYRF#CFT(NFRESsNJ+1) + GYIU*CFZ(NFRES,NJ+1)
A3 = ~C(1.0 + GYRUX*CFZ(NPRES»NJ) + GYIF*CFI1(NFRES,NJ)
A4y = GYRF*CFT(NFRES,NJ) + GYIU®CFZ(NFRESsNJ)

DET = Al%Al + ARxAR

IF CDET «LTe 0«0000001) GO TO S83
Rl = A3%ACINJ)Y = A4*ASIND

RE = ~ALEACINIY - AZ¥ASCNDD

ACINJ+1) = (RI*Al + Re*ARY/LET
ASCNJ+ 1) = ~(R2¥A]l = R1*A2)/DET
GO TO 58
583 AC(NJ+1) = ~AS(ND
- AS(NJ+1) = AC(NJD
GG TO 58

582 ARG = FROI(NJ) * TAU
FSIN = SINCARG) -
FCOS = le - COSCARG)

FSOQ = FRUICNJ) * FRCICND)
ISEe = IMP1(NJ) * LMEIC(NJ)
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D58 - FS@ + DMPLI(NJG)Y * (CPC2,NJNJ)
1 = EN #% CF(3,NdJsNJ) x FCGS)
g | + Eh * CP(3.NJsNJ) * FROL(NJ) * FSIN
3 + CP(1sNJdsNJI)
€20 * DNMFI(NJY + CPC2,NJdsNI)
- EN % CP(3,NJ.NJ) * FCOSY * FREI(ND)
- EN * CF{3,NJsNJ)Y * IMP1(NJ)Y * FSIN
A3 = CF(2,NJsNJ+1) % IMPL(NJY + CFClsNJaNuJ+1)
A4 = CF{2sNJsNJ+1)> % FRGEL(NJD)
DEN = A3%A3 + AfkA4
IF (DEN «LT. 00000001 GO TQ S85
Rl = A1*A3 +A2%A4
HE = Al%A4 - A2¥A3
AC(NJ+1) = (~RI*¥AC(NJ) + AR2¥AS(NJI)I/DEN
ASINJ+1) = ~(R2*AC(NJI) + RI*ASCNJII/DEN
GO TO 58
585 AC(NJ+1) = ~AS5(ND)
ASCINJ+1) = ACINJ)

A2

0 b

58 CONTINUE

(s o N

QUTFUT OF INITIAL AMPLITULES.
WRITE (6560161
DO 590 J = 1, NJMAX
IF (AS5CJY) 591 598, 591
592 1F (AC(J))Y 591, 590, 591
591 WRITE (66,6017} J» DMPICJYs FROICJIIs ACCJIIs ASCH
590 CONTINUE
IF (NTEST .EQ. D) WRITE (6,6025)
IF (NTEST «E0« 1) VWKITE (65 6026)
IF (NFZ «E@- 1) WRITE (6s€028)
IF (NOUT +GE« 1) WRITE (6,6027)

c .
c krkdkddokkkdkkdd LINEAR COEFFICIENTS SECTICON skkskkmasmkokkkd ks kooksokkk
c

LO 59 KG = 1, NCFMi

L0 59 NJ = 1. kX2

KFMAX(KCaNJY = O

59 CONTINUE

C

1F (NFZ +E@. 0) GO 10 605
DO 602 J = 1, JMX
NJ = (2 % J) = |
RL = L(J)
AX = KL * FI/ZE
AXSE = AX * AX
SSC = S(J) * S(H
OMEGA = SERT(SSG + AXSE)
TAUCUT(NJ) = 2.0 * F1/0MEGA
TAUCUT(NG+1) = TAUCUTC(NS
602 CONTINUE
C
D0 604 NJ = 1, NJMAX
DO 604 NP = 1, NJMAX

119


http:C-(3,NJ.NJ
http:CCPCPNJ.NJ

aon

aaa

IF CTAU «GTs TAUCUTC(NF)) CF(3;NJsNF) = 0.0
604 CONTINUE

COMPUTE LINEAR CCGEFFICIENTS FOR GIVEN VALUERS OF &N ANLD TAU.
605 DO 60 NJ = 1» NJMAX
BO 60 NF = 1, NJMAX
CT = CPC1:,NJsNF)
IF ¢CTY 61, 62, 61
61 KPMAX{1,NJ) = KFMAXKC1,NJ) + 1|
KP = KENMAXC1,NJ)
ICCIsNJsKF)Y = NF
CC1.NJsKPY = CT
62 CT = CP(2,NJ-NP) = EN.CFC(2sNJ-NF)
IF (CT) 63s 64s 63
63 KPMAXC(Z2sNJ) = KEMAX(2,NJd) + 1
KP = KFMAX(2:NJ)
ICC2sNJsKFY = NF
Cl2sNJLKP) = CT
64 OT = EN % CE(3.NJsNPY
IF CCT) 65 66, 65
65 KFMAXC(3,NJ) = KEMAXCIsNJY + |
KF = KPFMAX(3IsNJ2
ICL3sNJ>KFY = NP
CC3sNJsKP) = CT
66 IF (NOZNL2 .NE. 1) GO TO &0
CT = CPC4sNJsNED
IF CCTY 67,60,67
67 KPMAXKC4,NJ) = KEMAXC(4sNI)Y + |
KP = KFEMAX{ 45 NJ)
ICCHNJLKP)Y = NP
CCasNJsKFY = CT
60 CONTINUE

kddkokkkkdkkkik STEP~SIZE COMPUTATION soskskobakokskoksokokookor ook o o ok skoofok o ok ok ok

NDIV = 1.0 + TAUrsH
RN = NDI1IV
H = TAU/EN
H6 = H/6+0

kkkkdkkrFkkkx INITIAL VALUES SECTION ®dksdkmsksopsh sk ko dookohokok fok kok ok kokokok %

WRITE €6-6008) ENs TAUs GAMMA», UE, ELD
YRBITF (6,60093 ;

WRITE (6s6022) (ANGLE(J)> J = 156)» (ANGLECJY, J = 1,3)
WRITE (6s6012)

NFl = NDIV + 1

PO 70 I = 1, NFl

NSTEP = 1 - NFl

RSTEF = NSTEP

TIME = RSTEP * H

TICI) = TIME

DC 75 J = 1, NJMAX

JP = J + NJMAX

IF (ACCJ)) 751, 753, 751
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753 1IF C(ASCJ>) 751, 152, 751
752 UCI»Jd) = 040
UCI2JP) = 0.0
GO TO 75
7951 ARG = FEQIC(J) * TINE
F5IN = SINCARG)
FCOS = COSCARG)
FEXP = EXF(DMP1CJI*TIME)
U€I+Jd) = CASCJI*TFSIN + AC(JI*FCOS) * FEXF
UCIsJF) = (LASCJY * FCOS) =~ (ACCJY * FSINII * FRQICJ) = FEXF
1 + DMFICJ) * UClad)
75 CONTINUE
CALCULATE INITIAL VALUES OF FRESSURE AND VELOCITY.
TO 704 NPRES = 1» 6
DO 702 J = 1s NJiFax

COEF(1sd) = CFT(NFRESsJ)
COEF(25,J) = CFTH(NPRESsJ)
COEF(3sJ) = CFZ(NPRES>J)

702 CONTINUE
PO 703 J = l» NU
YC¢JY = UCIsd)
703 CONTINUE
UBAR = (Q+0
IF (NPHES «GT« 3) UBAR = UE
US = 040
1F CCNDEOFS«EQe1) «ANDe (NPRESeLT.4)) UMS = UE/(ZE4ZCONME)
CALL FRSYELC(UBAR, UMSsYsPs VTHs VZ)
FPHESS(NPRES) = P
I1F ¢(NFRES +GTs 3) AXVELI(NFREFS ~ 3) = VZ
704 CONTINUE
FRSCI) = FRESS(NLOC)

CALCULATE INITIAL VALUES OF NOZZLE B«C.
G5 = (00,007

PO 710 J = 1s JMX

JP = NJOMAX + (2 % J) - 1
FT = Y(JP)

6T = Y{JP+1)

A = CMFLX(FT»GT)
CsUM = CSUM + YNOZ(J) % CEFHIT{(JY * A
710 CONTINUE
S = REALCCSUM)
YFHI = ~GAMMA * Sl .
WRITE (656011) NSTEFs TIMEs (FPRES5(J}» J = 1s261)s
1 CAXVEL(J)s J = 1230, YFHI
70 CONTINUE

WRITE (6s6008) ENs TAU, GAMMA, UEs ELD
WRITE (660223 (ANGLE(J)s J = 1»26)s (ANCLE(JYs J = 153)

sk doRkdokkkkkk INITIALIZE CONTROL NUMBERS sdskiokskdokdkokskk koiokkkkkkgkrrs
LINE = 8

K =20
MAXNG = O
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MAXP = p

IF (NOUT +EG. 0 GO TO 100

JELOT = @

TMIN = TSTAERT

TAX = TSTART + TDEL

YLOCIY = -YHI(1)

DG 90 J = 2,4

YHICJ) = YHIC))

YLOCJ) = YLGC1)

YLAB(J) = YLABC1)

IFICYC¢I> = ITICYC1)
90 CONTINUE

YLO{5) = «YHI(S)

YHICEY = YHIC(S)

YLOC6)Y = YLOCS)

YLABCE) = YLAB(S5)

ITICY(6Y = ITICY¢S)

Rk Ak kkkkkk NUMERICAL CALCULATIONS SECTIGN ok ok ok 3 ok Ok ek K o
100 I = NP1

RUNGE~KUTIA INTEGRATION SCHENME.
105 NSTEF = (1 = NF1 + (LAST - NE]) * K)
RSTEF = NSTEF
TIME = RSTEF % H
TICI) = TIWE
DO 110 J = 1, NJMAX
JP = J + NJMax

RV(Jds 1) = UCI~NDIV.JE)

RV(Jr 42 = UCI-NDIU+1,JF)

RUW(Js2Y = 0375%RVCJr1) + Oe 75%RVCJs 4) = 0.125%UCI-NDIV+2, 3F>
RUCGJ: 3 = RVUCJ.2)

110 CONTINUE
IF (NOZNL?2 oNE. 13 G0 10 8as
LO 840 I = 1.4
T2 = TIME + AACIII*H
PO 840 U = 1,JMX
JODD = 2%g -~ }
JEVEN = 2%xJ
EXTHACJODDsII) = COSCUWKECJI*TZ)
EXTRACJEVEN,I1) = SINCUKFCJI*TZ)
840 CONTINUE
835 CONTINUE
DO 120 Jd = 1. NU
TCJY = UCIad)
120 CONTINUE
CALL RHS{NU-,1,Y.¥YP)
LO 130 J =-1, NU
FZClad) = YFCJ)
30 CONTINUE
LO 140 11 = 2,4
DO 144 J = 1, NU
UZCJY = Y(J) + BAACLIIY % H % FZ(II-1,d)
144 CONTINUE

—
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148
140

150

152

154

650

170

171

160

CALL RHSE(NU,11,UZsYF)

DO 148 4 = 1, RNU

FZC1lsd) = YECJI)

CONTINUE

COGNTINUE

DO 150 4 = l» NU .

UCI+1sd) & YCJ) + (FZC15J)1+2e0%(FZC(2s)+F2(32J2) + FZC4,J3) * HéE
CONTINUE )

CALCULATE PRESSURE TIME HISTORIESe
DO 154 NFREES = 1+ 6
0 152 J = 1, NJMAX

COEFC1sJ) = CFT(NFRES:dJ?
COEF(2s4) = CFTH(KPRESsJ)
COEF(3,J) = CFZ(NFRESsJ)
CONTINUE

VBAR = 0.0

IF (NFRES .GT+ 3) UEAR = UE
UMS = 0.0

IF CCNDROFSeEQe1) «AND. (NPRES.LT+4)) WS = UEZCZE#ZCONEY
CALL PRSVEL(UEBARsUMSsY» P2 UTHs VZ)

FRESSC(NFRESY = F

IF (NFEES .GT. 3) AXVELC(NFRES = 3) = VZ

CONTINUE

PRSCIY> = FRESS(NLOE)

CALCULATE VALUES OF NOZZLE E«C.
CSUM = C0+020+03

D0 650 J = 1, JMX

JF = NJMAX + (2 * J) - 1}

FT = YC(JF?

GT = Y(JP+1)

A = CMPLX(FT»GT)

CSUM = CSUM 4+ YNDZ(J) * CPHITC(JY *.ﬁ
CONTINUE

s = REALCCSUAY)

YPHI = -~GAMMA * S

DETERMINE MAXINA AND MINIMA OF PRINCIFAL MODE~-AMFLI TUDE
FUNCTION FOR USE IN DETERMINING LIMIT-CYCLE BEHAVIOH.
IF ¢UCI,JFMODE) * UCI+1,JFMODE)) 170s 170, 160

PDEN = UCI,JPMODE) -~ UCI+1sJFMOCE)

IF (FDEN) 171, 160, 171

FP = (I1,JPMOLDE)/FDEN
FA = (FF = 10 * FF * 0e¢5
PB = 1«0 = (FF * FPF)

PC = (FPE + 1.0) * FP * 0.8

MAXNO = MAXNO + 1

UMAK(MAXNDY = FPA*UCI~1,JMODE) + FB+UCI, JMODEY + PCkxUCI+ 1sJMOLE)
IF (MAXNO «GE. 500> GO TO 250

CONTINUGE .

DETERMINE MAXIMUM AND MINIMUM PRESSURE AT LOCATION SFECIFIED
BY NLOC. -
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1001
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12k

LFL = FRS(I) - PRSC(E~1)

EFS = FhS(I~1) = FRS(I-2)

IF CDPL*DPS) 173s 173s 175

FNUM = FRSCLI-2) - FRSC1)

FDFN = 2.0 * (PRES(I-2) + FRSCI) - 2e U¥FRS{I=13)
IF (PDEN) 174> 175, 174

FP = FNUM/FDEN

FA = (FF = 1.0) % PP * 0.5 .
FB = 1.0 - (FF % FF?

FC = (FP + 140) % FF % De§

MAXP = MAKP + 1

FMAX(MAXF) = PA%PRSCI-2) + PB¥PHSCI-1) + FC*PRSCI)
TIMAX(MAXE) = TI{I-1) + FF*H

IF (MAXF +GE. 500) GO TS 250

CONTINUE

IF (NTEST «EQe 12 GO TO 155
IF (TIME .LT. TSTARETY GO 10 155
IF ((NOUT +EQ. 0) «DR. (NOUT «GTe 62> GO TO 156

FHFFdkkddkkkkk TIME HISTORY FLOTTING SECTION Aok ok dok Ao o o ook Rk Ak Rk R o ok

IF (TMAX +6T. TQUIT) GO TO 156
IF (CTIME +GTs TMAX) +0F« (JFLOT «GEs 500)) GO TO 1000

JFLOT = JFLOT + 1

FILL 1IME ARRAY FOR FLOTTIINGe
TFLOT(JELOTY = TIME

FILL INJECTOR FRESSURE ARRAYS FOR FLOTTING {THETA = 0Os» 45, 90)
20 1001 g = 1,3

YPLOTC(Js JFLOT) = FRESS(J)

CONTINUE

FILL NOZZLE PRESSURE ARRAY FOR FLOTTING (THETA = M
YFLOTC( 44 JFLOTY = PRESSC)

FILL NOZZLE AXIAL VELOCITY ARRAY FOk PLOTTING (THETA = O2
YPLOT(S,JPLOTY = AXVELC]) 4

FILL NOZZLE BeC. ARRAY FOR PLDTTIhé CTHETA = ).
YFLOTC(6,JPLOTY = YFHI i

IF (MDPLTL +LERe 0) GO T0 156

FI1LL. MODE AMFLI TUDE ARRAYS FOE FLOTTING.
DO 322 J = 1. JMX

IF (MDFLOT(J) +E8. 0) GO ¢ 322
J12 = 2%J = ) ’
UFLOTCI>JPLOTY = UCI,Jio)

CONTINUE
) . _ gglgmAL PAGE 13

JITI = NJMAX + 1

JIT2 = NJMAX + 2 O0R QUALITY



PRITCJFLOT) = CAXIFR*UCIsJITLY = CAXII#UCI»J172)
GO TO™ 156
1000 NI = JFLOT
FLOT TIME HISTORIESs
DO 1020 NPLOT = NFIRST, NOUT

JELOT = O

O 0o o0 O o

ASSIGN FLOTTING PARAMETERSs
YFIN = YLOGE{NFLOT?

YMAX = YHICNELOTY

NTICY = ITICY(NFLOT)

DELY = YLAE(NELOT)

c ELIMINATE FOINTS THAT ARE OUT OF THE ORLINATE HANGE.
IO 1010 J = 1, WNUM -
IF CCYFLOT(NFLOT»dJ) +LTe YMIN) «ORe (YFLOT(NFLOTsdJ} +6T. YMAX))
i GO TO 1010
JPFLCT = JFLOT + 1
DUMMY TCJFLOT) = TPLOT(J?
DPUNMMYYCJFLOTY = YFLOT(NFLGTsJ)

1010 CONTINUE

C
IF (JPLOT +Ef@« 0) &GO TO 1020°
GO TO €1011,1012,1013,10145101521016%, NFLOT

C

C FLOT INJECTOR FRESSURE AT THETA = 0 LDEGKEES.

1011 CALL GRAFPHSC(IEBUFs3000s 4oJFLOT, SIoNTICY» TNAX, YMAX, TMINS YNMINS

1 ITT-ITY 1521541 DUMMY T DUMMY Y 2.0, DELY, TI TLE)
GO TC 1020

C

c FLOT INJECTOR PRESSURE AT THETA = 45 LEGREESs

1012 1IF (MC(JMODEY +ED« 0) GO TG 1020
CALL GRAFHS(IBUFs3000s 42JFLOT> 51sNTICY, TV AKX, YAV, TMINS, YNIN,
1 ITT,1TY 2. 21, 28, LUMMY T DUMNMYY s 2. 0 DELY TI TLE)
GO TO 1020
C
c PLOT INJECTOR FRESSURE AT THETA = 90 LEGhEES.
1013 IF (M{JMOLE) .EQ. 0) GO T0 1020
CALL GRAFHS(IEUF» 30005 4sJPLOTa 51 NTICY, THMAR2 YMAX, TMIN,YNMNINS

1 I1TTs17TY 3521542, DUMMY T> DUMMYY» 2.0s DELY» TITLE)
GO TC 1020
c
c FLOT NOZZLEY PRESSURE AT THETA = 0 DEGHEEES.
1014 CALL GRAFHS(IBUF,3000,45JFLOTs 51sNTICYs THAXYMAKs TMINS YMINS
1 ITT»ITY 4, 21539, CUMNMY T, DUMNYY s 2400 DELY » TLILED
60 TO lo20
H
C FLOT NOZZLE AXIAL VELOCITY AT THETA = 0 LEGREES.
1015 CALL GRAPHSCIRUF,; 3000, 45JFLOTs 51 NTICY» THNAX, YMAX, TMINS YNIN,
1 ITT+ITYSs 215325 DUMMY T LLUKMYYs 24 05 GELY » TI TLE)
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GO 10 1080
C
c FLOT KOZZLE BeCe AT THETA = O LEGREES.
1016 cAaLL GHA}HS(IEUFr3000:aJdPLOT:SI:NTICY:TMAKJYMAHrTMIN:YMIN:
1 ITTe1TY 6221 s &4 DUMNY To DIMMY Y, 2. 0, DELY » TI TLED
c .
1020 CONTINUE
C
1F (MDFLTL +EG. 0) GO TO 330
O 324 NFLOT = 1, JMX
IF CMDFLOT(NFLOT) +EGe Q) GO TO 324
JFLCT = 0
LO 328 J123 = 1» 4
IF C(NFLOT «EGe 1) MTITLC(JIZ23D
IF (NFLOT «EQe 2) MTLITLCJIES)
IF (NFLOT »E8. 3) MTITLCJIZD
328 CONTINUE

MTITL1C(J123)
MTITL2¢J123)
MTETL3(J123)

o

DO 326 J = 1, NUM
IF C(CUFLOTCNFLOT> J? oLTs YLOMD> +0R. (UFLOT(NFLOT,J)
H +GT+« YRIMD)) GC TO 326
JELOT = JPLOT + 1
DUMNY 1C(JFLOTY TELCGTCJ)
LIMYY (JFLOT) UFLOTCKNFLGT» J2
326 CONTINUE
IF (JFLCT +E@. 0 GO TO 324

c PLOT AMFLITUDES OF LDIFFERENT MODES.
CALL GRAFHS(IEUF s 30007 45 JFLUTs 5121 TI CMDs T AX, YHIND, TMIN,
b YLONMD» I TT+MTI TLs 215 202 DUMMY 15 DUMMYYs 2+ 05 YLAEN L, TI TLED
324 CONTINUE

IF (MDFLCT(4) «+EGe 0) GO T0 330
JFLOT = O
DO 332 J = 1s NUM
IF (C(PRI1T(J) +LTe YLOMLD) «GRe (FRIT(J) «GTs YHIND)) 60 10 332
JFLOT = JFLOT + 1
CuMMY TCJPLOTY = TPLOTCJD
DRIMYY CJFLOT? = PRIT(JD
332 CONTINUL
IF (JFLOT EQ. D) 60 TG 330

C FLOT PRESSURE AMFLITUDE OF 17 NMODE.
caLL GRAFHS¢ I BUFs 30002 45 JELCTs 515 1 TICM s THAX, YHIMN Ly TMIN,
1 YLDMD:ITT:FRTITLaEl:EQ:EUMNYT:DUMMYY:Q-O:YLAEMD:TITLE)
330 CONTIMNUE

C REASSIGN FLOTTING PARAMETEHRS FOR NEXT SFT OF FLOTS.
JFLOT = O
TMIN TMAK
ax TMAY + TLEL

mn

sopEdkdokkdoRk &k TIME HISTORY FRINTED GUTPUT SECTION & . 3k sk ok e e ook ook ek K ok K

e ReR]

156 WEKITE (6260113 NSTEF, TIME, (FKRESS(JI. J e 156
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o000

1 (AXVEL(J)Y» J = 1533, YPHI
LINE = LINE + 1
157 IF (TIKE «GT. TGUIT)Y GO TO 250
IF (LINE .LTs. 52) GO TO 155
WRITE (66013}
URITE (656022) (ANGLE(J)Y» J = 1,6)s, (ANGLE(J)s J = 1,32
LINE = 4

1551 =1 + 1
IF (1 «LTe. LASTY GO T0 105

sesieckdedesolkokdkkk LIMIT=CYCLE SECTI ON  skaok ek ko skok o % ok o ok dkeokofok 2ok ok o ok ok ok

TEST FOR LIMIT CYCLE.

K=K+ 1 '

IF C(NTEST «EQ« () «0ORe (MAXNO LTe 02} GO.TO 120

UTOT = 0«0

PO lED J = 0s 3

JMAX = MAXND - J

UTOT = UTOT + ABS(UMAX(JMAX)I)
180 CONTINUE

UAVGCK) = UTOT/ 4.0

IF (H «EQs 1) GO TO 190

CHANGE = UAUGCK)Y = UAUG(K~1)

ABSCHG = ABSCCHANGE/UAVGCKY)

IF (ABSCHG +GT. ERR) GO TO 190

™ = TIME/Z2.0

1TM = IM

ITY = 2xITM + 2

™ = IT™

TSTART = T™M 4 TSTART

TQUIT = T + TAQUIT

TMIN = TSTART

TMAY = TSTAKT + TDEL

NTEST = 0O

RE-ASSIGN ARRAYS.

190 O 200 I = i» NF1
ILAST = LAST - NF] + 1
FRSC1)Y = PRSCILAST)
TICEy = TI(ILAST?

DO 200 J = 1s NU
U(I»J) = UCILAST,d)

200 CONTINUE

GO TO 160

sookskkokokdioksoskkk PRESSURE MAXIMA AND MINIMA PRINTOUT kdsfoksskoxkixiokikkk

- £50 WRITE (G»6023) Z(NLOCY, ANGLEC(KLOCY», MAXP
LINE = 4
DD 255 JST = 1» MAXFs 8
- JSTART = JST
JSTOP = JET + 7
IF (JSTOP oGTe MAXF) JS5TOFP = MAXF
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WRITE (6,6024) (EMAX(JYs J = JSTART2 JSTOF?
WRITF (6,6024) (TIMARCJYs J = JSTART: JSTOP)
WRITE (6,60147
LINE = LINE + 3
IF (LINE «LT. 523 GO TO 255
LINE = O
WRITE (66,6013}
255 CONTINUE
IF CC(NOUT »EGs 0) +ORe (NOMIT «E0. 1)) GO TO &

w4 kokkorsokkkk FRESSURE MAXIMA FLOTTING SECTION #dstokokksksdkkdkkkhik®rs

LETEFFINE LARGEST VALUE OF FMAX.
AMEMAR = 0.0
DO 260 J = 1. MAXF
1F (FVMAXCJ) .LT. AMEMAX) GO TO 260
AMENV AX = FMAX(JI)

260 CONTINUE

EANGE OF FLOT AND COGRDINATE LAEELING.
ITM = AMFPMAX + 1.0

AVPMAY = 1TN

ITV = 1.0 + TIMAX(MAXP)/50-0

™AX = 11k * 50
DELX = TMAX/s10+0
DELY = AMFMAX/10.0

ELIMINATE NEGATIVE VALUES.
JFLCT = 0O
0 262 J = 1, MAXF
IF (EMAX(J)) 262, 264 264
264 JPLOT = JFLOT + 1 1
pivMY T(JPLCGT? TIMARCJDD
P YY CJFPLCT PMARKCS)
262 CONTINMNUE

it #

PLCT VALUES.
caLlL GRAPHS{IBUF:3000:4:&PLGT:101;lOl:TKAX;AMFKFK:O.C:O-O:
1 ITT:ITFJQIJXA:DUMMYTJDUMEYYJDELK;DELY:TITLE)

GO TO 5

TURN OFF FLOTTING ROU1INE.
300 1F (NFT «E&+ 1Y CALL SHFARG

sk skkkRkkrkk% FEAD FORMAT SPECIFICATIONS e e st ke e ke e el oK o o ok o K Ak AR R R

500C FORMAT C12£6)

50C1 FORMAT (2F10.0-315)

5002 FORMPT {5155 2F10.55 1Xs ALY
5003 FORMAT (215D

5004 FORMAT (2I5,F15+6)

5005 FOFMAT (315,F15-63

5006 FORMAT (5F10.0)

5007 FOMMAT (15:2F10.00
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5008
5009
5010
5011
5012
5G4
5015
5099

FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FOFMAT
FORMAT

(71%)
{7F10.03
(152 4F105)
(15,2F10.5)
(F10.0)
4153
(2F10.0-15
(2F10.03

Cc
C skkkkknekkkkkd WhITE FORMAT SFECIFICATIONS sskxsikrkiidikkikiir®ss
c

6001 FORMAT
1
2
£#C02 FORMAT
1
FORMAT
FOEMAT
FORMAT
FORMAT
FORMAT

€003
6004
6005
6006
6007
6008

-

e

3
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT

&009
6010
6011
6012
6013
6014
6015
€016

1

2

3
6017 FOBEMAT
6020 FORMAT

G PO e

6021 FORMAT
6022 FORMAT

FoR AN, R

6023 FORMAT
H -
6024 FORMA
6025 ‘FORMAT
6026 FORMAT
6027 FORMAT
6028 FORMAT

FORMATC 1H1s 4SH COMEUSTION FARAMETEHSE

C1H1,9H GAMMA = sF5e3,5XsSHUE = ,F5¢3s
EX»SHZE = »FBe5s5XsBHZCOME = »F5.2,

5Xs BHNJMAX = 1277
(2%, 29HNAME J L M N NSs 7X» 3HEMN» 3K>»
THIMC SMNY 72 ’

(22X, 84,515, 2F10.5)

¢ 1HQ» 26H NUMBER OF COEFFICILENTS
(2X%r2HOC, 115 1Hs 12, 1Ha» 12, 4H) =
C1HO, 38H NUMBER OF COEFFICIENTS
(2Xs 2HD(» 122 1Ha» 182 1H2 212, 4HY =

Ctsl1s10HsNJANF)Y (15,1572
#2F1052

DCNJs NP2 NGY 1521570
2F1052
INTEESCTION INDEX = sFT7s52
12X, 1IHTIME=LAG = sF7+5/2X» 17THMOTOR FARAMETERS: » 19X,
BHGAMMA = »FT7«5s23H EXIT MACH NUMBER = 2F7+5»

22H LENGTH/DIAMETER = sF7¢5/7) i
¢o¥, 18HINETI AL CONLITIORNS//)
CIHOJSK:IHJJBX:EHYHJBXJEHYIJ7XJSHEPS:7X:BHETA//)
(2KsIS52F1245»r10F105)
C1HOY
ClH1)Y
C1H 2
(PXs15s4F105)
CiHls36H INITIAL CONDITIONS ARE OF THE FORM: //

O¥2 LSHUCI»J) = ACIII*COS(FREG*T) + ASCJIRSINCFREGK T) ) »
14H * EXP(DAMP*T)///6Xs 1HJs» BX> THDAMFING
GXJQHFREQUENCYJIOX:5HAC(J):103)5HHS(J)//)
CEXs 15, 4F 1587
CiHl, 46H COEFFICIENTS FOR COMFUTATION OF WwALL FRESSUKE.
10H VAVEFORMS///43%s 2THCOEFFICLENTS IN SERIES FOK://
QEXJSHTHETAJ!OXJQHTIMEJIOX:SHTHETA:IOXJSHAXIAL/
SX:IHJJQXMIHZ:SX:QH(DEGEEES):SX:10HDERIVATIVE:

SXJ10HDERIUATIUE!5X)10HDEBIVAT1VE//)
(QX:IS:FIOQS:FIB*IJSFIS-TJ'
(26X \THINJECTOR FRESSURKEs 14Xs 1 SHNOZZLE FRESSUREs -

12X+ 21HNOZZLE AXIAL YFELGCI 1Y 7 3Xs AHSTEF» 8Xs 4HTIME,
FSe0s 5H LEGe2F5e0s5H DEGes» F5.0,5H DEGes

F5.0s 54 DEGesF5:0,5H LEG«s»F5¢0s SH DEGs»

F540+s5H DEGesFSe0s5H DEGes¥F5.0,5H DEGe» GYs LZHYFHI/Z7)
C1H1s 38H PRESSURE MAXIMA AND MININA ATs L = 2FBe2

11H  THETA = :FaoI/19H‘UALUh5 CCMFUTELD: 21377
Cl1H »7%XsB8F13.8)
(OY./ /8% 3THTHE TRANSIENT PEHAVIOR 15 CALCULATEDs)
(OX /72X, 3OHTHE LIMIT-CYCLE BEHAVIOR 1S CALCULATEDe«?
(2X//72Xs33HTHI S KUl FRODUCES FLOTTED CUIFUT )
(2X/ /2%, "THE PHANTQM ZONES ARE FLIMINATED.')
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6030 FORMAT (2X»"DROFLET MOMENTUM SOURCE 1S NEGLECTED™/)
6031 FORNMAT (2X»“DROFLET MOMENTUM SOURCE IS INCLUDED"™/)
6032 FORMAT (2X»"NOZZLF NONLINEAFITIES NEGLECTED"/)
60233 FORMAT (2X,"NOZZLE NONLINEARITIES INCLUBEL"™/)
6034 FOHRMAT (tHO»8X»s 1HJ» 10X5 2HGR, 10X, 2HGI 7 /)
6035 FORMAT (5X,I552F1245)

END
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SUBROUTINE PHICFS(NFsZs THETA>CTs CTHaCZ)

TH1S SUBROUTINE COMPUTES THEfCOEFFICIENTS NEEDEER T0
CALCULATE THE WALL PRESSURE FERTURBATION.

NP IS THE INDEX OF THE COMFLEX SERIES TERM.

Z IS THE AXIAL LOCATION.

THETA 15 THE AZIMUTHaL LOCATION.

CT IS THE COEFFICIENT IN THE SERIES FOR THE TIME DERIVATIVE O
THE VELOGITY PFOTENTIAL.

CTH 1S THE COEFFICIENT IN THE SERIES FOR THE THETA DERIVATIVE
OF THE VELOCITY FOTENTIAL.

CZ IS THE COEFFICIENT IN THE SERIES FOR THE AXIAL DERIVATIVE
OF THE VELOCITY FOTENTIAL.

FPARAMETER NMX = 5

COMPLEX Ci, CZ, CAXI, CaAxIZ, CRADs CAZI, CAZI TH.
B(MX)s CTs CIH» CZ
COMMCN ZBLKZ2/ MOMX), NS(MXIs, SJIH(MXIs B

€I = (D«0s51+07

CZ = CMFLX(Z:0+0)

CAXI = CCOSHCCI * BI(NF) * CZ?

CARIZ = CI * B{(NF)» #* CSINHCCE * B(NF)Y * CZ)
CHAD = CMELXCSJC(NFI»0.0) :
EM = WI(NF)

ARG = EM * THETA

FSIN = SINCARGY

FCOS = COSCARG)

AZLI = FCOS

IF (NSINPY JEGQ. 1) AZ1l = FSIN

AZITH = EX * FCOS .

IF (NSI(NF)Y +EQ. 2) AZITH = -FM * FSIN
CAZE = CMPLXCAZIL0.02

CAZITH = CMPLXCAZITH» 002

CT = CAZl * CAXI * CRALD
CTH = CAZITH * CAXI * CHAD
CZ = CAZI * CAX1IZ * CHAD

RETURN
END
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SUBROUTINE PRSVELCUEAR, UNSsY2F2VTHY V)
THIS SUBRGUTINE COMPUTES THE WALL FRESSURE AND VELOCITY.

UBAE IS5 THE LOCAL AXIAL STEADY STATE MACH NUMEEER.

U¥S IS THE DERIVATIVE OF THE MACH NUMBER FOR THE CASE
WHEN DROFLET MOMENTLM SOURCES ARE INCLULED.

Y IS THE AaREAY CONTAINING VALULES OF THE MODE~AMFLI TULE

FUNCTIGNS AND THEIR TERIVATIVES.

P IS THE VALUE OF THE WALL FRESSURE FERTURBATION.

VTH IS THE TANGENTIAL COMPONENT OF VELOCITY AT THE WALL.

VZ 15 THE #XI1AL COMFONENT OF VELQCITY AT THE WALL. )

PARANETER Mxre=10s ME4=20
DIMENSION YXads SUMCA), SUMSQC3D
COMMON ZBLK37 NJMAXs NLMAX, GAMMA, COEF(3,MX2)

DO 101 = 1» 4
SUMCIY = 0«0

CONTINUE

Do 201 = 15 4

0 20 J4 = 1s NMAX

JY = J

IF (I +E@. 1) JY = J + NJMAXH
11 =1

IF (1 +Eg@. 42 11 = 1
SUM(I)Y = SIM(IY + YCJY) * COEF(iI»dd
CONTINUE

FLIN = SUMC1) + UBARE*SIM(32 + UMSESLM{4)

PNL = 0.0

IF (NLMAX +EC. 0 GO TO 40

DO 301 = 1» 3

SUMSE(IY = SUMCI)Y * 5UM(1)

CONTINUE

FNL = (=5 * (SUMSE(2)> 4+ SUMSHC(3) -~ S5WM50C1))

P = -GAMMA * (FLIN + PNL)
VTH = 5UmM(2)
VZ = SUMC3)

RETURN
END

132


http:MOMENTU.Mi

SUBROUTINE RHS(NUsII1,UsUP)

PARAMETER MXeSs MX2=10s MX4=20s MX25E=100

DIMENSION UCNUI» UFINUD L.

CoMMON . RUCKMXEs 4)s TCASMX2sMELY> DAMXLLMEX250),

1 KFMAXC 42 MX2)s ICCA»MESMX2)» KPOMAX(NXD),
2 I DPC(MXEBsMEE5Q), ILAC(MX2>MK256)

COMMON /ELK3/ NJMAX, NLMAX, GANMA, COEF(35MX2

COMMON FNLTERM/ NOZNLZs EXTRAMMXZ2,4)

DO 10 NJ = 1, NJMAX
NJP = NJ + NJMAX
UPCNJ) = UCNJF)

SLT = 0:0

. SL2 = 0.0

20
a5

30
35

40
45

60
€5

50
55
10

5L3:= 00"

EL4 = 0.0

SNL. = 0.0

MAX = KFMAXC(1,NJD

IF (MAX «E8« 0 GO TO 25

B0 20 KP = 1, MAX

NF = 1CCisNJSKP)

SL1 = EBL1 + (CCisNJsKFEY = DCNF))
CONTINUE

MAX = KEMAXC(Z2sNJ2

IF (MAX «EQe« §) GO TO 35

BO 30 KP = 1, MAX

NPP = IC(2sNJoKFY '+ NuJMAX

ELE2 = SLZ2 + {(CC2aNJsKF) * UINEF})
CONTINUE

MAX = KPMAX(3a2NJ)

IF (MAX:«EQe 0¥ GO TO 45

DO 40°KP = 1, MAX

NF = ICC3,NJsHF?

SL3 = SL3 + (C(3:NJ:KF) * HU(NPJII))
CONTINUE -

IF (NOZNL2 «NEe 1) G0 TO 65

MAX = KEMAXC 45 8D

IF (paX EQe 0) GO TO 65

BO 60 KF = 1» MAX .

NP = ICCasNJsHF)

Sy = SLgy 4 (C(ﬂ:NJ:KP) * EXTRA(NPJII))
CONTINUE

IF C(NLMAX «EQ. 0) €GO TO S5

MAX = HKFOMAX(NJ) -

IF (MAX «EGes 0 GO TO 55

PO S0 KFR = 1» MAX

NF = 1DP(NJ,KF&)

NeF = IDG(NJIHPRE) + NJMOX

SNL = SNL + (PANJLKFG) * UCNF) * UNEP)Y)
CONTINUE

UF(NJF) = =(5L1 + SL2 + S5L3-+ S5L4 + SNL)
CONTINUE - ’

RETURN

END
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SUBROUTINE GRAFHS(IBUFsNLOCsLDEV>NTOTsNTICXsNTICY.

ILERF (FLD=ARBS)

1 XMOAXsYMOAXs XAMIN>YNMIN>ITITLXs ITITLY,LTITLX, LTITLY »XARHRAY.
2 YARRAY»DELX.DELY,TITLEY

1 +D

RelNDEC»GTe s ANDs ABSCFFN) LT o Se* 10+ ¥ (~NLEC—- 1)

c ________________________________________________________ e B e WS AR e
C
C IDENTIFIER MEANING 1YPE
C
C IBUF: ADPHESS OF BUFFER AREA FOR FLOT OUTFRUT INTEGER
C NLOC: NUMBEER OF LOGCATIGNS IN BUFFER AREA (>=2000> INTEGER
G LDEV: LOGICAL DEVICE NUMBER FOR FLOT INTEGER
C NTOT: NUMBER OF FOINTS TO BE FLOTTED INTEGER
¢ NTICX: NUMBER OF TIC MARKS ON ABSCISSA (>=2) INTEGER
C NTICY: NUMBER OF TIC MAKKS ON ORDINATE (>=2) INTEGER
C XMAX: UPFER LINMIT OF ABSCISSA LDOMAIN EEAL
C YkAX: UFFER LINFIT OF OHDRINATE HANGE HEAL
C XMIN3 LOWER LIMIT OF ABSCISSA DOMAIN REAL
C YMIN:I LOWER LINIT OF ORDINATE EANGE REAL
C ITITLX: ABSCISSA LABEL FIFLDATA ARRAY
C ITITLY: ORDINATE LABEL FIELDATA ARRERAY
¢ LTITLX: NUMBER GF CHARACTERS IN ITIILH INTEGER
C LTITLY: NUMBER OF CHARACTERS IN ITITLY INTRGEER
C %ARRAY: ABSCISSA POINTS IN TEEMS OF XMIN-XMAX COORD'S HREAL ARERAY
C YARRAY: ORDINATE POINTS IN TERMS OF YMIN-YMAX COURD'S HKHEAL ARRAY
C DELX: INTERVALS OF ABSCISSA TIC MARK LABELING
c IN TERMS OF XMIN-XMAX CCOORDINATES REAL
C DELY: INTERVALS OF GRDINATE T1€ MARK LABELING
c IN TERFES OF YMIN-YKAX COORDINATES REAL
C TITLE: LABEL FOR THE WHCLE RUN FIELDATA . ARRAY
C
C ——————————————————————————————————————————————————————————————— e — -
DIMENSION IBUFC(NLCCY.XARRAY(NTOTI»YARRAY(NTOT)-TTITLXC(L ),
1 ITITLYC1)-YDLIT(10012
DIMENSION TITLE(1)
Crmmmmm e - -y = = A o 2 % o e e
c
C FIXED BASIC FARANMETERS
C
o mmmm e m e e e e e e mmssem—- e ———————
LOGICAL ZERD
DEFINEZERO=NDEC+LT+0+AND«ABS(FFN}«LTese5

DEFINE DNDEC=NDEC-FLI(0,362ZERCI*NDEC-FLD(0> 362 ZERD)
DEFINE IFIX(FARGI=INTC(FARG*«35)

BATA
DATA
DATA
DATA
DATA
DATA
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-

DATA TOFMAR/ 1./
DATA BGTMAR/ 15/
REAL LEFMAR
DATA LEFNMAR/ 1.9/
DATA RYTMAR/1.1/
DATA FACT/ 1./
DATA MARISs\/
DATA MLINEsL/
DATA HTLAB/«105/

--4..--.-_——_-————q--.—-———_-..q.—--------—-----a-——«.a———--—------

19 INITIAL COMPUTATION OF DERIVED FARAMETERS
AND INITIAL FLOTS CALL
20 SKIPS PRELIMINARIES FOR 2ND AND SUBSEGUENT CALLS

GO TO <19,203,d
YDITC1Y = 3./19.

TICKLE =.HEIGHT/2a

ROTFAC = = 3+/14+ % HEIGHT - &+/7« * HEIGHT
STARTL = 6 * HEIGHT + ROTFAC + TICKLE

SEPLAB = STARTL + 1.5 % HFIGHT

SYMBLH = 0.070

REAL LABSEP

LABSEP = 4. % HEIGHT

ASTART = 2« * HEIGHT

BO 1 I = 2,100

YDITC(I) = YDITCI - 1) + (2 % MOD(1,2) + 12/19.
YDITCI00) = YDITCI00) + +5

CALL PLOTSC(IBUF,NLQC>LDEV)

CALL FACTOR(!l.)

S J =2

0w

-

ooaonow

2019

CALL SYMBOL (HEIGHT.36 * HEIGHT + 5+5-HEIGHTs TITLEs 270,725
CALL PLOT(}.OJ =~ o5s - 3)

DO 21 = 1,100

CALL PLOT(Q+,YDITCIYs3 - MODCI»22)

Do 33 I = 1,100

YDIT(I) = YDIT(I) - ABSCIS - RYTMAR

XPAGE = BOTMAR + OHRDINA

GO T0 2019

XPAGE = BOTMAR + ORDINA + TOEMAR
GALL WHERECEXPAGE> RYPAGE, FACT)Y
YPAGE = KYPAGE - LLFicaR -

CALL PLOT¢(XPAGE>YPAGE, - 3)

CALL FACTORCFACT)
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D0 100 I = 1-,MAXIS
100 CALL MNYAXIS3

" e b o Tk T v B S M A L R S G e e M S A S S M S A A W S T S S We WA G S e e e

MLINE TIMES

G T SN e W S TS SN VW D G W g W R W e e T B By gy e el g e Sk AL R 4 WE S S R TR PR TR W TR N TR R 6w

c

C .

C DRAW POINTS, OPTIONAL CENTERLINE, AND PAGE SCI SSOhL
c . ;

C

c

00 200 I = 1,MLINE
200 CaLL MYLINE
RETURN

. . . T S e . A A A ey Sy g e A M b A i Sk AL S S S S S G S e N G0 e R

c
C
Cc ENTRY POINT SHPARG

C TERMINATE PLOTTING SEQUENCE
C

C

e N I e

ENTRY SHPARG

CALL WHERE(RXPAGE,RYFAGE,I)
CALL PLOT(RXFAGEs RYFAGE-»999)
RETURN

e S W e A RS S S A A SAR S AR W W Eed R L M e v M Ak R BN S AR R W A G e Sk M e T A ded e s e A e v

SUBROUTINE MYAXIS

STARTL = 6 * HEIGHT + ROTFAC + TICKLE

IMAX = IFIXC(YIMAXK ~ YMIN)/DELY)

TICSEP = ORDINA/{ABS(NTICY) - 13

CALi. DENDECC(YMAK,DELY,NDEQG)

K= 1

N = (ABS(NTICYJ/IMAX) - 1 + MODCABS(NTICY),2)
DO 9 I = 0,ImAX

GO TO (1l1-,123sK

> NeNoNsRel
tn
c
td
o)
<
c
!
ol
=
t51
c:4
]
%
-
L2]
LaXd
-
=z
=
i
g
B
—r

11 IF(2 # I-LT«IMAX)GO TO 12
CALL AXLAB(O«»ITITLY>LTITLY-HTILAB?
H=2 )
12 FPN = YMAX - I # DRLY
IF(ZEROIFFN = 0.
™ID = 1.
XPAGE = = I % ORDINA/IMAX = +5 #% HEIGHT

IF(FEN)113, 1285118
113 IF(NDEC - 27115s1145118
114 YFPAGE = STARTLEéS5CHAR
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115
116

117
119
120

121
122
118
123
124
125
126
127

128
112

110

24

25

813
814

815

60 TO 112

IF(NDEG ~ 1)117s116s112 .
YPAGE = STARTL - HEIGHTe4CHAR

60 TO 112 :
IFCABSCFPN) — 100311951165 116
IFCABSC(FPNY - 10-3120121,121
YPAGE = STARTL -~ 3 * HEIGHTE2CHAR -

GO T0 112
YPAGE = STARTL - 2 % HEIGHT@SCHAR
GO TO 112
YPAGE = STARTL - 4 % HEIGHT@ICHAR
GO TO 112

IF{NDEC ~ 2)>1283-1165112
IF(NDEC -~ }1)125,12451:12
IF(FEN - 10.)1215115x116
IF(FPN - 10.3122,120,126
IFCFPN - 100«>120,1215127
IF(FPN -~ 1000.3121,116,188
IF(FPN = 10000.)11651145114
NNDEC = DNDEC

R

CALL NUMBERCXPAGE:YPAGE:HEIGHT;FPN:270-:NNDEC)_

XPAGE = = I % (ORDINA/IMAX)- _
DO 10 JJ = I»N

YPAGE = TICKLE * TMID

CALL PLOT(XPAGE»>YPAGE.3)

YPAGE = YPAGE % ( = 1 + I/IMAX # «5)
CALL PLOT(XPAGE-YPAGE.2)
IFC(I/IMAX)110511059

YPAGE = 0O ) ]

CALL PLOTCXPAGE.YPAGE-3)

XPAGE = XPAGE - TICSEP

CALL PLOT(XPAGE> YFAGE,2)

TMID = «5

CONTINUE

CONTINUE

K= 1

IMAX = IFIXC{XMAX - XMIN)/DELX)
TICSEP = ABSCIS/C(NTICX - 1)
XPAGE = -~ ASTART - ORDINA
CALL DENDEC(XMAX»>DELX. NDEC)

DO 28 1 = 0OsIMAX

- STARTL = =~ I * ABSCIS/IMAX

GG TC (24,25),K
IF(2 % I.LT«IMAX)GO TO 25

CALL AXLABC270.;ITITLXsLTITL%,HTLAB)
K=o

XPAGE = +~ ASTART - ORDINA

FPN = XMIN + I % DELX

1F(ZEROIFPN = O. )
IF(FPN)B13.822,818 -

IF(NDEC -~ 2)815,814-23 .

YPAGE = STARTL +-16+/7.7% HEIGHT&S HAR
GO TO,23

“TF(NDEC - 1)B17.816-23
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816 YPAGE = STARTIL + 25./1!4. * HEIGHTEA4CHAR
GO0 TO 23

817 IF(ABS(FPN) ~ 100.)B19-816,816

819 IFCABS(FPN) ~ 10.)B820,821,821 v

820 YPAGE = STARTL + 11./14. % HEIGHTEECHAR

GO TO 23 -

geil YPAGE = STARTL + 9./7. % HEIGHTe3CHAR
G0 TO 23

g2 YPAGE = STAHRTL + 2./7+ % HEIGHT21CHAR
GO TO 23

818 IF(NDEC - 2)YB23:16:23

§23  IF(NDEC - 1)825,824,23

824  IF(FPN - 10.3821,816,816

825 IF(FFN 10.)822.820, 826

828 IF(FPN 100.2820,821,827

827 IF(FPN 1000.38215816-828

828 IF(FFN 10000.2816,8142814

23  NNDEC = DNDEC.

28 CALL NUMBER(XPAGE,YPAGEHEIGHT,FPN, 270.>NNDEC)
N = (NTICAK/IMAX) - 1 + MOD(NTICX.2)
DO 26 1 = IMAXs0s = 1

™ID = 1.

YFAGE = -~ I # ABSCISr/IMAK

Lo 27 JJ = 1N

XPAGE = -~ ORDINA - TICKLE % TMID

CALL K PLOT(XPAGE>YPAGEs 3} .
XPAGE = XPAGE + (TICKLE + FLI(0,36s1.NE.0) % TICKLE) * TMID
CALL PLOT(XPAGE>YPAGE,2)
IFCLI2111.26-,111

111 XPAGE = -~ ORDINA
CALL PLOT(XPAGE-YPAGE: 32
YPAGE = YPAGE + TICSEP
CALL PLOT(XPAGE-YPAGE,2?

. TMID = «5

27 CONTINUE

26 CONTINUE
RETURN

. D S B W S A R T M TR T R P WO g R A S G AR N S AR RS T S T A R R N Y N SR g SR G NN NN W R g A R Y Sy

SUBROUTINE MYLINE (INTEENAL)

e ReRsNeNel

ks ok Bl Al B il ok e B o b W S AL o BLE e B Bk el T S W B el Bl e Sk fpe WS T O T e L T Al e S M S S S . S SN W S B o S S Ak

SUBROUTINE MYLINE

ITOP = IFIX((ABSCIS 4+ RYTMAR + «53/11s % 994D

IBOT = IFIXC(RYTMAR/ 11+ % 99a)

DO 17 I = 1,NTOT

XPAGE = (YARRAY(I} -~ YMAXI/{YMAX - YMINI * ORDINA

YPAGE = (XMIN - XARRAY(IJX)/(XNAX - XMIN) % ABSCIS
17 CALL SYMBOL(XPAGE.YFAGE> SYMELH: INTEQ, 270.»1CODE)

IF(NTICY.GE+0XGD TO 22

XPAGE = - ORDINACES

YPAGE = =~ ABSCIS (Hiﬁlﬂmélafuug

CALL PLOT(XPAGE.YPAGE, 3) 051I¥X) B IS

DO 18 I = IBOT,1TOP ' R QUALITY
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18 CALL FLOT(XPAGE,YDIT(I)>3 - MODCL»2)}
22 XPAGE = TOFMAR
) YPAGE = - ABSCIS -~ RYTMAR - 5

CALL PLOT(XPAGE,YPAGE,3)

DO 21 I = 1,100

21 CALL PLOT(XPAGE,YDITC(IY>3 -~ MODCI»2)»>
RETUREN

c --------------- - - T i 1

C

c SUBROUTINE AXLAB (INTERNAL) -

c

C e e e e e et e e e e e e e

SUBROUTINE AXLAB(ANGLE,IBCD, NCHARXsHEIGRTY
DIMENSION IBGCDCT)Y -

L.OGICAL 5§ i

INTEGER QsSQs* S°'/

K= 2

NCHAR = NCHARYX

5= OFA].-SE-

IFCABSCANGLE) «GTs« 1260 TO 30

XPAGE = - ORDINA/2. ~ NCHAR * HEIGHT/Z2
YPAGE = SEFLAB
€0 TO 371

30 XPAGE'= - ORDINA - LABSEP

YPAGE = = ABSCIS/Z. + NCHAR % HEIGHT/2

31 LSTART = 6 % MOD(NCHAR:6) =~ 12
IF(LSTART.EQ. ~ 12)LS5TART = 24
LOOK = NCHAR/6 + 1.1
IF(LSTART«ERs ~ 63GO TO 13
IF(FLDCO, 12555 )+ EQ. FLD(LSTAHT:18:IBCD(LOOK)))GO TO 15
GG TO 14

i3 IFCFLDCOs65 "5 ") «NEFLD(30:s 6> IBCD(LOGK = 13))G0 TO 14
IFCFLDC0,6. ' 5") «NE+FLD(05 65 IBCD(LOOK?»2)GO TO 14

i5 NCHAR = NCHAR -~ 1
S = «TRUE.

14 CALL SYMBOL(XPAGE,YPAGE,HEIGHT» 1 BCD» ANGLE> NCHAR)
IF{S5)CALL SYMBOL(999.5999.,2 % HEIGHT/3,050, ANGLE>2)
RETURN

L el R R R ko L I e ———

SUBROUTINE DENDEC (INTERNAL)

aaaoaon

e Bl e S e S . S s e .t W A . ky  h - - . — A R A

SUBROUTINE DENDEC(GMAXs DELQsNDEC)
IFCEINTCABS(GMAX))+.GE. 10260 TO 5§ )
IFCAMOD(ABS(GMAX - DELR)s+13.GE..01)G0 TO 7
NDEC = 1

#IERETURN

"5 WDEC = =~ 1

RETURN
7 NDEC = 2

-+ RETUEN

END SO
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