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A3STRACT 

A three-dimensional, nonlinear nozzle admittance relation is developed 

by solving the wave equation describing finite-amplitude oscillatory flow 

inside the subsonic portion of a choked, slowJLy-convergent axisymmetric nozzle. 

This nonlinear nozzle admittance relation is then used as a boundary condition 

in the analysis of nonlinear combustion instability in a cylindrical liquid 

rocket combustor. 7n both nozzle and chsmber analyses solutions are obtained 

using the Galerkin method with a series expansion consisting of the first 

and first radial modes. Using Crocco's time-lagtangential, second tangential, 

model to describe the distributed unsteady combustion process, combustion 

instability calculations are presented for different values of the following 

parameters: (1) time-lag, (2) interaction index, (3) steady-state Mach number 

at the nozzle entrance, and (4) chamber length-to-diameter 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 are considerably 

smaller than the amplitude of the first tangential mode the inclusion 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 approximating 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 larger than the amplitudes of the remaining 

modes in the series expansion, nonlinear admittance coefficientswere determined 

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 end. The dis­

tributed unsteady combustion process was described by means of Crocco's time­

lag model. The Galerkin method was used to determine the behavior of the pres­

sure perturbation in the rocket combustor, where the nonlinear nozzle admittance 

relation was used as the boundary condition at the nozzle end of the chamber. 

In these computations, a three-mode series expansion consisting of the first 

tangential (IT), second tangential (2T), and first radial (1R) modes was used. 

Since the amplitude and frequency of the IT mode upon which the nonlinear nozzle 

admittances 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) interaction index, (3) steady 

state Mach number at the nozzle entrance, and (4) chamber length-to-diameter 

ratio. In each case limit-cycle pressure amplitudes and waveforms were
 

obtained with both the linear and- nonlinear nozzle admittances. These results 

non­show that under the assumptions of the analysis the effect of nozzle 


linearities can be safely neglected in nonlinear stability calculations.
 



INTRODUCTION
 

Various aerospace propulsion devices, such as liquid and solid propellant
 
rocket motors and air breathing jet engines, are often subject to combustion
 
instabilities which are detrimental to the performance and safety of operation
 

of these devices. 
 In order to design stable engines, capabilities for a
 
priori determination of the linear and nonlinear characteristics of the
 
instability and the range of operating conditions for which these engines
 
are dynamically stable must be acquired. In order to perform. such an analysis,
 
the behavior of the exhaust nozzle under oscillatory flow conditions must be
 

understood. In particular, it is necessary to know how a wave generated in 
the combustion chamber is partially transmitted and partially reflected at the
 
nozzle entrance. The information is usually expressed as a boundary condition 
(usually referred to as a Nozzle Admittance Relation) 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 converging-diverging supereritical nozzle was first treated by Tsien 1
 

who considered the case in which the oscillation of the incoming flow is 
one­

dimensional and isothermal. Crocco2 '3 extended Tsien's work to cover the
 
more general cases of non-isothermal one- and three-dimensional oscillations. 
The analyses of Tsien and Crocco are both restricted to small-amplitude
 
(i.e., linear) oscillations. More recently, a nonlinear nozzle theory has
 

been developed by Zinn and Crocco 4,5,6 who extended the previous linear 
theories to the investigation of the behavior of finite-amplitude waves. 

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

8developed which describe the nonlinear behavior of longitudinal 7i and 
transverse9 510 instabilities in liquid-propellant rocket chambers with quasi­
steady nozzles. These theories have now been extended to situations in which
 
the instabilities are three-dimensional and the rocket combustors are attached
 

to conventional nozzles 
 All of these theories have successfully predicted
 
the transient behavior, nonlinear waveforms, and limit-cycle amplitudes of
 

longitudinal and tangential instabilities in unstable motors.
 

In order to assess the importance of nozzle nonlinearities upon the
 

2 



nonlinear stability characteristics of various propulsion devices, a new non­

linear nozzle theory is needed for the following reasons. First, the nonlinear 

anaaysis of ZiMn 5 l 6 is mathematically complicated and requires considerable 

computer time. For this reason, Zinn's analysis has never been used to per­

form actual computations of the wave structure in the nozzle or the nonlinear 

nozzle response. Second-Ly, the nonlinear nozzle admittance relation developed 

by Zinn is not compatible with the recently developed nonlinear combustion 

theories (see References 7 through 1). Consequently, a linear nozzle 

boundary condition or a short nozzle (quasi-steady) assumption had to be used 

in all of the nonlineax combustion instability theories developed to date. 

The use of a linear nozzle boundary condition in these nonlinear theories was 

justified by assuming that under the conditions of moderate amplitude oscilla­

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 assumption. Furthermore, in the case of 

transverse instabilities the "linear" nozzle has been known to exert a 

destabilizing effect; in these cases 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 boundary condition in the recently-developed nonlinear 

combustion 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. 

SYMBOLS 

A () axially dependent amplitude functions in Eq. (4) 

B (t) time dependent amplitude functions in Eq. (18) 
p 

Snozzle boundary residual (see Eq. (3D)) 

bp complex axial acoustic eigenvalue
 

a dimensionless sonic velocity, c*/c*
0 
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EC(R') 

i 

Jm 

kTmultiple 

m 


n 

p 

r 

r C 

Stu 

t 

u 

Yr 

z 

Y 

F" 

p 

0 

p 

T 

residual of Eq. (2) 

residual of Eq. (17) 

imaginary unit, --

Bessel function of the first kind-, order m 

of fundamental frequency 

azimthal mode nmber 

pressure interaction index 
.,*2 

yp /Poeopressure,dimensionless 

dimensionless radial coordinate, r/r 

chamber radius 

dimensionless transverse mode acoustic frequency 

dimensionless time, * * 
(re/co)
 

dimensionless axial velocity, u /c o 

th 
linear admittance for the p mode 

dimensionless axial coordinate, z /r 

specific heat ratio 

nonlinear admittance for the pth mode 

linear admittance function 

azimuthal coordinate 

dimensionless density, p /Po 

T* 
dimensionless pressure sensitive time lag, ( * 

(c/e o 



cp 	 steady state potential function 

velocity, potential 

*steady state stream function 

w dimensionless frequency 

Sutbscripts: 

e evaluated at the nozzle entrance 

n radial mode number 

real and, imaginary parts of a complex quantity, respectiveQr, i 

w 	 evaluated at the nozzle wall
 

o 	 stagnation quantity 

Y,,r,8,z,t 	 partial differentiation with respect to cp,t,r,6,z, or t,
 

respectively
 

Superscripts:
 

( ) tperturbation quantity
 

steady state quantity 

( ) 	 dimensional quantity, complex conjugate 

(') 	 approximate solution 

NOZZLE ANALYSIB 

The development of the nonlinear nozzle theory is described in detai: 

in Refs. (12) and (13), therefore only a brief summary will be-given in 

this section. 
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Development of the Nozzle Wave Equation
 
6As in the Zinn-Crocco analysis finite-amplitude, periodic oscilla­

tions were assumed to occur inside the slowly convergent, subsonic portion of
 
an axisymmetric nozzle operating in the supercritieal range. The flow in the
 
nozzle was assumed to be adiabatic and inviscid and to have no body forces
 
or chemical reactions. 
The fluid was also assumed to be calorically perfect.
 
Under the further assumption of isentropic and irrotational flow the continuity 
and momentum equations were combined to obtain the following equation which 
describes the behavior of the velocity potential:­

+V- - =tt 2V-Vt (Y-1) §t 21 

+-- (V§.v§) V26 + A v§.v(v§.v§)

2 

These equations are consistent with those used in the second-order nonlinear 
combustion instability theory developed by Powell, Zinn, 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. § = + §), introducing the (cp,*8,) coordinate system used by Zinn 
and Crocco5 , 
(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:
 

Bk')CjP4-± f (y)§ + f3(yp) 2(4*%i + %) ~(2) 

-~ 
cpt 4~t -2 tt
 

+ -U * T e et 
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-2I 
+ (Y+) 2 '' + 2 

•2 
" f5(cp) (-fp) + f6(cp) 

*., + 

2 f(p) 

+(f(i)2 

' ' 

+ (Y-1) 

+ (Y-1) 

k 

a[2 

- f4(y) % 

+ § 

t 

ee 

+ ( [y)-.2 , + + l2. ,} = o 

where 

-2
f 1 ()=c 

-2 
-­u (3) 

:C2 (cp) 

3(cp) 

=-2 c 

= . 

ac 

i-2 2 

5 2 

t6(p) = 2( [ 
271 

- (2-

c 

]2 -

dsp 



00 

D = constant 

,--r- =constant
 

8n 

*W
 

Flow directior
 

Nozzle throat,
 

L Nozzle entrance
 

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



Method of Solution
 

In the nonlinear combustion instability theories developed by Powell and 

Zinn (see Refs. 7 - 1) the governing equations were solved by means of an 

approximate solution technique known as the Galerkin Method, which is a
 

special case of the Method of Weighted Residuals 4 15. In these investiga­

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 admittance relation. 

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

equation (i.e., Eq. (2)) was to express the velocity potential, @ , as an 

approximating series expansion. The structure of this series eXpansion was 

guided by the experience gained in the nonlinear nozzle admittance 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 _ 

- =3 {AQp() eos(me)Jm [Sm (7]ep (4) 
p--­

where the functions A (y) are unknown complex functions of the axial 
p 

variable p, and e- and 4-dependent eigenfunctions were determined from 

the first-order (i.e., linear) solutions by Zinn5 . For each value of the
 

index p. there corresponds the mode numbers m(p) and n(p) as well as
 

the number kp . This correspondence is illustrated in the table below for 

a three-term expansion consisting of the first tangential (UT),second
 

tangential (2T), and first radial 'l) modes. 



Table 1. Three-Mode Expansion 

p m(p) n(p) kp Mode
 

1 1 1 1 IT
 

2 2 1 2- 2T 

3 0 1 2 3R 

In the time-dependence, w is the fundamental frequency which must be 

specified and the integer kP gives the frequency of the higher harmonics.
 p 
The values of k for the various modes appearing in Eq. (4) were determined
 

p
 
from the results of the nonlinear combustion instability analysis of Powell
 

10

and Zinn O . For example it was found that, due to nonlinear coupling between 

modes, the 2T and IR modes oscillated with twice the frequency of the iT mode. 

Thus in Eq. (4) kI1 = 1 and k. = k3 = 2. The amplitudes and phases of the 

various modes depend on the axial location (i.e., cp) in the nozzle through the 

unknown functions A (cP) 

Next the assumed series expansion for C' (i.e., Eq. (4)) was substituted 

into the wave equation (i.e., Eq. (2)) to form the residual, %(V). According 

to the Galerkin method, the residual EN(t) was required to satisfy the 

following orthogonality conditions: 

T1 

j e t cos me i-Fs 4-)] dSdt = 0 (5) 

j =1, 2, ... N 

where N is 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 integration is performed over one period of oscillation, T = 2r/w, 

while the spatial integration is performed over amy surface of cP = constant 
in the nozzle (in Eq. (5) dS indicates an incremental area on this surface). 

Evaluating the spatial and temporal integrals in Eq. (5) yielded a 

system of N nonlinear, second order, coupled, complex ordinary differential
 

equations to be solved for the complex amplitude functions A (C). 
Unfortunately these equations were not quasi-linear; that is, the highest
 

order derivatives appeared in the nonlinear terms. This greatly complicated the 

numerical solution of these equations, thus an additional approximation was 

made to obtain a quasi-linear system of equations. -

This additional approximation was based on the well-known fact that most
 

transverse instabilities behave like the first tangential (iT) mode. Based 
1l 

on the results of the recent nonlinear combustion instability theory , it was 
assumed that the amplitude 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 tb the following linear inhomogeneous system of 

equations: 

2 d 1 

H (CP) A1 + M(cp) -.1 + NI(T)AQP) =0 (6) 

d2A dA d2A 1dA1 
H @(P) I..+ M (y) P...+ N (cp)A (yj) plIAVd9 CTp c2 p d d(p 

p = 2, 3, ... N 

where
 

ll 



H-2-2 -2 (7) 

Mc) a2 [+ .&2i~kpW 

S2 -2 d-2

---2 y-_1i i du 2 21 

(CP) =1- - - + koif2T 2 -2 d-p :pJ 

and I are inhomogeneous terms which are functions of (9 and the amplitude
p


of the IT mode, A1 ().
 
It can be seen that the above equations are decoupled with respect
 

to the IT mode; that is, the solution for A, can be obtained independently
 
of the amplitudes of the other modes. 
Thus to second order the nozzle non­
linearities do not affect the 1T mode. On the other hand, 
 the nozzle non­
linearities influence the amplitudes of the higher modes, (i.e., 
A2 and A3) 
by means of the inhomogeneous terms in the eqnyations for the higher modes. 

Derivation of Admittance Relations 
It has been shown (see Refs. (22) and (13)) that the solution of Eq. (6) 

can be expressed as the sum of a homogeneous solution A(h ) and a particular
A ( i )

solution of the inhomogeneous equation as follows:p 
p 

A (c) =KA(h)() +A(i)(p) (8)
pI p p 

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 2' given by Eq. (5) is a summation of partial 

potentials ' where 

12 



* D' =A (Wp Cos (M9) im Lmk)je" 9 

a nozzle admittance relation can be written for each of the partial -oten­

tials. This is done by introducing Eq. (8) into Eq. (9), taking partial 

derivatives with respect to z and t and eliminating K1 between the 

resulting equations. The resulting admittance relations are given by: 

B )= + YY (lop 

ee{ tim [s. ( e_cos(me) 

where
 

S(h) ) 

p 

aj ( h) dA(i)(i)(= - -A(h) ] p= (12)' 1.-

p -2A(h) Lp &yp P *dcp


P 

Equation (10) is the nonlinear nozzle admittance relation to be used 

as the boundary condition at the nozzle entrance plane in nonlinear stability
 

analyses of rocket combustors. The quantities Yp and Fp are, respectively, 

the linear and nonlinear admittance coefficients for the pth mode. The 

nonlinear admittance, F represents the effect of nozzle nonlinearities 

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

(i.e., for the 1T mode).
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It 
can easily be shown that when the Mach number at the nozzle entrance 
is small Eq. (10) can be expressed, correct to second order, as: 

I 

U-Y2-u 
 cF2 (13)
p Pp ee p 

where U and P are the y-dependent amplitudes ofathe axial velocity and
P p 

pressure perturbations respectively. 

In order to use the admittance relation (Eq. (10) or Eq. (13)) in 
combustion instability analysis, the admittance coefficients Y and F

P p

must be determined for the nozzle under consideration. The equations
 
governing these quantities are readily derived from Eqs. (6) using the 
definition of F (i.e., Eq. (12) to obtain:
 

p
 

2H - -N-H CpdP pp1 p p p 

H- =1-H +HYM')FLip dq' p p 2c2 d pp/M -2 (15)p 

where
 

dA(h)=-1 -- (a6)
 
PCL 

Calculation of the Nozzle Response
 

To obtain the nozzle response for any specific nozzle, Eqs. (14) and 
(15) are solved in the following manner. As pointed out earlier, the non­

linear terms vanish for the IT mode (i.e., r1 = O r{ = 0) and it is only 

necessary to solve Eq. (14) to obtain Ci (and hence Y1) at the nozzle 

entrance. Since Eq. (14) does not depend on the higher iodes, it can be 

solved independently for Cl" Once C1 has been determined both Eqs. (14) 



and (15) must be solved for the other modes. In order to do this, the 

amplitude A(cp) must be determined since Eq. (15) depends on A1 () and its 

derivatives through IP(y). Once Cl(y) is known, A1 () is determined by 

numerically integrating Eq. (16) where the constant of integration is 

determined by the specified value of the pressure amplitude Iplj (of the IT 

mode) at the nozzle entrance. The value of A1 thus found is introduced into 

Eq. (15) which is then solved for r .p 
- Since Eqs.(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 Y and r are needed. Since the 
p p

equations are singular at the throat, the integration is initiated at a point 

that is located a short distance upstream of the throat. The needed initial 

conditions are obtained by expanding the dependent variables in a Taylor 

series about the throat (cp = 0). 

In Eqs. (14) and (15), the quantities H, M, HNand I axe frnctions 
p p1 

of the steady-state flow variables in the nozzle and these must be computed 

before performing the numerical integration to obtain Cp and F . For a 

specified nozzle profile, the steady-state quantities are computed by solving 

the quasi-one-dimensional isentropic steady-state equations for the nozzle 

flow. Figure 2 shows the nozzle profile used in these computations. All 

of the length variables have been non-dimensionalized with respect to the 

radius of the combustion chamber to which the nozzle is attached, and hence
 

r = 1. At the throat rth is fixed by the Mach number at the nozzle 

entrance plane. The nozzle profile is smooth and is completely specified by 

rcc , r c t and 91, which are respectively the radius of curvature at the 

chamber, 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 p 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 numerically solve 

Eqs. (14) - (16) and calculate the linear and nonlinear nozzle admittances. 

A computer code and description of this program is given in Appendix A. 



cct
 

r 

rth
 

Section Section Section
 

Figure 2. Nozzle Profile Used in Calculating Admittances.
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COMBUSTION INSTABILITY ANALYSIS 

Combustion Chamber Model 

This section describes the application of the nonlinear nozzle admit­

tance theory developed in the preVious section to the analysis of combustion 

instability in a liquid-propellant rocket co fbustor. A cylindrical combustor 

with uniform injection of propellants'at one end and a slowly-convergent 

nozzle at the other end was considered. The liquid propellant rocket motor 

that was analyzed is shown in Figure 3. The analysis of such a motor for a 

linear nozzle response is given in Ref. (u). 

The oscillatory flow in the combustion chamber is described by the 

three-dimensional, secdnd-order, potential theory developed in Ref. (ll). 

In this theory the velocity potential • must satisfy the following nonlinear 

partial differential equation: 

( ') +! 2 00 z -ttmc( =- rr r T +! + '-'(7 
r 

2§ T 2 § (iq) 

rTrt 2 9 St z zt r 

-'(ltJrr + -r 2 00+ z 

-r
 

zt t dz
 

+ du [(r z) O r,- 0 

where Crocco's time-lag (n -r) model is used to describe the distributed 

unsteady combustion process. In the present analysis the linear nozzle 

boundary condition used in the previous analysis (see Eq. (2) of Ref. 11) was 

replaced by the nonlinear admittance condition given by Eq. (10). 
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k]]lication of Galerkin Method -


Assuring a series expansion of the form (see Ref. 11):
 

N N 

-, N'N Bp t) cos(me) Ji CS r) cosmz) (iz) 

p=l p;l 

the Galerkin method was used tO obtain approximate solutions to Eq. (17). 

In Eq. (18) the radial and azimuthal eigenfunctions are the same as those 

used in the nozzle analysis (see Eqc 4). Unlike the nozzle analysis where the 

unknown coefficients A (tj) were functions of axial location in the nozzle, 
p 

the unknoaw coefficients Bp(t) in Eq. (18) are functions of time. The bp 

appearing in the axial dependence are the axial acoustic eigenvalues for a 

chamber with a solid wall boundary condition at the injector end and a 

linear nozzla admittance condition at the other end. 

The unknown ampilitudes B (t). were determined by substituting the 

assumed series expansion (i.e., Eq. (18)) into the wave equation (i.e., 

Eq. (17)) to form the residual E( '). Similarly, the series expansion 

was substituted Lto the nozzle boundary condition (i.e., Eq. (1O)) to obtain 

the boundary residual B (Cfl. The residuals E ( ' ) and B.(') were 

required to satisfy the folowing orthogonality condition (see Ref. 11): 

z 2"c I 

0 0± 0("Rr 

2W 1 

o) z=((9)R.(r) rdroB 0 

j =l1,2, ...N
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Where the 
Z. are the complex conjugates of the axial acoustic eigenfunctions 
appearing in Eq. (18), and 9. and Rj are the azimuthal and radial eigen­

functions respeotively.
 

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

d2
 

S{(Jp) - + C+(pp)B)- n3 (j ,pfl .. (20)
2 . dt
p=l P=tdt) L 2
 

dEB (t-)] ­
+ n 3(O P) aOtp~e p
- + 


{Dlj~pq -- dB
!!a+ D(p~ ­~1 ~{fli~rq~nt D2(j'pq)pt 

pdt 2 pdt 

j =1,2, ... N 

ik wt
 Inthe above equation, the term C4(j,p)e p 
 results from the presence of
 
nozzle nonlinearities (i.e. the term involving 
FD in Eq. (i0)). 

The coefficients appearing in Eq. (20) were determined by evaluating 
the various integrals of hyperbolic, trigonometric, and Bessel Thnctions 
that arise from the spatial integrations indicated in the Galerkin ortho­
gonality conditions. These were calculated by the computer program 

COEFFS3D (Appendix B). 

The time-dependent behavior of an engine following the introduction of 
a disturbnce is determined by specifying the form of the .initial disturbance 
and then following the subsequent behavior of the individual modes by 
numerically integrating Eqs. (20). Once the time-dependence of the individual 
modes is known, the velocity potential, @, is calculated from Eq. (18). 

The pressure perturbation at any location within the chamber is related to 



° by the following second-order momentum equation (see Ref. 11): 

+ZZ +1:(- + _m )0--(r2:(v7] (21)p' [ t z 2 6 2r2 z 2 t 

Numerical Solution Procedure
 

Equation (20) is a system of N ordinary differential equations which 

describes the behavior of the N complex time-dependent functions, _ 

B (t). Beginning with a sinusoidal initial disturbance, a fourth order 

Runge-Kutta scheme was employed for the numerical integration of this system 

of equations. In the present calculations, a three-mode series 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 calculations presented in Refs. (10) and (1). The numerical 

integration of Eqs. (20) is performed by the computer program, LCYC3D, which is 

described 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 admittances, 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 solution technique is used. 

In this procedure, linear nozzle admittances are first calculated for the 

specified nozzle geometry. Next, the combustion chamber analysis is 
=carried out using these linear nozzle admittances (p 0), and limit-cycle 

frequency and pressure amplitude of the IT mode at the nozzle entrance 

are determined. This information is then used in the nozzle theory to 

determine the nonlinear nozzle admittances which are used in the chamber 

analysis to calculate new limit-cycle frequencies and pressure amplitude. 

If the limit-cycle amplitude obtained with the nonlinear nozzle boundary 

condition is significantly different from the limit-cycle amplitude obtained 

with the linear nozzle admittances, new values of the nonlinear admittances 

are calculated and the process is repeated until the change in limit-cycle 

amplitude is sufficiently small. 
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RESULTS AND DISCUSSION 

Admittance 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. Computations have been performed for several nozzles, at 

different frequencies and pressure amplitudes of the first tangential mode. 

Figure 4 shows the frequency dependence of the linear admittance coeffi­

cients for the IT, 2T. and 1R modes for a typical nozzle (81 = 200, I? -- 1.0, 

rct= 0.9234; M = 0.2). Here, w is the frequency of the IT mode, while the 

frequency of the 2T and ll modes is 2W due to nonlinear coupling. Hence the 

real parts of the linear admittance coefficients for the 2T and IR modes 

actually attain their peak values at a higher frequency than that for the IT 

mode. The linear admittance coefficients for the IT mode are in complete 

agreement with those calculated previously by Bell and Zinn 

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 behavior of the nonlinear
 

admittance coefficient is seen to depend also on the amplitude of the 1T mode. 

The absolute values of both r and F. increase with increasing pressure
r 1 

amplitude of the 1T mode, which acts as a driving force. It is observed that 

the absolute values of F and P.. vary with frequency in a manner similar
27 1 

to the absolute values of YT and Y.. The frequency dependence of the non­r a­

linear admittance coefficient for the lM 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 IR modes respectively. This ratio, Jr/Yi , increases 

with increasing pressure amplitude. in the limiting case of 1prl = 0, 

the nonlinear admittance cpefficient is zero for all frequencies as expected. 

~22 



51 ~i 
- 1T
 

- --------- 2T 

CS 0 

II 

-1 

Cd­

4r 

Cl 

-1, 

C!T 

.M 

k-i 

P, 

1.5 1.8 2.1 2.4 2-7 3.0 

Figre 4. 

Frequency2 

Linear Admittances for the 1T, 2T, and lB. Modes. 

23 



3 

SP1 	 = 1.0 
o~ 

C) 

PI = o.7
 

C 

4 

0
 

F4.
 

1.7 1.8 1.9 2.0 2.1 2.2 

Frequency, w
 

3 
2-.. 8 	 ----------- 2
!z 	 1.
S--


0~-P	 1 = O.7 

C, 

2
 

1.7 	 1.8 1.9 2.0 2.1 2.2
 

Frequency, w .
 

Figure 5. Nonlinear Admittances for the 2T Mode. 

24 



1 . 0 P , 

4	 
0.8
 

-- -- -0 .7
 

-PF 

P4
 

-0.2 

0­
2.0 	 2.21.7 1.8 1.9 	 2.1 

Frequency w
 

0.8p
o .B 
 P1 

1.0
 
0 o0.6
 
4 ­4 - - - - 0.7
 

0o.4
 

-P-

S 0.2 _ 	 _ 

2.0 	 2.2
1.7 	 1.8 1.9 2.1 


Frequency, w
 

Figure 6. Nonlinear Admittances for the JS Node. 

25 



.=1.8 
8/ 

1.2 	 n = 1.9 

.. . . w = 2.0 	 ,/ 

0.8 	 / 

y/ 

0.4. 

2T Mode
 

0 
o 0.2 o.4 o.6 0.8 1.o 

1.6 	 1 1/
 

- w =1.8 /
 
1.2 	 ---- = 1.9 -

• = 2.0 	 j/ 

ry 0.8 	 ' 

0.4 

o .2 	 I Mode 
0 
0 0.2 o.4 o.6 0.8 1.0 

Pressure Amplitude of IT Mode, P1
 

Figure 7. Relative Magnitudes of Linear and Nonlinear Admittances.
 

26 



Figure 8 shows the influence of entrance Mach number Me on the nonlinear 
nozzle admittance coefficients for the 2T and 1R modes respectively. Here the 

relative magnitudes of the linear and nonlinear admittances (i.e., Ir/Yx) are 

plotted as a function of amplitude of the 1T mode. In each case there is a 

significant decrease in Ir/Y1 with increasing Mach number, thus it appears that 

the importance of nozzle nonlinearities will be smaller at higher Mach numbers.
 

The effect of nozzle half-angle on jr/YJ for the 2T and 1R modes is 

shown in Figure 9. It is readily seen that for e1 between 15 and 45 degrees 
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 

the linear and nonlinear theories are restricted to slowly convergent nozzles
 

(i.e., small e1). 
Figure 10 shows the effect of the nozzle radii of curvature upon the 

quantity jF/Y[ for the 2T mode. It 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 change in the radius of curvature of the nozzle at the entrance 

section has considerable effect on the relative magnitude of the linear and
 

nonlinear admittances. Similar results were obtained for the lR mode. 

In summary, the results obtained in the admittance calculations indicate 

that the magnitude of the nonlinear admittance coefficient is comparable to
 

that of the linear admittance coefficient, especially at large pressure arpli­

tudes. To determine if this result has a significant effect upon combustor 

stability, calculations were made for typical liquid rocket combustors using the 

nonlinear admittances. These results were compared with similar calculations 

using linear admittances. The results of this investigation are discussed in the 

remainder of this report.
 

Stability Calculations 

Combustion instability calculations have been made using the three mode 

series consisting of the 1T, 2T, and 1R modes. These calculations have been 

made for different values of the following parameters: (1) time lag ', (2) 

interaction index n, (3) steady state Mach number at the nozzle entrance Me,
 

and (4) chamber length-to-diameter ratio L/D. All of the combustors that 
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attached to nozzles with the following specifications:have been analyzed are 

radius of curvature of nozzle at the combustion chamber, re = 1.0, radius of 
= 1.0; and nozzle half-angle, G. 200.curvature of nozzle at the throat, rct = 

In each case, solutions have been obtained with both the linear and nonlinear 

nozzle admittances. 

is shown in the n-T plane in Figure 11.A typieal neutral stability curve 

Since it was desired to study the limit-cycle behavior of the motor, the values 

chosen from the unstable region of this stabilityof n and ' considered were 

diagram. 
r = 1.6Limit-cycle amplitudes and waveforms were calculated for 

as shown in Figure 11. Wall
(resonant conditions) for several values of n 

case (Point A,
pressure waveforms (antinode) are shown for a mildly unstable 

a strongly unstable case (Point B, n = 0.70) in Figures 12 and 13. 
n = 0.52) and 

Figure 14 shows limit-cycle amplitude as a function of n for T - 1.6. In 

each case both linear and nonlinear nozzle admittances were used in the calcula-

These results show that the nozzle nonlinearities have only a smalltions. 

even
effect on the limit-cycle amplitude and waveform for fairly large amplitudle 

instabilities. 

Similar comparisons were made for the off-resonant values of n and 

shown in Figure 11 (see points C, D, E, F). These results also show very 

little effect of nozzle nonlinearities on the limit-cycle amplitudes for off­

resonant oscillations as seen in Figure 15.
 

are shown for various
Finally, comparisons of limit-cycle aplitudes 

exit Mach nibers in Figure 16 and for various length-to-diameter ratios in 

obtained using the nonlinear nozzleFigure 17. Again, limit-cycle amplitudes 


boundary condition agree closely with those obtained using the linear nozzle
 

boundary condition.
 

CONCIDDING MA3KS 

for cal-A second-order theory and computer program have been developed 

coefficients to be usedculating three-dimensional, nonlinear nozzle admittance 

in the analysis of nonlinear combustion instability problems. This theory is 

applicable to slowly convergent, supercritical nozzles under isentropic,
 

combustion chamber oscillations are dominated
irrotational conditions when the 
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by the IT 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 IT mode.
 

admittances have been incorporated into theThe nonlinear nozzle 

instability theory, and calculationspreviously developed nonlinear combustion 

of limit-cycle amplitudes and pressure waveforms have been made to assess the 

importance of the nonlinear contribution to the nozzle admittance. These 

results show that nozzle nonlinearities can be safely neglected in nonlinear 

are satisfied:combustion instability calculations if the following conditions 

(i) the amplitude of the oscillations are moderate, (2) the mean flow Mach 

number is small, and. (3) the instability is dominated by the first tangential 

mode. Therefore, the linear nozzle boundary condition used in the previous 

for most cases involvingnonlinear combustion instability analyses is adequate 

IT mode instability. 
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APPENDX A
 

PROGRAM NOZADM: A USER'S MANUAL
 

General Description
 

Program I'ZADM calculates both the linear sand the nonlinear admittance 

coefficients for a specified nozzle. These admittance coefficients are
 

required as input for Program COEFFS3D (see Appendix B) which calculates the
 

coefficients of both the linear 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 flow chart for Program NOZADM is shown in Fig. (A-i). The program 

performs the following operations: (1) reads the input data, (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 Eqs. (14) and (15) to obtain the desired admittance coefficients,
 

and (5) provides the desired output.
 

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 obtains the steady-state flow 

quantities at every station in the nozzle by calling the subroutine STEADY. 

This subroutine also calculates the number of station points (NPLAST) in the 

nozzle. 

The evaluation of the admittance coefficients is carried out in stages.
 

The work performed in each step depends upon whether or not the nonlinear
 

admittances are to be evaluated. If only the linear admittances are required, 

only the equation for Cp needs to be solved. Thus, the equations govering Cp 

are solved individually 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 (Cl) and the amplitude 

of the fundamental mode (A1 ) are first solved to obtain these quantities at 
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every station in the nozzle. In the subsequent steps, the equations for C
 

and F for each of the remaining modes are solved.
 

Input Data
 

A precise definition of the input data required to run the computer 

program is given below. The input is given through three data cards. Tn the 

description of the cards below, the location number refers to the columns of 

the card. "I" indicates integers and "F" indicates real nubers with a 

decimal point. For the I formats, the values are placed in fields of five 

locations while a field of ten locations is used with the "F" formats. In 

either case, the numbers must be placed in the rightmost locations of the 

allocated field.
 

No. of 
Cards Location Type Input Item Comments 

1 1-10 F CM Mach number at the nozzle 
entrance 

11-20 F ANGLE 	 Nozzle half-angle
 

21-30 F RCC 	 Radius of curvature of the
 
nozzle at the entrance
 

31-4o F RCT 	 Radius of curvature of the
 
nozzle at the throat
 

41-50 F GAM 	 Ratio of specific heats
 

1 1-5 I NOZDLI 	 If 0: nonlinear admittances 
are not evaluated 

If 1: nonlinear admittances
 
are evaluated
 

6-10 I NOUT 	 Determines output
 
If 0: only printed output
 
If 1: printed and stored on
 
disk or drum (output device
 
number 7)
 
If 2: printed and cards
 
punched in a format suitable
 
for the program COEFFS3D
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No of 
Cards Location Type Input Item Coments 

11-15 I IEXTN If 0: 
If 1: 

no extension section 
an extension section 

is present. 

16-25 F lEXTNNength of the extension 
section; omit if IEXTN = 0 

1 1-10 F WC Frequency of oscillation 

11-20 F PIAMPL Pressure amplitude of the 
fundamental mode. Omit if 
only linear admittances 
are needed. 

The nozzle parameters ANGLE, RCC and RCT correspond to 8l , r ccand ret 

(14) and (15) is continued
in Fig. 2. For IEXTN = 1, the integration of Eqs. 

combustion chamber. 
beyond the nozzle entrance plane to a length EXTNSN within the 

1, the values of the necessary admittance coefficients are stored 
When NOUT = 

in a format suitable for input to programon disk or drum (device number 7) 

data to program COEFFS3D through data 
COEFFS3D. If, instead of providing this 

to provide punched cards only, NOUT should be 2­
file 7, it is desirable 

fed to program COEFFS3D
Again the format is such that these cards can be 

directly. 

SteadX-State Quantities
 

The subroutine STEADY is called to evaluate the 
steady-state quantities
 

in the nozzle. This subroutine first calculates the radius of the 
nozzle at
 

at the nozzle entrance. 
the throat necessary to obtain the specified Mach number 

The steady-state flow quantities at the throat 
are determined by the choking
 

at the 
Starting with these values,.the steady-state flow quantities

conditions. 

other stations in the nozzle are calculated by numerically 
integrating the
 

The subroutine KSTDY deter­
steady-state equations starting from the throat. 

near the throat using the 
mines the values of the steady-state velocity 

the Adam's predictor-These values are needed to startRunge-Kutta scheme. 
The numerical 

scheme for integrating the steady-state flow equation.
corrector 

Starting slightly upstream.
performed by the subroutine UADANS.integration is 
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of the throat, the numerical integration is continued till the nozzle entrance 

is reached (radius of the nozzle R = 1). The arrays U and C contain the 

steady-state velocity and speed of sound respectively. 

Coefficients 

The complex coefficients that appear in the nozzle admittance equations 

are evaluated in the prdgram by calling the subroutine COEFFS. These coeffi­

cients contain certain integrals involving trigonometric and Bessel functions. 

The subroutine ]INTGRL sets up arrays for these integrals. 

Integrals
 

The necessary trigonometric integrals are determined by the subroutine 

INTGRL itself. Denoting 

p(e) cos( 6), 

the integrals are as follows: 
2w 2 

ALPHA (i, P) 2Tr P(0[)e]2 c() do 
0 

21T 

AIPHA (2,p) J L®8 ) @16)d 

0 

2n 

ALPHA (3, P)= J 0"(e) 0,(8) Ge dE2w 2 

ALPHA ( ) = J O 
0
 

0 

ALPHA (53 P)= J' @"p(e) @.(0) ae 
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The int~grals involving Bessel functions are as follows: 

BETA (1, P) = 1[E(r)f R1 (r) r dr 

O5R (TnR(r)BETA (2,p)= 1 (i : 
0 

1 Or 

BETA (E (L) Rjr ) 
0 

1 

BETA (4,r)= RR() Ri(r) Rjr) r 

BETA (5, p) = R'(r) R (r)n1 (r)&r 

O 

1
 

BETA (6,p) = f [Rp(r) r 
0 

1 

0 
BETA(8p)t = R'(r)R(r)rd
 

1p p
 

BETA (9,:p) =5[R,(r)] r
 

0 

Here R1 (r JM.[Sri where m 'and n are the transverse mode numbters 

'or the pth mode. 
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These integrals of Bessel functions are obtained fromf the unactions
 

RAD1 and RAD2. RAD2 provides the first five integrals while RAD1 provides
 

the last four integrals. Siupsons integration scheme.is used in these
 

function subprograms to evaluate these integrals. 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 employed. The necessary 

initial values are obtained by using a fourth-order Runge-Kutta scheme near 

the throat. The Runge-Kutta integration is performed by subroutine RKTZ. 

The predictor-corrector integration is performed by subroutines TADAMS and 

ZADAI. The values of the dependent variables are stored in the array Y and 

their derivatives are stored in the array DY. The integration is continued in 

steps of DP in the axial variable (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 admittance coefficient for 

mode J. GNOZ(J) is the complex, nonlinear admittance coefficient for mode J. 

Output 

The output of the program NOZADM contains two sections. 

In Section 1, the parameters of the nozzle being analyzed are printed 

out. The output of this section occupies only one page and is essentially a
 

print out of the input data. The parameters, which are printed are:
 

the Mach number at the nozzle entrance (CM), the specific heat ratio (GAM),
 

the nozzle half-angle (ANGE), the length of the extension section, if axy 

(EXTNSN), the radius of curvature of the nozzle at the throat (RCT), the 

radius of curvature of the nozzle at the entrance (RCC), and the number of 

stations in the nozzle (]NPIAST). Section I is printed for any value of the 

control number NOUT. 
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Section 2 contains the nozzle admittance coefficients. Depending on 

the value of the control number NOUT, Section 2 is printed, stored on disk or 

drum or punched onto cards. These three modes of output will now be discussed 

individually.
 

Printed output: The control nmber NOUT for this mode is 0. 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 

O), zeros are enteredcoefficients are not calculated by the program (NozNLi 


in the spaces for the nonlinear coefficients. 

This mode of output is inconvenient to use for instability analysis 

since it would then be necessary to 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 FASTRAJW System on the UNIVAC -108) is 

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

Section 2. The necessary admittance coefficients are stored in a format suit­

able for input to the program COEFFS3D. The device number for this output 

is 7. The control statement needed to request the disk or drum storage on the
 

computer depends on the computer facilities being used.
 

NOUT for this mode is 2. This mode of output is the
Punched Cards; 


simplest ay to run the instability program. The cards containing the 

necessary admittance coefficients are punched by the computer in a format 

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

C 

C 
C 

C THIS PROGRAM 
C OF A SPECIFIED 
C 

PROGRAM NOZAIM ***************************** 

EUVALUATES THE LINEAR AND NONLINEAR ADMITTANCES 
NOZZLE. 

C THE FOLLOWING INPUTS 
C 
C CM IS THE MACH NUMBER 
C ANGLE 15 THE SLOPE OF 
C RCC IS THE RADIUS OF 
C RCT 15 THE RADIUS OF 

ARE'REQUIRED 

AT THE NOZZLE ENTRANCE. 
THE MIDLLE SECTION 'OF THE, NOZZLE. 

CURVATURE OF THE NOZZLE AT THE ENTRANCE. 
CURVATURE AT THE THROAT. 

C GAM IS THE SPECIFIC HEATS RATIO.
 
C 
C NOZNLI DETEYIINES WHETHER THE NONLINEAR 
C BE EVALUATED: 
C NOZNLI = 0 
C NOZNLI - I 
C NOUT DETERIINES 
C NOUT = 0 
C NOUT - I 
C NODT 2 

NOT EVALUATED.
 
EVALUATED.
 

THE OUTPUTt 
PRINTED OUTPUT ONLY. 
PRINTED AND WHITTEN INTO 
PEINTED AND AUITTANCES 

AEMITTANCES ARE.,'0 

A FAS7BAND FILE.
 
PUNCHED INTO CARDS-


C IEX'N DEIEREMINES IF THERE IS AN EXTENSION SECTION
 
C IEXITN - 0 NO EXI2TSION SECTION.
 
C IEXTN II THERE IS AN EXTENSION SECTION.
 
C EXTNSN IS THE LENGTH OF THE EXTENSION SECTION.
 
C
 
C WC IS THE 
C PIAMPL IS 
C 
C 

COMMON 
I
2 

3
4/Xfl/U 


5 
6 
7 


COIPLEX 
£ 

2 

3 


DIMENSION 
1 
DATA CNAME(MODE), MODE = 1*3) /2HIT 2H2T.2HIR/ 
I (SfN(MODE); MODE 1.3) /I.84118,3.O5i42pa3.83)71/


C-

READ (5,5005) 
READ (5,5010) 
READ (5,5015) 
"GMINI GAM -
GFLI GAM + 
DF = -0.002 

C ISTEP = I : 

FREQ'UENCY OF THE FUNDAMENTAL MODE.
 
THE PRESSURE AM-LITUEF OF THE FUNDMENTAL MODE.
 

/XI/CMANGLE.PCCPRCT GAM @,ITDP
 
/X2/TlR2,NPLASTNENDIEXlN

/XS/1WC, SUN I P,MOODE, NU.KPC23) 

/X4/RU(7),HRU(7),Zlf.RlGTHRI
1000), DUC lOO0)C 10l00).IA(i000)
 

/X6/AFNAFNIAFNT2 
,/X7/ALPHA(5,3). BETA(93) 
/XB/ZRKC 1000)
 
AFNC iOOO)wAFNI(IO0),AFN2(1000)ACHBI-tCONST,
 
CC(25),CC1C25)PCFICFMCFN CGRp1,•CGP:2
 
INHMGHMGI.Z7HIZRThRAH AHlo THR, G'IHR1* 
ZETA, TAU.LINAENZP , GNOZ(3)

G(A)sOP(z),YC f)lsDY(j,4), SN(3)ISTEP(3),
 
NAfE(3), PHASE(3), AFL(3)
 

CGMANGLE*RCC.RCTSCAN 
NOZNLI, NOUT* IEIN, EXTNSN 
l;C, PIJA11-L 
I.
 

I. 

INTEGRATE FOB ZETA ONLY,
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C ISTEP - 2 INTEGR-ATE 10f' ZETA I Al. 
C ISTEP = 3 t INTEGRATE FOR ZETA &-GPMI*A. 

IF CNOZNLI *EQ* 1) 60 TO 10 
ISTEP(1) = 1 
ISTFP(2) e I
 
ISTEP(3) = 1
 
Go To is
 

l1 	 ISTEPCI) 2 
ISTEP(2) 3a 
ISTEP(3) n 3 

15 	 CONTINUE
 
KP(I) 1 
I{P(2) :2 
KP(3) c 2 

C 

C 	 OBTAIN STEADY-STATE QUANTITIES IN THE NOZZLE 
CALL STEADY 

C 
C 	 PRINT OUT THE -NOZZLE PARA tTEXIS. 

1RITE (6 1005) 
tRITE, -(6p1010) CM 
WRITE (6*1015) GAM 
WRITE (6,1020) ANGLE 
WRITE (6. 1025) EXTNSN 
W IXTE (6, I030) RCT
 
RITE (6, 1035) RCC
 

WRITE (6 1040) NPLAST
 
C
 

NEND NPLAST 
IF (IEXTN *NE. 1) 00 TO 25 

c 
C DETERMINE NUMBER OF STATIONS IN THE EXTENSION REGION, AND 
C DEFINE STEADY-STATE QUANTITIES IN THAT REGION. 
C 

UEXT = U(NPLAST)
NEND = NPLAST - (EXTNSN * UEXT ** o5) / DP 
M 20 Np = NPLASTsNEND 

U(NP) = U(NPLAST) 
C(NP) = C(NPLAST)
 
DU(NP) = DU(NPLAST)
 
R1(NP) a RW(NPLAST)
 

20 	 CONIINUE
 
25 	 CONTINUE ORIGINAL PAGIE J0 

IF (NEND .GT. 1000) 00 TO 550 	 OF POOR QUA -
C 

CALL INTCGRL
 
STRtCRT*RCT)*** 5
 

ACHMDR - CNPLX (FIMPL / (WC*GAM) P0)
 
IF (NOUT EQ. 0) 1qRITE (6.1050) C,F1AMFL
 
IF (NOUT *EG, 0) WRITE (6.1055)
 

C 
DO 500 MODE=I13
 
IP=ISTEP(ODE)
 
SVN- SMN(MO DE)
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SUNR= SVN/RT 
C 
C*************STAHTING 'VALUES ET5N***************** 
C
 

P=O. 

SN! 0.
 
Ali = CMFLX (AiR,AHI)
 
UP = u(I)
 
CP = C(I)
 
DUP DU¢ )
 

CALL COEFFS (UPDUPCF-lPC)
 
CF ft CC(C)
 
CFM = CC(2) + CC(6)
 
CEN = CC(3) + CC(4) + CC(5) + CCC7) + CC(8)
 

C 
C ************WDERIVATIUES OF Thi.COEFFICIENTS AT THE THnOAT******,*
 
C
 
C EVALUATE DERIVATIVES OF LINEAR COEFFICIENTS*
 

X? = - 4./(GPLI * SRTR)
 
CFI1 = CMPLX CXRO.)
 
XR - (214. 4. . * GAM) / (GPLI * 3. * BT * ICT)
 
XI - - g. * C * KP(MODE) / (GPLI * SRTin)
 
COEM! = CMFLX (XH.XI)
 
XR = - -*GMIN1 * (BETA (8MODE) + BETA (7jMODE) + BETA (9MODE)
 
I * ALPHA (5,MODE) / ALPHA ('4,MODE)) / cGLI * HT * JfT 
2 SRTR * BETA C6.fOrE)) I . 
XI = -(12 + 2*GAM) * WC * KP(MODE) * GMIN1 / (3.*GLI * HT*RCT) 
CFNI = CMPLX C ,M1) 

C 
C SET UP VALUES AT THE THROAT ,BY, TAYLOIRS EXFANSION 
C 
C STARTING VALUES FOR ZETA
 

ZTHR=- CFN / CFH 
ZTHRI - (CFMI * ZTHR + CFHI ZTHR * ZThE + CFNI) t (CFRI + CFM) 
ZEK(I) ZTHR 

C 
IF (MODE.NE1I) GO TO 1o
 
AFNX(1) AH
 
AFNI(!) = AFNCI) * ZTHR
 
AFN2(1) = AFNIC1) * ZTHj + AFN(1) * ZJHRI
 

110 CONTINUE
 
GCI) = REAL (ZTH)
 
GC23 t AIMAG CZTHR)
 
DY (1:1) REAL (ZTHRI)
 
DY (2pl) = AIM6G (ZTHRI)
 
GO TO (120.13O0JIO IIP
 

130 G(3) AHR
 
G(4) = HI
 
AH) AH * 
DY (3.1) = 

DYC4*1) = 
GO 70 120
 

140 CONTINUE
 

ZTHR
 
REAL (PHI)
 
AIMAG (PHI)
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C
 
C 


26 


CGRPI = CCC13) + CC(14) + CCC19) + CC(23) + CC(24) + Cces
 

CGRP2 x CCCJO) + CCCII) + CC(17) + M(20) + CC(21) + CC(22)
 
* AFNI(l) * AFN2(1)INHMG - -00(18) * AFN(3) * AFN2(l) - CC(12) 

*-(CC9) + CC(15)) * ANICI) * AFNICI) - CGEPI * AFN(1) 

AFNICI) - CGEP2 * AFNCI) * AFN(1)2 


EVALUATE DERIVATIVES OF NON-LINEAR COEFFICIENWS,
 

AIBI a ALPHA(IMODE) * BETAI ODE)
 
A2B2 aALPHA(2,t'ODE) * BETIA(2MODE)
 
AI3 - ALPHAClNjODE) * BFTAC34MCLE)
 
AIB6 = ALPlA(4aftODE) * BETA(6*MODE)
 

O 26 J " 1w,25
 
CCI(.J) = CMPLX (Oo0-O)
 
XP = - (2.*ABI * IC) Y. (A4B6 * GPLI * SRTR)
 

XI = XR
 
CCI(9) - CXPLX (X,XI)
 
XR =" (4. * AIBI) / (3.1415927 * GPLI * $RTR * A1B6) 

XI = XE
 
CCI (1p) - CMPLX (XF,XI)
 

* RT * HT * SETE * A4B6)XR = - AIB3 / (GPLL 

XI = - XB
 
0G0 (13) = CMPLX (XHXI)
 

8T * HT * A4B6 * SETE)XE = - A2B2 / CGPLI * 


XI = - XR
 
CCI (14) = CMPLX (XHXI)
 

SETE GMINI * (12.+GAM)) /
XR = - AIBI * C3.*GFLI * + 


1 (. * RT * HCT * GPLX * GPLI * AAB6)
 

XI = - XEl
 
CCI (IS) = CMFLX (XlXI)
 

* (9. - 2,*GAM - GAM*GAM) I (12. * RT**3 * RCO * Gl 
XE - AIB3 

I * Ad4B6)
 
XI = - XR
 

CCI (16) = CMFLX (XRaI)
 
XE = A2D * (9. - 2.*GM - GAf*GAM) / (12. * pT*43 * RCT * GPl 

1 * AB6) 
XI a - "E
 
00I (17) = CMPLX CXE XI)
 
XR -- (OMINI * VC * AlBl) / (GPLI * SETE * A4B6)
 
X1 = XE 

CCI (18) = CMPLX (XR,XI)
 
GPL1 * RT * RCT 

XR - (OMINI * C6.+GAM) * WC ADIE) / (3. * 

I * A4B6)
 
XI XR
 
CCI (19) = CMPLX CXBXI)
 

(BETA (di,MODE) - BETA(5*MODE)))
XB w - (GMINI * ALPHA (1,MODE) * 


*.A4B6)
I / (0PLI * HT * RT * SETE 

XI =- XR
 
CCI (23) = CMIPLX (KXal)
 

(GMINI * ALPHA (IMODE) * BETA (5.MODE) * 2.)
XR = ­

* RT * HT * SETE * A4B6)I / (GPLI 

XI = XE 
CCI (24) = CMPLX CXRtXI)
 

(CMINI4 ALPHA (3,MODE) * BETA C2MODE))

XR = ­

* HI * STE A*B6)1 / (1GPL * fIT 


XI 0 - XB
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CCI (25) = CMPLX (XRXI) 
C 

INIHMI - AFN2(1) * AFN2(1) * CCC12) - AFN1CI) * AFN2(I) * 
1 (CCCoS) + CC1(12) + 2-*CC(9) + 2.*CC(15)) - AFN2(1) 
2 * AFN(I) * CCIC(18) + CGRFtI) - AFNI(I) * AFNICI) * 
3 CCCI(9) + CC1CIS) + CGRPI) - AFNIC1) * AFN(I) * 
4 (CC(13) + CC1(14) + CC!(19) + CC1(23) 4 CCI(24) 
5 + CC1(25) + 2.*CGRP2) - AFN(1) * AFN(1) * (CCICO) 
6 + cc1(11) + C0(17) + CC1(20) + CC(21) + CGI(22 

C 	 STARTING VALUES FOR GAMA 
GThR - INHMG / (Cp * CFM) 
GTHRI (-CF * 6THR * (CFHI * ZTHR + CFRI) + (OMINI * .5 * 4. / 

I ( GPLI * SETE)) * GTHR * (CFHI + CFZ) - INHfMG) / 
2 ( CP * CFH.I + C * CFH)

C 

6(3) - REAL (GTHR)
 
0(4) = AIMAG (6TBR)
 
DY (3.l) = PEAL (GTHI)
 
DY (4oI) = AIAG (GTHRI) 

120 CONTINUE 
C 
C *************NUEI CAL. COtFUTATI*OS******************************' 
C 
C RUNGE-RUTTA INTEGRATION TO PROUIDE INITIAL VALUES 
C FOR PREDI CTOR-CORRECTOR INTEGRATION 
C 

DO 30 IRK - 2.4
 
CALL RIKTZ(DP.PsGGPIRK)
 

ZRG( )
 
ZI=GC2)
 
ZN (IRK) = CMPLX (ZRPZI)
 
DY( 1I 1K)=Gp(I)
 
DY(2 lRK)=GP(2)
 
GO TO (150.160u170) IF 

160 SHE = 6(3) 
SEX = 	6(4)
 
DY(3,IRK)rGP(3) 
DY(A IRK)=GP(4)
 
IF (MODE-NE*I) GO TO 162
 
SFN (IRK) w CIPLX (G(3)26(4))
 
AFNI (IRK) = CMPX (GP()GP(4))
 
AR2 = G(1)*GP(3) - G(2)*GP(4) + GPC)*G(3) - GP(2)*G(4)
 

A12 = G(2)*GP(3) + G(I)*6P(4) + G(2)*G(3) + GF(1)*G(4) 
AFN2(IRM) t CMPLX (AR2sAI2) 

162 60 TO 150 
170 	 CONTINUE
 

GAMP = G(3) 
GAM.I = G(4)
 
DY(3IRK) a GF(3)
 
fY(4,IEK) GP(4)
 

150 CONTINUE
 
30 CONTINUE
 

- Y(1)=ZR
 

52 



Y(2)rZl 
00 TO (180190200) 

190 Y(3) - AHR 
Y(4) = A l 
0O TO 180 

200 CONTINUE 
Y(3) ' G.rR 
Y(4) - GAMI 

180 CONTINUE 
C
 

IFP
 

C PREDICTOR- CORRECTOR INTEGATION
 
CALL ZADAMS (DP.P.YsLY.ITORZ)
 

C
 
C
 
C 	 CALCULATE LINEAR ADMITTANCE COEFFICIENTS. 

UE = U(NEND) 
CE - C(NN}j) 
RHOE = CE ** C1./GMINI) 
FR a iC * KF(MODE) 
F = UE ** .5 o (FR*GPM) 
IF (IDEZO *EO. 1) SO TO 35
 
ZR=Y(I)
 
ZI=Y(9)
 
ZETA = CMPLX (ZR.ZI)
 
LINAEt = I-* CMLXCCO, I) * ZETA
 
GO TO 40
 

35 	 TR= Y(1)
 
TI Y(2)
 
TAU a CMPLX (TR.TI)
 
LiNAE1 - F * CMPLXCO-pu-) / TAU
 

40 	 CONTINUE
 
YR = REAL (LINADM)
 
YI = AIMAG (LINArIM)
 
YMAG - CABS (LINADM)
YPHASE = ATAN2 CYI.YR) * 
AMPL(MODE) = YMAG 
PHASEMODE) = YPHASE 

C
 
GO TO (210*220.230)o I
 

220 	 AHR = YC3) 
AHI = Y(4) 

180. - 3.1415927
 

IF (MODE *NEe 1) (60 1O 210
 
CONST - ACHtBE - AFNCNEND)
 
DO 50 NP u I.NEND
 
APN(NP) CONST * AFNCNP)
 
AFNICNP) CONST * AENICNP)
 
AFNQ(NP) CONS? * AFN2CNP)
 

50 	 CONTINUE
 
c
 
C 	 NONLINEAR ADMIITTANCE COEFFICIENT IS ZERO FOR 1 

GAME = 0. 
GAMI - 0. 
GMAG w 0. 
GPHASE = O 
OBYY a 0.0 

MODE­
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GNOZC1) = (0o0.,00) 
C 

60 TO 210 
230 CONTINUE 
C 
C CALCULATE NONLINEAR AIM! TTANCE COEFFI CI ENTS. 

GAMR= Y(3) 
GAMI Y(4) 
GMPG = (OAMR * GPMR * GAMI * GAM ) ** .5 
OPHASE = ATAN2 CGPMIGAME) * 180. / 3.1415927 
GBYY = CABS (CMFLX (6A.Ib'GAN) / LINAIb) 
GNOZ(MOD) - CMPLX(GAR,GAMI) 

C 
210 CONTINUE 

IF (NOUT .EQ- 0) WRITE (611060) NAME(ODE), YI . YI. 
I YMAG, YPHASEP A a GR,6AMI, GAG, GPHASEs OBYY 

500 CONTINUE
 
510 CONTINUE
 
520 CONTINUE
 
550 CONTINUE
 

IF (NOUT .EQ. 
DO 570 % - 1. 
IF (NOUT .EQ. 

a) uo TO 560 
3 
1) WRITE (7.7005) J, AMNL(J) FHASE(J) 

IF (NOUT *EQ. 2) PUNCH 7005 J. AMFPL(J) PHASE(d)
 
570 CONTINUE
 

IF (NOZNLI *EQ. 0) 00 TO 560 
DO 560 J - 1. 3
 
IF (NOUT .EO- 1) WRITE (7-7005) , GNOZ(J)
 
IF (NOUT *EQ. 2) PUNCH 7005 0. GNOZ(J)
 

580 CONTINUE
 
560 WRITE (611065)
 
C
 

C 
5005 FORMAT (6FI0.O) 
5010 FORMAT (3I5,Fi0-O) 
5015 FORAT (2FI0.0) 
C 
C 
C **W*******IITE FORMAT SPECIFI CATIONS ********** 
C 
1005 FORMAT ( Il i///t/////,/tSX.I H***************. I. 45Xs 

I 17HNOZZLE PARAMETERS*,A45X 1*****************s fl//I/i') 
1010 FORMAT (1HO25X,"MACH NUMIBER = ".F4.2) 
1015 FORMAT (1HO25X"GAMtA = ".F4-2) 
1020 FORMAT CIHO.2SX "NOZZLE 
1025 FORMAT (IHO,25X,"LENGTH 
1030 FORMAT (1HO,25X,"pIADIUS 
1035 FORMAT (IHO*25XS"RADIUS 

1 F7.5) 
1040 FORMAT (IHO.25X"NR'BER 

ANGLE = ",F5.2)
 
OF EXTEfNSION SECTION = '*F4.2)
 
OF CURVATURE AT THE THROAT = "PF7.5)
 
OF CURVATURE AT THE NOZZLE ENTRANCE "p 

OF STATIONS IN THE NOZZLE. = "*1i) 
1050 FORMAT Clh//.jX S*********,,JX 

1 18H-NOZZLE ADx.I TTANCES. i 4~6X, gI*********//P/ 
2 20X, "FREOUENCY = "pF8.6,40X"PRESSUBE AMPLITUDE = ",F6-4) 

1055 FORMAT (///////.5X, "MO0DE.o IOXpP21, S 9X,2fYI 9X, "YNAG".9X, "YPkASE"s 

ORIGINAL PAGE IS
54 OF POOR QUALITY 
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OX6HC-PRASE.IliX,286R.9X 2MOls9XsMHGNAGs Iox laX. $HOi'Yo.4) 

1060 EOfl'AT ClH0,5XA2,eX3F2.aFlG.as372.4.2F16-4)
 
1065 FOflIAT (181)
 
7005 F0Hl'AT CI5.2Y10.5)
 

STOP
 
END 

c
c
c
 

55 

http:liX,286R.9X


SUBROUTINE STEADY 
C 
C THIS SUBROUTINE EVALUATES STEADY-STATE QUANTITIES IN THE NOZZLE. 
C 
C NOZZLE PROFILE AND FLOW PARAMETERS ARE PASSED TO 'THE SUBROUTINE 
C THROUGH THE COMMON BLOCKS X1 AND X2-
C THE SUBPROGRAM PROVIDES THE OUTPUT THROUGH COMMON ELOCK X5# 
c U IS THE SQUARE OF THE 5TEADY-STATE VELOCIT1J 
C DU IS THE DERIVATIVE OF U WITH RESPECT TO STEADY-STATE POTENTIALI 
o C IS THE SQUARE OF THE SPEED OF SOUND,
 
C RfI IS THE RADIUS OF THE NOZZLE.
 
C THESE OUTPUT QUANTITIES ARE STORED IN THE RESPECTIVE ARRAYS AT
 

C INTERVALS OF DP IN P (STEADY-STATE POTENIIAL).
 
C
 
c 

COMMON /XI/ CMANGLEaRCCRCT,0Gt1s 0, RT. DP 
COMMON /X21/ T,RIE2,NPLASTNENDS I E(TN 
COMMON iXa/ RU(7),RDUC7)#ZTHRIpGTHRI 
COMfON /XS/ UcIOO]OfDUCIOOO),C( 100).RWI(1000)
 

C
 
T- 3.141597*ANLE/180
 

=T (CC**.5) * ((1.+CGAM-1.)*CM**2/2.3 ** (C-GPM-1.)/ 
I (4*(GAM-I))))*((2/(Gf 1)) ** (CGObll)/CL°*( 6A-)))) 

SETE = (RT*RCT) **.5 
C (.25*RT) * ((2./(GAM+I.)) ** C(GAM+l.) / 
R RT+RCT*(I1.COS(T))
 
K w I.-RCC * (1.-COSCT) 

P= 0.
 
R( 1) = RT 
U(I) = 2-./CGA+I.) 
FU(1) = UCI) 
CC1) = U(1) 
DU(l) m.,(CGAN+1.)*SH'hR 
EVU(1) = DU(O)
 
6 = U(U) 
DO 30 1=-7
 
CALL RKSTDY (PG.GP) 
P = p + DP/2. 
RU(I) d 6
 
JDU(I ).zGP
 
IF (I -EQ. 2*(I/2)) GO TO 30
 
NP = (I+1)/2 
U(NP) = RU¢l) 
DU(NP) = RDU(I)
 
C(NP) P I-(GA'WI)*UCN)*.5 
R9(NP) = 0**(CCNP)) ** (-l./(2.*(GPt4I.)))) 

1 :*(U(NP)**-.25)*L. 
30 CONTINUE 

CALL UADAM5 (P) 
RETURN 
END 
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SUBROUTINE EKSTDY(PsG.DUM) 
C 
C 	 THIS SUBROUTINE PERFORMS A FOURTH ORDER RW. GE-KUTTA INTEGRATION 
C 	 TO OBTAIN STARTING VALUES OF STEADY-51ATE VELOCITY FOR THE 
C 	 PREDICTOR-CORRECTOR M-ETHOD-
C 	 P IS THE CURRENT VALUE OF THE STEADY-STATE POTENTIAL: INPUT. 
C 	 0 IS THE SQUARE THE STEADY-STATE VELOCITYS INPUT AND OUTPUT. 
C 	 AS OUTPUTo 0 15 THE VALUE AT Tflt NEXT STEP. 
C 	 DU4 IS DERIVATIVE OF THE SQUARE OF STEADY-STATE VELOCITY: OUTPUT. 
C DIU IS OBTAINED BY CALLING SUBROUTINE iHUDIF* 
C 
C 

COMMON /XI1 CNP ANGLE, RCC, RCTsG Qs RTs DP 
DIMENSION .A(4),FZ(4) 

C 
A(1) = 0. 
A(2) = 0.5 
A(3) m 0.5 
A(4) a Is 
H = DP/S. 
PRrP 
6o =G 
CALL RKUDIF(CPR.GRDUMf)
 
FZc.I) = DUM
 
DO 30 1=2a4
 
PR n P+A(1)*H 
GR =,G4A(I)*H*FZCI-1)
 
CALL 	 RKUDIF CPS.GRDUM) 
FZCI) 	= DU,
 

30 	 CONTINUE
 
6 p 6 + 8* CFZCI) + 2*CFZC2)+FC3S)) + EZ(4))/6,
 
CALL HHUDIFCPFR.G.DUM)
 
RETURN
 
END 

57 



C 
SUBROUTINE RKUDIFC PGsGP) 

C THIS SUBROUTINE EVALUATES THE DIFFERENTIAL ELEMENT IN THE 
C RUNGE-KUTTA INTEGRATION SCHEME FOR SOLVING THE ECUATION FOR SQUARE 
C OF STEADY-STATE VELOCITY. 
C 
C P IS THE VALUE OF STEADY-STATE POTENTIAL AT THE STATION. 
C VHERE DIFFERENTIAL ELD4-T IS SOUGHT. INPUT. 
c G-IS THE VALUE OF THE FUNCTION AT F; INPUT­
c SP IS THE hEOUIRED DIFFERENTIAL ELEMENT. 
C 

COVWON /Xl / CM. ANGLE, RCC, HCT, GA, ,ORT. DP 
COMMiON /X2/" THI.R2.NFLASTNEND.IXTh 
COMMON /),3/ TAGP SVN. IPbODENU HF(3) 

IF (P) 15,10,15 
10 GF = 4./ ((GAL+i1.) * C(RCT*RT) **.5)) 

GO TO 20 
15 C 

C*=(CC) ** (-1-/(2o*CGtkl-1.)))) * (G**-.25) * 4. 
IF (R-I-) 22.22.50 

22 IF (R-RI) 25.30,30 
25 DR -((2.*RCT*(R-RT) - (R-RT) * (H-RT))**.5) / CHT+hCT-R) 

GO TO 45 
30 IF (R-R2) 35P40140 
35 DR = -TAN(T) 

GO TO 45 
40 DR = ((2.*RCC*(I-R) - C-I)*(H-1)) **.5) / CI.- -RCC) 
45 Vt)

1 
-C*.)*C*(*Gtl/(2*G-1))

CQ*CI--(GA5' ,1.) * 6*-5)) 
GF = DU*LR 
GO TO 20 

50 GP t 0. 
20 RETURN 

END 
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SUBROUTINE UADAMSCP) 
C 
C THIS SUBROUTINE CARRIES OUT A MODIFIED ADAMS PjEDI CTOR-CORRECTOR 
C INTEGRATION SCHEME TO SOLVE THE DIFFERENTIAL EQUATION FOR THE 
C STEADY-STATE VELOCI TY-
C 
C P LS THE VALUE OF THE STEADY-STATE POTENTIAL AT THE STATI'ONP
 
C WHERE PREDICTOR-COREECTOH INTEGRATION COMMENCES; INPUT.
 
C DURING THE PROGRAM. P Is CHANGED TO'THE VALUE AT'CURRENT STATION.
 
c H IS THE STEP-SIZE; INPUT THROUGH COMMON BLOCK Xl. 
C COMMON BLOCKS X1 AND X2 PROVIDE DETAILS OF NOZZLE 
c 
C THE STEADY-STATE QUANTITIES ARE THE OUTPUT. AND 
C ARE PROVIDED BY MEANS OF COMMON BLOCK X5. 
Cc
 

COMMON /Xl/ CM.ANGLE, HCC.OCT.GAM.0 R.pH 
COMMON /X2/ T li* R2 NPLASTaNEND.I EX7N 
COMMON /XS/ UCIO00)sDU(ICOO).C(IO00)RWC1000) 

C 
NP=,4
 

10 CONTINUE 

PROFILE.
 

PRED m U(NP) + H*(55.*DU(NP) - 59.*DU(NP-l) + 37.*DU(NP-) 
I -9.*DU(NP-3))/24.0
PtP+H
 

NP = NP + I
 
UP = PRED
 

H Q*CP**(-I./ (2.*CGA-I.2))) * CUPT*-*25)*.-
C 
C IF R = Is THE NOZZLE ENTRANCE HAS BEEN REACHED. 

IF C1-1.) 17.17.100
 
C 
17 IF (R-1I) 20.5.525 
20 DR w -((2.*RCT*(R-wR) - (R-FT)*(H-RT))**5) / CRT+RCT-R')

(30 7"0 40
 

25 IF C-R25 30,35.35
 
30 DR=-TAN(T)
 

GO TO 40
 
35 DR = (2.*RCC*.(1.-R) - (1.-E)*(I.-E))**.) / (1.-H-HOC) 

4O DO -(UP**.75) * (CP**((2.*GAt-I) / (2.*CGM-1))))/ 
I (Q*(l.-C6AM+1) * UP * .5)) 
DUP = DR*DO 
COn = U(NP-I)+H* (9.*DUP+19.*LU(NF-1) - 5.*DUCNP-2) 
I +DU(NP-3))/24.O 
UP = (251.*COR + 19-*PRED) / 270. 
CP = 1*-(GAM-I.)*UP*.5
H Q*CCF**C-l./ (2*CSAN-I.)))) * (UP**-.25)*4. 

C 
c IF R s- 1.. THE NOZZLE ENTRANCE HAS BEEN REACHED 

IF (H"I.) 62,62 100 
C 
62 IF (R-RI) 65.70.70 
65 DR.= -(C2.*RCT*CR-RT) - (R-Rf)*Cf-R))**.5) / (RT+RCT-P) 

GO TO 85
 
70 IF (R-R2) 75,80.80
 

O)RIGm4A, PAGE
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75 -- DR -TPN(T) 
GO TO 85 

80 DR = ((2.*HCC*C .- H) - (l.-H)*C1--R))**-5) / (1.-RfCC) 
85 DQ = -(UF**.75) * (CP**C((2-*GO- / C.*(Gfll-))))/ 

I CO*(I.-(GAM+I.) * UP * .5)) 
IF (nP -GT. 1000) 0 TO 87 

CI 
C STORE STEADY STATE QUANTITIES AT STATION. NP IN RESPECTIVE ARRAYS. 

DU(NP)-DR*DQ
 
U(NP) = UP
 
C(NP) = CP
 
rBWNP) = R
 

C 
87 C0 TO 10 
100 NPLASTn NP-i 

RETURN 
END
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SUBROUTINE COEFFS (U#DU.CBs CC) 
C 
C TI1S SUBROUTINE COMPUTES THE COEFFICIENTSo
 
C UDUjCH ARE THE STEADY-STATE QUANTITIES AT THE AXIAL LOCATION,
 

C IERE THE COEFFICIENTS AR- REQUIRED.
 
C CC ARE THE'COMFLEX COEFFICIENTS-

TRANSVERSEC SUBROUTINE INTGBL PROVIDES ALPHA & BETA, THE VALUES OF 

C INTEGRALS THROUGH CO1MON BLOCK XI.
 
C 

COMMON /X3/ WCO SVNIPMODLNU*KP(3) 
COMMON/XV/ ALPHA(5,3)s BETA(9*3)
 
COMPLEX CC(25)
 
DATA GAM/1.21
 

C 
GMINI = GAM - I-

M = MODE
 
A416 a ALPHA (4,M) * BETA C6,M)
 
RSQR = * R
 

C
 
C********** LINEAR COEFFICI ENTS ********* ************
 
C
 

CCR = U * CC-U)
 
CCC ) CMPLX(CCB.O-O)
 
CCR - U*DU / C
 
CC(2) = CMPLX(CCR,0-O)
 
CCR = C * (BETA (8M)- BETA (7aM)) / (RSOR * BETA (6M)) 

CC(3) CMPLX(CCR.O.O)
 
CC = * C * BETA (7.M) / (RSQR * BETA (6*M))
 

CCh4) = CMPLX(CCR*O.O)
 
C
 

CCR = C * ALPHA (5,M) * BETA (9.M) i (ESCR * Ahp6)
 

CC(5) = CMPLX(CCR, O.C)
 
CUR = 0-0
 
CCI = - 2. * VC * U * KP(M)
 
CC(6) v CMPLX CCCRCCI)
 
CCB 0.0
 
CCI = - GMINI * VIC * HP(M) * U * DU / (2. * C)
 
CC(7) = CMPLX (CCCB,CCI)
 
CCB (IC * KP(F) **2
 
CCI - 0.0
 
CC(8) = CMPLX (CCBCCI)
 
IF (IP *NE. 3) GO TO 110
 

C
 
*
C********** NONLINEAR COEFFI CI ENTS 


C
 
Al = ALPHA (1,M)
 
A2 = ALPHA (2,M)
 
A3 = ALPHA (3,fM)
 
BI = BETA (1,M)
 
B2 = BETA (2,M)
 
B83 = BETA (3,M
 
B4 = BETA (',jM)
 
B5 = BETA (5.M)
 
CCR = - -5 *' AI*B * 1C*U / AlB6
 
CCI CCR
 
CC(9) = CMPLX (CCRCCI)
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CCR = - .5 * Al * B3 * WC / (RSQE * A4B6)
 
CCI = CCR
 
CC(IO) CZPLX (CCR.CCI)

C 

CCR = - .5 * A2*B2 * WC / (RSOR * A4B6)
 
CCI = CCR
 
CC(!I) = CMPLX (CCRsCCI)
 
CCR - - (CGAM+l.) * U*U * AI*Bl) / C4 *3.14159,27*A4B6)
 
CCI = - CCR
 
CC(12) = CNPLX (CCRCCI)
 
CCR = - CU * Al * B3) / (14 * RSQR * AdB6)
 
CCI = - CCR
 
CC(13) = CMPLX ('CCRjCCI)
 
CCE - - (U * A2 * B2) / (A. * RS{R * A4B6)
 
CCI w - CCR
 
CC(I1) = CMPLX (CCRCCI)
 
CCH = - 3.*U * (1. + *5*GMINX * U*DU/C) * AI*Bl / (6.*AB6)
 
CCI = - CCR
 
CC 15) t CMPLX (CCR, CCI)


C 
CCR = - DU * (1* - (2.-GAM) * U/C) * Al * B3 / (16 * RSQR * A4B6) 
CCI = - CCR 
CCC16) = CMPLX (CCR,CCI) 
CCIR = - DU * Cl. - (2.-CPN) * U/C) * A2 * B2 / (16 * HSQR * A4P6) 
CCI = - CCR 
CC(17) = CMPLX (CCRCCI) 
CCR = - CGM.INI * WC * Al * BI) / (4. * A4B6) 
CCI = CCR 
CCIB) = CMPLX (CCH,CCI) 
CCR - (GINI * ,C * U * DU * Al * PI) / (. * -C * AAB6) 
CCI C CCi 
CC(19) C'PLX (CCRlCCI)
 
CCR = -OMINI * 1C * Al' * (B4 - B5) / (4-. * RSOW'* A426)
 
CCI = CCII
 
CC(20) t CMPLX (CCE, CCI)
 

C 
CCI - GMINI * Al * B5 / (2. * RSQE. * AI46) 
CCI = CCR
 
CC(21) v CMPLX (CCECCI)
 
CCR = - GMIN1 * A3 * B2 / (4. * RSQR * A416)
 
CCI = CCH
 
CC(22) = CMPLX (CCRCC1)
 
CCR - GMINI * U*AI,* (B4 - B5) / (4. * RSR * A4P6)
 
CCI = - CCR
 
CC(23) = CMPLX (CCR,CCI)
 
CCR e - 61INI * U * Al * B5 / (2.*RSQR * A4B6)
 
CCI - CCR
 
CCC24) = CMPLX (CCRCCI)
 
CCR = - 6MINI * U * A3 * B2 / (4.*HSQE * A426)
 
CCI = - CCy 
CCC25) - CIPl.X (CCBCCI) 

110 CONTINUE 
PETURN 
END
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SUBROUTINE INTOBL 
C 

THE DIFFERENT TRANSVERSE c THIS SUBROUTINE EVALUATES 
C 

COMMON/X7/ ALPHA(5.3). BETA(9,3)
 
51 = 1.84118
 
S2 = 3.05424
 
$3 = 3.83171
 
PI a 3.1415927 

C **************TANGENTI AL INTEGRALS**** 
C
 

DO 20 NOPT - 1-3
 

20 ALPHA (NOPTst) -o.
 
ALPHA (4,1) ­I.0
 

INTEGRALS-


ALPHA (5,3) 

ALPHA (1,2) 
ALPHA (2,2 
ALPHA (3.2) 
ALPHA (4 2) 
ALPHA (5.2) 
ALPHA (1.33 
ALPHA (2,3) 
ALPHA (3*3) 
ALPHA (4,33 
ALPHA (5,3) 
DO 30 -I = 

DO 30 J = 

30 ALPHA(I,,l) 

C 
C 

- -1-0
 
= 0.5 
= -0.5
 
= -0.5
 
- 10
 
w -4.0
 
= 1,0
 
= 1-0
 
= -1.0
 

2 -0 
= 0.0 

1P5 
1.3 

PI*ALPHA(I.J)
 

DO 40 MODE= 1.3
 
GO TO (110,120,130). MODE
 

110 M=1
 
5=S1
 
GO TO 140
 

120 M=2
5= 52 
GO TO 140 

130 M-0 
S= SB 

140 CONTINUE 
=RADS (1,1.MS1.SIP5)
BETA (IMODE) 


BETA (2,MODE) 
BETA (3,MODE) 

= 
= 

BETA (4,MODE) = 
BETA (5,MODE) = 
BETA (6*MODE) = 

BETA (7,MODE) = 

BETA (8uMODE) 
BETA (9,MODE) 

40 CONTINUE 
RETUF(N 
END 

BADR (2,1,lM,510SI#S)
 
BAD2 C7,1,2,M,S1S1-S)
 
HAD2 c8,1,1,M.SS15S)
 
EAD2 C5, IIoMl
SIP SlS)
 
PADI ( 1M.S)
 
RAD1 (d4M,5)
 

A HAl (5,M.5) 
RA (O.M.S)BI 
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FUNCTION RAD (NOPTMB)
 
C
 
C THIS SUBROUTINE CALCULATES THE INTEGRAL 
 OVER THE INTERVAL 
C 	 (o 1) OF THE FOLLOWING PRODUCTS OF TWO BESSEL FUNCTIONS
 
C
 
C NOPT -I .JbMI(*R) * .JN(B*R) * R
 
C
 
C NOPT = 2 .JtCB*R) * JMCB*R)/n
 
C
 
C NOPT - 3 ,JPflCB*) * .JM(B*H) * B
 
C
 

*?NH*R)
C 	 NOPT = * JMCB*R)
 
C 
C NOPT = 5 JPbIN(B*H) * JM(B*R) * E 
C 
C ,.M IS THE FESSEL FUNCTION OF FIRST KIND OF ORDER M
C JPM IS THE DERIVATIVE OF JM WITH RESPECT TO H
C OPPM IS THE SECOND DERIVATIVE OF UM UTH RESPECT TO H 
C M IS A NON-NEGATIVE INTEGER 
C 	 B IS AHEAL NUABE 

C 

DIMENSION FUNCT(200)
DOUBLE PRECISION DN, DR, LSTEP, DR, ARC, BESI, BES2, BE5H,

I BESLp PROD, FUNCT. St, S2. S3 
C 

NN - t00
 
DN = NN 
DR = 1.0/-DN
 
NP1 NN + I
 

C 	 *******+** CALCULATION OF INTEGHANDS *****************. 
C 

DO 160 1 = 1, NPI 
DSTE? = I - I 
DR = DH * DSTEP 
A G = B * DR 

C
 
C 	 CALCULATE BESSEL FUNCTIONS. 

CALL JBES(MAPHGBES2, $500) 
BESI = BES2 
IF (NOT *LT- 3) 60 TO 130 

C 
C 	 CALCULATE FIRST DERIVATIVES OF BESSEL FUNCTIONS. 

CALL JBES(M+ ,AHGo BESH. $500) 
IF (NOFT .EQ. 5) GO TO 120 
IF (I .EQ. 1) GO TO 115
 
RM = M
 
BESI = B * (BM*BESI/ARG - BESH)
 
GO TO 130
 

115 IF CM *EG. 0) GO TO 117
 
CALL JBES(Y-1,AHGJsESL,$500) 
BESI - B * (BESL - SBSH)/2.O
 
GO TO 130
 

117 CALL JBES(IARG,BESI,$500)
 
BESI = -BESi * B
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SO TO 	 130 
C 
C CALCULATE SECOND DERIVATIVES OF BESSEL FUNCTIONS­

120 IF (I *EQ. 1) GO TO 122 
RM =M 
F = HM * CHim - I.O)#CAiG * ARS)
 
BESI = - BESI BESH/ARG) * B * B
-(F 1.0) * + 

GO TO 130
 

122 CALL JBES(M+2.ARGSESHS500)
 
IF (M .EQ. 0) BESI = 0.5 * B * B * CBESH - BESt)
 
IF (M .EQ. 1) BESI = 0.25 * B * B *CBESH 3.0*BESi)
 
IF (M .LT. 2) GO TO 130
 
CALL JBES(M"-2#AHG*BESL#S500)
 
BESI = 0.25 * B * B * CBESL - 2.0*BESI + BFSH) 

C 
130 PROD a BESI * BES2 

C 
C 	 CALCULATE *EIGHTING FUNCTIONS AND LIMITS FOR H = 0 

IF (NOPT *EQ. 2) GO TO 140 
IF (NOPT *EQ. 4) GO TO 150 
FUNCT(I) - PROD * DR 
Go TO 160
 

140 IF <I -EQ. I G0 TO 145
 
FUNCT(I) = PROD/DR
 
60 TO 160
 

145 FUNCT(C) = 0.0
 
GO TO 160
 

150 FUNCT(I) = PROD
 
C
 

160 CONTINUE
 

C 
C *********** SIMPSONS RULE INTEGRATION ********************** 
C 

NMI = NN - I 
1 FUNCT(I) + FUNCT(NPI)
 

S2 0,0
 
S3 0.0
 
DO 20 1 = 21 NN, 2
 
52 = S2 + FUNCT(I)
 

20 CONTINUE
 
DO 30 I = 31 NNI 2
 
S3 = S3 + FUNCT(I)
 

30 CONTINUE
 
RESULT - DH * (SI + 4-0*S2 + 2.o*S3)/3.0
 
RADt = RESULT
 
GO TO 501
 

500 WRITE (6, 6000)
 
6000 FORMAT (IHI, 10HERROR JBES)
 
501 CONTINUE
 

RETURN
 
END
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FUNCTION RADn (NOPTLN.NA,.BC) 
C 
C THIS SUBROUTINE CALCULATES THE INTEGRAL OVER THE INTERVAL
C 	 (0,1 OF THE FOLLOWING PRODUCTS OF THREE BESSEL FUNCTIONS 
C 
C NOPT = I 

C
 
C 	 NOPT = 2 
C 
C NOPT = 3 
c 
C NOPT = 
C
 
C NOPT = 5 
C 
C NOPT- 6 
C 
C NOPT = 7 
C 
C 	 NOPT = 8 

C
 
C NOPT = 

C 

ULA*i) * OM(B*R) * tINCc*R) * R 

JL(A*R) * JM(B*R) * JNCC*R),EB 

Jt(A*R) * JN(B*R) *JNCHilf2 

JPL(A*H)*,(*) * JN(C*R%) * R 

JPL(A*H) * JM(B*FR2 * JNCC*R) 

,PL(A*R) * JM(B*Ri) * JN(C*E)/R 

JPLCA*R) * JPM(B*R) * JN(C*l),* R 

JPPL(A*R) * JN(B*R) * JN(C*R) 

.JPPLCA*R) * ,JPM( *R) * JNCC*H) 

o .JL IS THE BESSEL FUNCTION OF FIRST KIND 
c OJFt IS THE DERIVATIVE OF OL b3TH RESPECT
C JPPL IS THE SECOND DERIVATIVE OF iL WTH 
C L, f N ARE NON-NEGATIVE INTEGERS 
C As B, C ARE REAL NUMBER$ 
C
 
C
 

DIMENSION FUNCT(0O0) 

R 

*H 

OF ORDER L 
TO R 
RESPECT TO R 

DOUBLE PRECISION DN. flu, P5W?.P DR. ARGI, AR2A, AhGS,
I BESIt BESS BESS. BESH, BESLj PROD,
2 FUNCT, BESLIM, SI, S2, S3 

C 
NN = 100 
DN = NN 
LI- = 1.0/EN 
NP1 - NN + I 

C 
C *******CALCULATION 

C 
DO 160 1 =1, NPl 
DSThE = I -I 

DR -I *H STEP 
ARGA * DR 

AHG2 =B *DR 

ARCS C *DR 
C
 

OF INTEGRANDS ************* 

C 	 CALCULATE BESSEL FUNCTIONS. 
CALL JBES(NtAEG3,BES3, $500) 
CALL JBESCL.AHGZBES1, $500) 
CALL JHESCM.AEfGS.BES2S 500) 
IF (CNOPT .EQ. 7) .OR. (NaP? .ED. 9)) GO TO 105
 
Go TO 110
 

C
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C CALCULATE FIRST DERIVATIVES OF BESSEL FUNCTIONS­
105 	 CALL OBES(M+1sRG2,FESH,$500)
 

IF (I aEO. 1) 0 TO 107
 
RM = M
 
BES2 = B * (RM*BES2/ARG2 - BES8)
 
GO TO 110
 

107 	IF (M .E0- 0) GO TO 109
 
CALL JBES(M-IARG2,BESLS$500)
 
BES2 - B * (BESL - BESH)/2.O
 
GO TO 110
 

109 CALL OBES(1sARG2sBES2s$50)
 
BES2 = -BES2 * B
 

110 	 IF (NOFT .LT. 4) GO TO 130
 
CALL JPES(L+ 1AG1jBESH, $500)
 
IF (NOPT oGT. 7) GO TO 120
 
IF (I .EO 1) GO TO 115
 
EL = L
 
BES1 = A * (RL*BESI/ARGI - BESH)
 
GO TO 130
 

115 	IF (L E. 0) GO TO 117
 
CALL JBES(L- 1. AP I, BESL. S500)
 
BESI = A * (BESL e BESH)/2.0
 
GO TO 130
 

117 CALL JBES(IAR01,BESI.S500)
 
BES51 = -BESI * A
 
G0 TO 130
 

C 
C CALCULATE- SECOND DERIVATIVES OF BESSEL FUNCTIONS. 

120 IF cI EC. i) Go TO 122 
,L =L
 

F RL * (FL - 1.0)/(ARGI * AEGi)
 
BESI = (CF - 1.0) * BES + BESH/APFGl) * A * A
 
GO TO 130
 

192 	CALL JES(L+2ARGI.,BESH,$500) 
IF CL .EQ. 0) BESI = 0-5 * A * A * (BESH - BESI)
 
IF (L EQ. 1) BES = 0.25 * A * A *(SESH - 3.O*BESI)
 
IF CL -LT. 2) 50 TO 130
 
CALL JBESCL-2. ARG I..BESLP $500)
 
BESI = 0.25 * * A * (BESL - 2.0*BESI + SESH)
 

C 
130 PROD = BESI * BES2 * BES3 

C 
C CALCULATE WEIGHTING FUNCTIONS AND LIMITS FOR R = 0-


IF (NOFT .EQ. 2) .OR. (NOPT *EQ. 6)) GO TO 133 
IF (NOPT .EQ. 3) 60 TO 136 
IF (NOPT *EO. 5) -GO TO 140 
FUNCT() = PROD * DR 
GO TO 160 

133 IF (I -EQ. 1) GO TO 1S4 
FUNCT(I) = PROD/DR 
GO TO 160 

134 BESLIM = 0.0 
IF (NOPT oEQ. 6) 60 TO 135 
IF CCL-EO.1) *AND. CM.E'.0) .AND. CN.EQ.O)) BESLIM = A/2-O 
IF CCL.EQ.O) .AND. (M.EO-1) -AND. (N-EQO0)) BESLIM - B/2.0 
IF (L.EQ.O) .AND. (M.EQ.O) *AND. (N.EQ.1) BESLIM C/2.0 
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60 10 155
 
135 IF C(LEQ-O) -AND. (M.EQO.) .AND (N-EQ-0)) BESLIM w -A*A/2-O 

.AND. < iEQ-I) .ANEo (N.EQ.O)) BESLIM P*B/1-O

IF C(L.EQ.I) 


.AND* (N.EQ .1)) BESLIC *0/4-O
IF ((L.EQ.1) -AND- tN.6EOO) 

*AND- (N.E0) *AND, (N.EQ.O)) BESLIN = A*A/4.O

IF ((L.EQ72) 

GO TO 155
 

136 IF (I .EQ 1) 00 TO 13B
 
FUNCT(I) = ?HOD/(DR*DR)
 
s0 T0 160
 

135 BESLIM = 0-0
 BESLIN A=A/8.0

IF ((L.EQ-2) .AND- (M.EO.O) .AND. (N.EO.0)) 


BESLIN B*B/8.0

.AND- (M-EQ.2) .AND. (N.EO.0))
IF {(L.EQ-0) 

.AND. (M.EQ.O) .AND- (N.EQ.2)) BESLI = C*C/8.0

IF C(L.EQhO) 
.AND. (N.EQ.O)) BFSLIM A*B/4.0

IF ((L.EQ.I) .AND- &.EQ-l) 

.AND- (M.EO.0) .AND# (N.EO.1)) BESLIM = A*C/4.O


IF ((L.EQO.) 

='AND. (N.EQ.I)) BESLIM B*C/4-O

IF (CL.EQ.O) -AND- CM-EQ.1) 


Go TO 155
 
= 
140 FUNCT(I) PROD
 

GO TO 160
 
155 FUNCT(I) = BESLIM
 

C
 
160 CONTINUE
 

c 

* *' 
S***~' INTEGRATION * * ** ImPSONS IULEC 


C
 
NMI c NN - I
 
Si FuNCT(l) 4 FONCT(NPI)
 
S2 = 0.0
 
$3 0.0
 
DO 20 I = 2s NN. 2
 
S2 = 52 + FUNCT(I)
 

20 CONTINUE
 
DO 30 1 = 3p NM1, 2
 
53 53 + FUNCT(I'
 

30 CONTINUE
 
RESULT = DRi * (SI + 4.0*52 + .0*S3)/3-0
 
EAD2 = REStLT
 
GO T6 501
 

500 V HIlt (6, 6000)
 
6000 FORMAT ( 1141, 10HERROR JRES)
 
501 CONTINUE
 

RETURN
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SUBROUTINE RKTZ(H,TI.GDIR.IRK) 
C
 
C THIS SUBROUTINE PERFORMrS A FOURTH ORDER RTLGE-KUTTA INTEGRATION
 
C TO OBTAIN THE INITIAL VALUES FOR THE PREDICTOR-CORRECTOR METHOD,
 
C
 
C NU IS THE NUMBER OF DIFFERENTIAL EQUATIONS TO BE SOLVED.
 
C IF IF = 1,INTEGBATION IS CARRIED OUT FOR ZETA ONLY (NU = 2).
 
C IF IP = 21 IINTEGHATION IS CARRIED OUT FOR ZETA AND AH (NO = 4)-

C IF IP = 3, INTEGRATION IS CARRIED OUT FOR ZETA AND GAMMA (NU = 4)-

C IP IS PASSED TO THIS SUBROUTINE THROUGH BLOCK COMMON X3.
 
C
 
C H IS THE STEP-SIZE; INPUT.
 
C Ti IS THE CURRENT VALUE OF STEADY STATE POTENTIAL; INPUT.
 
c 6 ARE THE VALUES OF THE FUNCTIONS AT THE NEXT STEP; OUTPUT-

C DUN ARE THE VALUES OF THE DERIVATIVES OF THE FUNCTIONS
 
C AT THE NEXT STEP. OUTPUT.
 
C DUM ARE OBTAINED BY CALLING SUBROUTINE RKDIP.
 
C
 
C
 

COMMON /X3/ WO. SVNsIPsMODFNUsKP(3)
 
DIMENSION A(a),G(a),GZ(4),DU-(4),FZ(a4,4)
 
AC 1 )=O.
 
A(2)=-5
 
A(3)=.S
 
A(4)=I.
 
TZ=Ti
 
NU=4
 
IF (IP-EQ.1) NU2
 
DO I0 J=I,NU
 

10 GZ(J)=G(J)
 
IK= 1 
CALL RKDIF(TZ.GZ,DL4,IK,I X) 
DO 25 J--IsNU 

25 FZ( Ii d) =DUM(CJ) 
tO 30 IK=2,4
 
TZ=TI+A IK)*H
 
DO 35 J=I,NU 

35 GZCJ)=GCJ)+A(IK)*H*FZ(IK-iJ)
 
CALL FJDIF(TZpGZDU ,IK, IRK) 
DO SO J=1,NU 

so FZ(IK,J)=DUM(J) 
30 CONTINUE 

DO b5 J=INU
 
55 G(J)=G(J)+H*(FZ( 1,J)+2.*CFZ(2,J)+FZ(3,J)) FZ(I4,J))/6.


IK=4 

CALL KDIF(TZG,DtJ,IKIBK) 
75 RETURN 

END 
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SUBROUTINE RKDIF(,GGFpIXIRK)

C
 

C THIS SUBROUTINE EVALUATES THE DIFFERENTIAL ELEMENT IN THE
 
C RUNGE-KUTTA INTEGRATION SCHEME.
 
G P IS THE CURRENT VALUE OF STEADY-STATE POTENTIAL; INPUT.
 
C o ARE THE VALUES OF THE FUNCTIONS AT P; INPUT.
 
C OF ARE THE DERIVATIVES OF FUNCTIONS AT P; OUTPUT.
 
c
C

COMMON /XI/ CM*.NtiGLESRCCRCT GP.P QJRT.DP
 
COMMON /X2/ TRIl2,*NPLASTNEND*IEXTN
 
COMMON /X3/ WCSVNsIPMODENU.KP(3)
 
COMMON /X4/ IRU(7),SDUC7) ZTHRI#GTHRI
 
COMMON /x6/ AFNAFNIAFN2 
COMPLEX AFNC 1000).AFNI(1000).AFN2(1000) 
COMPLEX CC(25), CFH,CFM, CF INHIGG 
COMPLEX ZETAZETAIAH.AHIMCGpCG pkIlZTHIGTHRIsAP.APIAP2 
DIMENSION G(4),GP(-4)
 

C
 
ZR - (1)
 
ZI = G(2)
 
ZETA - CMFLX CZR.ZI)
 
GO TO (IlOi120,130),IP
 

120 	 AHH = 6(3) 
AHI = G(4)
 
AH = Ct'PLX CAHR,%AHI)
 
GO TO 110
 

130 	 CONTINUE 
GAMR = 6(3) 
GAMI m 6(4) 
CGAM = CNPLX (CANRGA-MI)
 

110 CONTINUE
 
IF (P) 15.10.15
 

10 	 GP(I) REAL(ZTHRX)
 
GP(2) = AIMAG(ZTHR1)
 
GO TO (140,150,160). IP
 

150 	 AHI = AH * ZETA
 
GP(3) = REAL (AHl)
 
GPC4) = AIMAG (AHI)
 
GO TO 140
 

160 	 CONTINUE
 
GP(3) = REAL (GTR1)
 
GP(4) = AIMAG (C-THRI)
 

140 	 CONTINUE
 
GO TO 20
 

15 	 ICL = 2*IRK - 2
 
IF CIX 6EQo 1) ICL = 2*IBK - 3
 

IF (1K .EQ* 4) ICL = 2*1IK - I
 
U=RU(ICL)
 
DU= BDU( ICL)

CcI.o-(0A4- 1.)*U* * 5 

CALL 	 COEFFS (UDUC*RCC) 
CFH = CO(1)
 
CFM = CO(2) + C(6)
 
CFN-= CC(3) + CC(4) + CC(5) + CC(7) + CC(8)
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ZETA) - ( -CF * ZETA - CFN) . CFH - ZETA * ZETA
 
GP(1) n REAL (ZETAI)
 
oP(c:) - AIMAG (ZETAI)

Go TO (17Os18olgo), IP 

180 AiI - AH * ZETA 
GP(3) = REAL (Ali) 
GP(4) = AIMAG (AM) 
G0 TO 170 

190 CONTINUE 
GO TO (30s40O0,5O), ILK 

30 AP - AFN IiRK-1) 
API = AFN1 (IRK-1)
AP2 = AFN2 (IR:-!) 
GO TO 60 

40 AP -5 * CAFN (IRK-l) + AFN (IRK)) 
API = .5 * CAFNI (IRK-1) + AFN1 (IRK)) 
AP2 .5 * (AFN2 (IRK-1) + AFN2 (IMK))
GO TO 60 

so AP AFN (IRK)
API AFN (IRK) 
AP2 = AFN2 (IRK) 

60 CONTINUE 
INHMG t - CC(18) * AP * AP2 - CC(i) * API * AlP2 - (CC(9)
1 + CCIS)) * API * API - (CC(13) + CC(14) + CC(19)
2 + CC(23) + CC(2) + CC(25)) * API * AP - (CC(IO) + CCl)
3 	 + CCI7) + cc(20) + {0(21) + CC(2)) * AS- * AP
 

CGAMI C - ZETA + 
 .5* (GAM-1-) * DU/C - CFm/CFjI) * CGAM 
1 -INHNG / (C * CFH)
 
GF(3) = REAL (CGAI)
 
GPC4) AINAG (CO.I)
 

170 CONTINUE
 
20 RETURN
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SUBROUTINE ZADAMS (HsXsYDY.ITORZ)
C 

C 	 THIS SUBROUTINE CARRIES OUT A MODIFIED ADAMS PREEICTOE-CORRECTOE
 
C INTEGRATION SCHEME TO SOLVE THE VARIOUS DIFFERENTIAL EQUATIONS AS
 
C DESCRIBED BELOW
 
C IF IF = 1, INTEGRATION IS CARRIED OUT FOR ZETA ONLY,
 
C IF IF? 2, INTEGRATION IS CARRIED OUT FOR ZETA AND Al;
 
C IF IP = 3, INTEGRATION IS CARRIED OUT FOR ZETA AND GAMMA.
 
C IP IS PASSED TO THE SUBROUTINE THROUGH COMMON BLOCK X3-

C
 
C H IS THE STEP-SIZE, INPUT.
 
C X IS THE VALUE OF STEADY-STATE POTENTIAL AT THE STATION .
 

C WHERE THE PREDICTOR-CORRECTOR INTEGRATION STARTS; INPUT.
 
C DURING THE PEOGRAM, X IS CHANGED TO VALUE AT CURRENT STATION.
 
C Y ARE THE V LULES 'AT X , OF THE FUNCTIONS, WHOSE EQUATIONS ARE
 
C BEING SOLUED, INPUT AND OUTPUT.
 
C LY ARE THE DERIVATIVES OF Y; INPUT AND OUTPUT-

C
 
C ITORZ PASSES TO MAIN PROGRAM THE INF0EMATION-AS TO bHICH VARIABLE
 
C (TAU OR ZETA) HAS BEEN INTEGRATED.
 
C ITOPZ = I a INTEGRATION OF EQUATION FOR TAU-

C ITORZ = 2 : INTEGRATION OF EQUATION FORt ZETA.
 
C 
C 

COMMON IXI/ CMJANGLERCC*RCT*pAMQRT
 
COMMON /X2/ TREIR$2NPLASTNENLsIEXTN
 
COMMON /X3/ W. SVNp,MODE,"NU,HP(3)
 
COMMON /IX5/ U(IOOO),BDU(1000),C1000)RW1OO0)
 
COMMON /X6/ AFN.AFNIAFN2
 
COMMON /X8/ ZETAo TAUs CCEXT
 
COMPLEX ZETA( i000), TAU( 1000), CCEXT(25) 
COMPLEX AFN( 1000),AFNI( 1000),AFN2C 1000) 
COMPLEX CC(25) , CFH, CfN, CFN, INHMG, ZETA IAH,AH I, AH2, AP, AT1,Af2, 
I CGA,, CGAM I 
DIMENSION YC(),DY(4,4),UP(4)PREDC4)sCOR(4) 

C 
NP=4
 
ITORZ - 2
 
IF (IEXTN -NE. 1) GO TO 10
 

C 
C DEFINE STEADY STATE QUANTITIES IN THE EXTENSION REGION-
C 

UEXT = UCNEND)
 
CEXT CCNEND)
 
REXT = W-NEND)
 
DUFXT = DUCNEND)
 
CALL CO EFFS (UEXT, DUFXT, CIXT. REXT. CCEXT)
 

c
 
C NU IS THE NUMBER OF EQUATIONS TO BE SOLVED.
 
C
 
10 	 CONTINUE
 

DO 15 J=INU
 
FREL(J)=YCJ)4Hi*(55.*DY(J,j)-59 .*DYCJ,3)+37.*DY(O, 2)


1 -9.* DYC(J.I))/2a. 

15 	 CONTINUE
 
X=x+H
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NP=NP+ I
 
ZHFBREtC 1)
 
ZI=PEEDC2)
 

£ETACNP) a CMPL (ZlsZI)
 
GO TO (110,1200130). IP
 

120 	 AHR PRED(3) 
A!I PRED(4) 
AH CxPX (M4RABII' 
60 "10 11I0 

130 	 CONTINUE 
CGANI = CMPLX (PRED(3),PRED(4)) 

110 CONTINUE 
IF (NP *LE. NPLAST) (0 TO 20 
DO 25 I = 1,.25 

25 CC(I) = CCEXT(I) 
60 TO 30 

20 CONTINUE 
UP=U(NP)
 
DUPDU(NP)'
 
CPC(NP)
 
R=RW(NP)
 
CALL COEFFS (UPDUP.CP.R,CC)
 

30 	 CONTINUE
 
CFH v CCC1)
 
CFN = CCC2) + CC(6)
 

+CFN f CC(3) + CC(4), CC(5) + CCC?) + CCC-8)
 
ZETAI - ( -, CFM * ZETACNP) - CFN) / CFH - ZE'A(NP) **2
 

Dp(1) REAL-(ZETAI)
 
UP(2) = AIMAG (ZETAI)
 
60 TO (1140O15Oj160)J IP
 

AJi = AH * ZETA(NF)
150 

uP(3) = REAL CAHr)
 
Dp(t) = AIMAG (flI)
 
,Go TO 140
 

160 CONTINUE
 
C AND
OF THE AMPLITUDE FUNCTION 
C 	 AP,AP1 AND AP2 ARE THE VALUES 

AT THE; cuENT STATION.C 	 THEIR DERIVATIVES 
AP AFN(NP)
 
API AFNI(NP)'
 
AP= AFN2(NP)
 

INHMG 	= - CC( 18) * AP * APR - CC( 12) * API * APR - (CC(9) 

- (CCC13) + CC(14) + CC(19)
1 + C(15)) * API * API 

2 + CC(23) + CC(24) + CC(25)) * API * AP - (CC(1O) + CC(11) 

CC(21) + CC(22)) * AP * AP 
3 + CCC17) + CC(20) + 

DUP/CP - CM/CFH) CGAH 
CGAMI a C- ETA(NP) + .5* (6W-i.) * 


I - 1NHMG / (CP * CFH)
 

DP(3) .REAL (CGAMI)
 
DP4 AiRAG (CGAMI)
 

140 CONTINUE
 
DO .45 	 .=IiNU 4 )
CO ()= Y(O) + Ij*(DY(cjs)-5.*DYCJ3,)+lg9*EYCd
 
I .49.*DP(J))/24-0
 

A5 Y(J)= (51, *OR(d)+19°*PREC(J))/270!
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DO 55 	I=INU
 
DO 55 	%=, 3 

55 	 bY(I,4) - DYclj41) 
Zn=Yc 1) 
ZI=YC2) 
ZETACNF) = CMFLX (ZE.ZI) 
ZETAI = ( - CF, * ZETACNF-) - CFN) / CFH - ZEIA(NI-) **2 
DY (iZ4) v REAL (ZETAI)
 
DY C2,Pi) -AWMAG CZB.TA1)
 
GO TO (170.18Os19Q). IF
 

180 	 AH = CMFLX (Y(3),Y(J4)) 
A-it All * ZETACNP) 
DY(3.4) REAL (All) 
DY(4.4) AIWAG (Alil) 
IF (MODE.I,,.l) GC TO 182 
AB2 = AHI * ZETA(NP) + AH * ZETA! 
AFNCNP) -AH
 
AFNI(NP) = HI
 
AFN2CNF) v AH2
 

182 GO TO 170 
190 CONTINUE 

CGAM CMPLX (Y(3).Y()) 
COAMI (- ZETA(NP) + * (GAM-I.) DUE/CF- CFM/C~f-) * CGMk 
I INHlfG / (CF * CFH)
 
DY(3.,4) REAL (CGAMI)
 
DY (4,4) AItsAG (CGAMI)
 

110 	 CONTINUE
 
IF (NP EO. IEND) O0 10 100
 

C DECIDlE WitCH EQUATION IS T0 BE INTEGRATED STAU OR ZETA 
C 

IF (CABS (ZETA(NP)) *LT. 10) 60 TO 10
 
ITORZ I 

C
 
C 	 CALCULATE UALUE OF TAU AND ITS DERIVATIVE AT LAST FOUR STATIONS-

DO 410 I = 1,4 
410 	 TAU CNF-4 I) - I./ZETA(NP-4+I)
 

Y(1) = EL (TAU(NP))
 
Y(2) = AMItAG (TAU(P))
 
DO '420 I = 1,4 
TSOR = REAL (TAU(NP-4+I) * TAUCNF-4+I))
 
TSQI = AIMAG (TAU(NF-4+I) * TAU(NP-4+I))
 
Z1R - DY(1,I)
 
ZPI a DY(2sI)
 
DY(,ti) = - TSOR*ZPa + TSCI*ZPI
 
DY(2sI) = - TS-R*ZPI - TSOI*ZPR
 

420 	 CONTINUE c 
CALL 1ADAVS (HPNFX,Y,DY.IITOZ) 
60 T0 (10100). 10
 

100 JtIIURN
 
END
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SUBROUTINE TAIJAMS (5H4 NF, XYr DY. ICQ ITORZ) 
C
 
C THIS SUBROUTINE CARRIES OUT A MODIFIED ADAMS FREDICTOf-ORRECTOB
 
C. INTEGFATION SCHEME TO SOLVE THE VARIOUS DIFFERENTIAL EQUATIONS AE 
C DESCRIBED BELOV 
C IF IF 1. INTEGR.ATION IS CARRIED OUT FOR TAU ONLY;
 
C IF IF = 2* INTEGRATION IS CARRIED OUT FOR TAU AND AR.
 
C IF IP e 3s INTEGRATION IS CARRIED OUT IOR TAU AND OAMA.
 
C IF IS PASSED TO THE SUBROUTINE THROUGh1 COMMON BLOCK X3.
 
C 
C H IS THE STEP-SIZE; INPUT*.
 
C X IS THE VALUE OF STEADY-STATE POTENTIAL AT THE STATION *
 

C IHERE THE PREDICTOR-CORRECTOR INTEGP.AIION STARTS; INPUT.
 
C DURING THE PROGRAM. X IS CHANGED TO THE VALUE AT CURRENT STATION.
 
C Y ARE THE VALUES AT X , OF THE FUNCTIONS. WHOSE EQUATIONS ARE
 
C BEING SOLVED, INPUT AND OUTPUT.
 
C 	 DY ARE THE DERIVATIVES OF Y; INPUT AND OUTPUT.
 
C IQ INDICATES WtHEThER INTEGRATION IS COMPLETE; OUTPUT.
 
C IC = 1 2 INTEGRATION IS TO BE CONIINUED BY SUBROUTINE ZADANS.
 
C 10 2 i INTEGRATION IS COMFLETE
 
C I'TOiZ INDICATES HICH EQUATION SHOULD BE INTEGRATED :
 
C ITORZ I : INTEGRATION OF EQUATION FOR ZETA.
 
C ITO RZ a 2 t INTEGRATION OF EQUATION FOR TAU.
 
C
 

-C 
COMMON /XI/ CM ANGLE. RCC* RCT GAMQ, , RT 
COMMON /X2/ T.HlIt2NPLASTNENL IEXTN 
COMMON /X3/ IC.SVN,IP,MOL NUIFC3) 
COMMON /X5/ UCIOOO).DU(1000)C(1000)R(1000)
 
COMMON /Xf6/ AFN;AFN1,AEN2
 
COM ON /X8/ ZETA, TAU, CCEXT
 
COMPLEX AFN( 1000).AFN 1(1000),AFIv2(1000)
 
COMPLEX CC(25),CFH.CFM,CENINHMGAHAH1.APA 1AP?.CGAi,GGAMI
 
COMPLEX ZETAC IOOO)p TAU( 1000),TAU1, CCEX-T(25)
 
DIMENSION Y(4)AfDYC(lj 4).DP(4)*PRED(4).COR(4)
 

10 	 CONTINUE 
C 	 NU IS THE NUMBER OF EQUATIONS TO BE SOLVED.
 

DO 15 J I,NU
 
PRED().Y(J)+H*(55.* DY(J,4)-59.*DY(J,3)+37.*DY(J, 2)
 

1 -9**DY(O ))/2p. 
15 	 CONTINUE
 

X X+H
 
NP= NP + 1
 
TR FRED (I)
 
TI PRED (2) -


TAU (NP) = CMPLX (TRTI)
 
ZETA (NP) = l/ TAU(NP) 
'60 TO (l10,120l130), IP
 

120 -AHR = PEED(3)
 
AHI =FEED (4)
 
AH = CMPLX (AHR.AHI)
 
GO TO 110
 

130 CONTINUE
 
CONM = CMPLX (FRED(3)PPRED(4)) 
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110 	 CONTINUE 
IF (NP -LE. NPLAST) 

c 
C 	 OBTAIN COEFFICIENTS 

DO 25 1 = 1,25 
25 	 CCCI) = CCflT(I)
 
C 

GO TO 30 
20 	 CONTINUE
 

DUP = DU(NP)
 
UP UCNP)
 
Cr= C(NP)
 
R = R4 (NP)
 

GO TO 20
 

IN THE EXTENSION SECTION.
 

CALL COEFFS C(UP,.DP, CP R, CC) 
30 CONTINUE 

CFH = CC(1)
 
CFI, = CC(2) + CCC63
 
CFN CC(S) + CC(5j) + CC(S) + CCC) C¢,8)
 
TAUI 1. + (CFM + CFN * TAU(N)) * TAUCNP) / CFH
 
rP(1) - REAL (TIUI)
 
DP(2) = AIIAC (TAUI)
 
GO TO (I1O,15O-I6O). IF
 

150 	 Al = AH / TAU(NIZ) 
DP(3) = REAL (AH1) 
DP(4) = AIMAG (PHI) 
G0 TO 1I4O 

160 CONTINUE 
C 
C AP,API AND AFP APE THE VALUES OF THE AfMPLITUDE FUNCTION AND 
C 	 THEIR DERIVATIVES AT THE CURBENT STATION-

AP AFN(NP) 
API = AFNI(NP) 
AP2 = APNP(NI-) 

c 
INHMG = - CC(18) * A? * AP2 - CC(12) * Al-I AFP - (CC(9) 
I "+ CO(15)) * API * API - (CC(13) + CC(14) + CC(19) 
2 + CC(23) + CC(24) + CC(25)) * Ai * AP -, (CCC( 10) + CCC 11) 
3 + CC(17) + CC(20) + CC(21) + CC(22)) * AP * AF 
CGAI = - ZBTACNF) + .5 * (GAM - 1.) * DUF/CF - CFM/CFh) * CGA 
1 - INHfG / (CF * CFH) 
DP(3) BEAL (CGAMI)
 
DP(4) = AIMAG (CCAMI)
 

110 	 CONTINUE
 
DO 45 J=IXNU
 
CORCJ)= YCJ) + H*(DYC,2)-5.*EY(C,3)+19.*DY(J,4)
 
I +9-*DP(U))/4.O
 

15 	 YCJ)= (251.*COhMtJ)419-* PEDCJ))/27O. 
Do 55 I=I.NU 
DO 55 J=1,3 

55 	 DYCI.J) = DY(I,d-31) 
TR = Y(1) 
TI = Y(2) 
T2 = TP*TR + TI*TI 
TAU (NF) = CNI-LX (TR, TI) 
ZETA (NP) 1./ TAUONF)
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TAUI - 1. + (CF1 + CFN * TAUCNP)) * TAUCNF) / CFH
DY (i4) = REAL (TAUt)
 
DY (2,4) = AIMAG (TAUI)

GO TO (170, 160, 190), IF
 

180 AHm = Y(3)

AHI 	 Y(4)
 
AH - Ct.PLX (OlPcAHI)
 
AHI =H i TAU(NF)

DY (3o4) = REAL (Alit)

DY (4,4) r AIMAG (Ahl)
 
IF (tIODE .NE. I) GO TO 182
 
AFMNF) = AH
 
AFNI'(NP) AHI
 
AFN2 (NP) = CTAU(NP) * AFNIM(W) - TAUI t-AFN(N) 
-) / 
I 	 ( TAU(NF)*TAUcrgP, )
182 GO TO 170
 

190 CONTINUE
 
CGAM - CMePLX (Y(3),(4))
 
COAMI = ( - ZETA(NP) + .5 * (Gti 1 Y.) ­- * LUP/CF CFh/CFH) * CGAII INI.G / (Cp * CFH)

DY (3,4) = REAL (CGAIAI)
 
DY (Jj) = AIfMAG (CGAf'1)
 

170 	 CONTINUE
 
IF (NP .EQ. NENjf) GO TO 100
 

C 	 DECIDE 
 MICH EOUATION 
 IS TO E INTiGRATED 
 TAU OR ZETA
 
C-


IF (CABS(TAU(NF)) .LT. 
-10) 60 TO 10
 
IT01Z 2
 
Y(1) REAL C ZETA(NP)
 
Y(2) - AIMAG C ZETA(NF) 3
 

C
 
C CALCULATE DERIVPTIVES OF ZETA AT 
IRE LAST FOUR POINTn.
 

MU 20 I - 1 4
 
ZSQ = REAL ( ZETPqNP-4+x, * ZETC(N-4'I) 3'

ZSQI - AIMAG C ZETA(N-14+1) * ZITA(NF-4+T) 3'
 
TPR = VY(,I 1) 
TPI = DY(2.IL)
DYCIPI) = - ZSQR*TPR + ZSOI*TPIi 
DYC25!) a - ZSR*7PI - ZSQI*TF? 

420 CONTINUE 
C
 

IQ = I
 
RETURN
 

100 IQ = 2
 
105 RETURN
 

END
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APPENDIX B
 

PROGRAM COEFFS3D: A USER'S MANUA
 

Program COEFFS3D calculates the coefficientg of both the linear and
 

nonlinear terms that appear in Eq. (20). These coefficients are required as
 

input for Program LCYC3D (see Appendix C) which numerica ly integrates this
 

system of equations. Program COEFFS3D is a slightly modified version of the
 

program described in detail in Appendix C of Ref. 11. The modification lies in 

the evaluation of one more coefficient, C4 (j, p) defined by 

04 (jop)C4 ~ e 2e Fp Zj e) pjd3 Ro 

This coefficient represents the effect of nozzle nonlinearities. Except
 

for this additional coefficient, the two programs are very similar in the
 

structure of their numerical calculations and their output. Hence in this
 

userts manual, only the listing of the entire program together with a precise
 

description of the necessary input -is given. For details of the program, 

one is referred to Appendix C of Ref. Jl. 

In the following description of the input, the location number refers 

to columns of the card. Three formats are used for input: "A" indicates 

alphanumeric characters,- "I"' indicates integers and "F" indicated real 

numbers with a decimal point; For the "I" and "'F" formats the values are 

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

No. of 

Cards Location Type Input Item Comments 

1 1-72 A Title Title of the case -

1 1-10 F GAMMA Ratio of specific heats 

11-20 F UE Steady-state Mach number 
at nozzle entrance
 

21-30 F RID Length-to-diameter ratio
 

31-40 F ZCOMB length of the combustion
 
zone 
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Location Type input Item 

41-45 I NDROPS 

46-50 I NOZZLE 

1-5 I NJMAX 

6-10 I NONLIN 

l1-15 I NEGL 

16-20 I NOUT 

21-25 I NOZNLJ. 

26-30 I NZDATA 

The next card is necessary only if NEGL = 1. 

Comments
 

If 0: droplet momentum
 

source neglected
 

If 1: droplet momentum
 
source included
 

If 0: quasi-steady nozzle
 

If 1: conventional nozzle
 

Number of series terms
 
(complex)
 

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

If 0: all non-zero coeffi­
cients calculated
 
If 1: small coefficients
 
neglected
 

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

If 2: written into file only
 

If 3: card output only
 

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

If 0: nozzle admittance values
 

input through cards
 
If 1: nozzle admittance
 

values input through file
 
If NZDATA is 1, NOUT in
 
program NOZADM shoul be 1
 

79
 



No. of 
Cards Location Type Input Item Comments 

1-10 F SMI 	 Linear coefficients with
 
absolute valu less than 
SM1 neglected
 

11-20 F SM2 	 Nonlinear coefficients
 
with absolute value less
 
than SM2 neglected
 

The next NJMAX cards are necessary only 	if NOZZTE = 1 and NZDATA = O. 

NJMAX 1-5 I J 	 Integer which identifies 
the series term
 

6-15 F AMPL(J) Amplitude of the linear 
nozzle admittance
 

16-25 F PHASE(J) 	 Phase of the linear nozzle
 
admittance
 

The next NJMAX cards are necessary only 	if NZOATA = 0 and NOZNL1 = 1. 

NJMAX 1-5 J Integer which identifies 
the series term 

6-15 F GNOZ (J) Real part of the nonlinear 
nozzle admittance 

16-25 F GIOZ(J) Imaginary part of the 
nonlinear nozzle admittance 

NJMAX 1-5 1 J Integer which identifies 
series term 

6-i I L(J) Axial mode number, ' 

11-15 I 1(J) Tangential mode nmter, m 

-16-20 I N(j) Radial mode number, n 

21-25 I NS(J) 	 NS(J) = 1: @. = sin (nO) 
NS(J) = 2: = cos (me) 

26-30 A NAME(J) 	 Four character name 
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FORTRAN Listing 

C 
C 
C ************PRiOGRAM COEFFSSD**************
C 

C THIS PROGRAM COMPUTES THE COEFFICIENTS WHICH APPEAR 
C IN THE DIFFERENTIAL EQUATIONS UHICH GOVERN THE MODE-ANFLITUDE 
C FUNCTIONS. THESE COEFFICIENTS ARE PUNCHED ONTO CARDS FOR 
C INPUT INTO PROGRAM LIMCYC 
C 
C THE FOLLOIING INPUTS ARE REQUIRED! 
C THE TITLE OF ThE CASE.
 
C GAMMA IS THE SPECIFIC HEAT RATIO.
 
C UE IS THE STEADY STATE MACH NUMBER AT THE NOZZLE ENTRANCE-

C RLD IS THE LENGT-TO-DIAt.ETER RATIO.
 
C ZCCMB IS THE LE2,6TH OF ThE REGION OF UNIFOFRLY DISTYIFUTErD 
C COMBUSTIONEXPPESSED AS A FRACTIGN OF THE CHABEF LENGTH. 
o NDROPS DETEFMINES THE PRESENCE OF DROFLET MOMENTUM SOURCES:
 
C NLF'OPS = 0 DROPLET MOMUN'1U SOURCE NEGLECTER.
 
C N LOPS - I DROPLET MOMENTUM SOURCE INCLUDED.
 
C NOZZLE SPECIFIES THE TYPE OF NOZZLE USED:
 
C NOZZLE = 0 QUASI-STEADY
 
C NOZZLE f I CONVUNTIONAL NOZZLE.
 
C FOR CONVENTIONAL NOZZLE 
C H'FL 15 THE NOZZLE AMFLITUDE RATIO-
C PHASE IS THE NOZZLE PHASE SHIFT-
C NOZNLI DETERr INES THE PRESENCE OF NOZZLE NONLINEARIIIES 
C NOZNLI 0 NOZZLE NONLINEARITIES NEGLECIED-
C NOZN'LI u I NOZZLE NONLINEARITlES INCLUDED. 
C NZPATA DETERMINES HOT THE NOZZLE DATA 15 SUPPLIED 
C NZDATA = 0 FROM CARDS. 
C NZDATA 1 FROM A FASTBAND FILE. 
C NdMAX IS THE NUMBER OF MODE-PMPLITUDE FUNCTIONS IN THE ASSUIED 
C SERIES SOLUTION' NJMAX MUST NOT EXCEED MX. 
C THE COEFFICIENTS COMPUTED ARE DETERMINED BY NONLIN AS FOLLODS 
C NONLIN = 0 LINEAR COEFFICIENIS ONLY 

-
C NONLIN I B0TH LINEAR AND NONLINEAR COEFFICIENTS
 
C COEFFICIENTS TO BE NEGLECTED ARE DETEFMINED BY NGL
 
C AS FOLLObS:
 
C NEOL = 0 TERMS SMALLER THAN 0.00001 ARE NEGLECTED.
 
C NEGL I LINEAR TERMS SMALLER THAN SMI AND NONLINEAR
 
C TERMS SMALLER THAN SM2 ARE NEGLECTED.
 
C THE OUTPUT IS DETERMINED BY NOUT AS FOLLO*S
 
C NOUT = 0 PRINTED OUTPUT ONLY
 
C NOUT = I PRINTED AND 'WRITTEN ON FASTRAND FILE.
 
C NOUT"= 2 FASTRAND FILE ONLY-

C NOUT = 3 CARD OUTPUT ONLY.
 
C EACH MODE-AMFLITUDE IS ASSIGNED AN INTEGER J.
 
C THE MODE IS SPECIFIED bY THE INDICES L(U)s M(J), AND N(J).
 
C L(J) IS THE AXIAL MODE NLNBER AND MUST NOT EXCEED S.
 
C M(J) IS THE AZIMUTHAL MODE NUVBER AND MUST NOT EXCEED 8.
 
C NC,3) IS THE RADIAL MODE NUMBEER AND MUST NOT EXCEED 5.
 
C THE INTEGER NS(tJ) IS ASSIGNED AS FOLLOWS!
 
C NS = I A-IUNCTION SIN(M*IHETA) * COSH(I*BZ)
 
C NS = B B-FUNCTION COSCM*THETA) * COSH(I*B*Z)
 
C NAME(J) IS A FOUR-CHARACTER NAME­
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C 
C 
c 

PARAMETEP MX=5. MX2= 10 MX4'20
 
DIMENSION LCrX), NCMX). NAfME(MX), SCMX)s SJ(MX). TITLEC80),
 

RJ1OOT(10.5), RJVAL(10.5), G(MXhMX2). C(t jfX2.MX2)p 
2 1~vxCMXk2,RvX2). ANFLCNX), ?-HASEW1X). AZI(2). 
3 BESJ(9.9.9). BES2(9.9,9) PE5S3(9.9.9). 
SUC2)., JCCMXP), TSC4.MX2). TSQ(V-X2). K{-AX(5)
 
COMPLEX CRSLT. CI" ZhJ. ZEPI ZEP2, CZE. CAZ. CRAD, 

1 GI1 DCCEF CGAN., CAX, PCMX). BC(IX). YNOZ(cX), 
2 CNORiMcMX)c CSSQ(MX), TANINTC2). HADINT(3), 
3 AXINT(C43), CC(5,MmMX), CDI(MXpVX.MX). 
4 - CD(VXMXMX), AXCI). Tip 12, LI, D2, D3, D4, 
5 CD3(MXb.XMX), CD4CMXMX,MX), GNOZ(MX) 
COMMON B /HLK2/ M(MX), NS(lX}


c 
C DATA INPUT.
 
c 

PIf 3.1415927
 
SMI = 0.00001
 
SM2 = 0.00001
 
S13 = 0.00001
 
C1 = C0.0,10)


C 

C INPUT ROOTS AND VALUES OF EESSEL FUNCTIONS-
DATA ((F.JROCT(I,J). .1 1.5). I = 1,9)/
 

1 3.531711 7-01559, 10.17347P 13.32369. 16.47063o
 
2 1.84118, 5.33144, 8.53632, 11.70600, 14.86359p
 
3 3.05424, 6-70613, 9.96947, 13-17037, 16.34752a
 
4 4.20119* 8-01524 11-34592, 14"58585 17.78875.
 
5 5-31755, 9-28240, 12-68191. 15-96411. 19-19603,
 
6 6- 1562, 10-51966. 13-98719, 17-3128j. 20.57551,
 
7 7.501271 11.73494p 15.26818, 18.637414, 21.93172,
 
8 8.57784, 12-93239, 16.52937, 19.94165, 23.26805.
 
9 9,64742A 14.11552p 17.77401# 21.22906, 24.58720/
 
DATA CCPJVAL(I.J) = 1,5), 1 1,9)/
 

1 -0.40276, 0.30012, -0-24970, 0.21836. -0-19647,
 
2 0.58187. -0.34613, 0-27330. -0.23330. 0.20701.
 
3 048650, -0.31353, 0.25474, -0-22085. 0.19794p
 
.4 3c43439. -0.29116. 0.24074. -0-210971 0 19042
 
5 0.39965 -0.27438P 0.22959, -0.202761 0.18403,
 
6 0-.7409, -0.26109. 0-22039, -0-19580o 0-17849,
 
7 0-35414. -0-25017, 0.21261. -0.18978, 0.17363.
 
8 0-33793p -0-24096. 0°20588, -0-18449, 0.16929.
 
9 0.32438. -0.23303, 0.19998. -0.17979o 0.16539/
 

c
 
c INPUT PAM[i ETM1S" 

4 READ (5.5000- END = 600) (TITLE(I). I - lo 72) 
READ (5.5001) GAMMA, DE. ELD, ZCOMB, NEROP S NOZZLE 
IF-(GAMMA) 600. 600. 8 

8 READ (5,5004) NUMAX, NONLIN. NEGL. NOUT NOZNLI. NZDATA 
IF (NEGL .EQe 1) READ (5,5005) SMI. SM2
 
IF (NOZZLE .EO# 1) GO 'T0 5
 
CONPUTE AUMITTANCE FOR QUASI-STFADY NOZZLE.
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Y =.(GAMMA - 1.0) * UE/C2- * GAMMA) 
DO 3 =1, NJMAX 
AMPLCO) Y 
PHASE(J) - 0.0 

3 CONTINUE 
GO T0 7 

5 CONTINUE 
IF (NZDATA *EQ- 0) NZDATA = 5 
IF CNZDATA .EQ. 1) NZDATA = 7 
DO 6 1 = 1, NJMAX 
READ (NZDATA,5003) J, AMPL(J), PHASE(,) 

6 CONTINUE 
IF CNOZNLI .NE- 1) 00 TO 7 
DO 710 1 INJMAX 
READ CNZDATA.5003) J, GNOZ(J) 

710 CONTINUE
 
7 DO 10 I 1 N.WMAX 

READ C5,5002) J, L(J), M(J), N(J), NS(J). NAMECJ) 
10 CONTINUE 

C 
DO 12 J = 1. NOMAX 
THETA = PHASECO) * PI/180-0 
yR . AfPL() * COSCTHUTA) 
YI =AMVPLCJ) W SINCTHETA)
 
YNOZ(J) = CMPLXCYR.YI)
 

1S CONTINUE
 
C
 

ZE 2.0 * F'LD
 
CZE = CMPLX(ZE,0-0)
 
CGAM CMPLX(GAVMAO-0)
 
CAX COAM 
IF (NDROPS -EO. 1) CAX CGAM + (1-0,0-0) 

C 

C 

C ASSIGN ARRAYS FOR ROOTS OF EESSEL FINCTIONS,
 
DO 20 "J = 1 NOMAX 
IF ((M(j) .EQ. 0) .AND. (NC.J) *EQ 0)) 0 TO 15 
Mm = M(J) + I 

NN = NCJ) 
SCJ) = RJEO0T(Nt, NN) 
Sj(,j) JVAL(MMjNN) 
GO TO 25 

15 SCJ) = 0.0 
SJ(J) 1.0 

25 SSQ = SC-3) * S(J) 
CSSQ(J) = CMPLX(SS 00O) 

20 CONTINUE 
c 
C 
C 

C CALCULATE AXIAL ACOUSTIC EIGENVALUES-
C 
C FIND MAXIMtM VALUES OF LCJ), MCJ), AND N(J). 

KM = 0 
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LNAX = 0 
NMAX = 0
 
NIAX = 0
 
DO 30 J = I, NUJMAX
 
IF (L(J) *GT* Lt'AX) 

IF cM(j) .GT. MfMAX) 

IF CN(J) -GT. NMAX) 

IF (NCJ) -NE. N(1)) 


30 CONTINUE 
LMAX = LIVAX + I 
l'aAX = rMAX + I 

C 
C 	 COMPUTE EIGENUALUES. 

DO 40 J = 1, NJMAX 
LL = L() 
SMN 	 S(d)
 
YAMFL = AMFL(d) 
YFHASE PHASEC]) 

LllAX - L(d) 
MMAX = MCJ) 
NMAX - NC,) 
KN = ! 

CALL EIGVAL(LL, SN, GAMMA, ZE, YAMFLY1-HASEsCFitLT) 
B(J) CfSLT
 
BC(d) CONJGCCESLT)
 

40 CONTINUE
 
C 
C 
C 
C CALCULATE LINEAR COEFFICIENTS. 
C 
C 	 CALCULATE THE NUMBER OF LINEAR COEFFICIENTS-

C 

NCOEFF = 4 
IF CNOZNLI *E- 1) NCOFF =5 
NCFMI = NCOEFF-1 

DO 1O0 Nd = 1.' NjbAX 
DO 100 NP ­ 1 NJMAX 

C 
C ZrlO COEFFICIENT ARRAYS, 

DO 105 KC 11, NCOEFF 
CCCKCNJ,NP) ­ Co.0,O.o: 

105 CONTINUE 
c 
C OIHOGONALITY PIiOPEBTY OF TANGENTIAL EIGENFUNCTIONS-

IF ( NS(NP) *NE- NS(NJ) ) GO To 100 
IF (M(NP) .NI. NCN,)) GO 10 100 
IF (M(NJ) -E0. 0) GO TO 112 
AZ = PI 
GO TO i0 

L12 IF C NSCNJ) -EQ- 1) GO TO 100
 
z= 2.0 * PI
 

G 	 OIFTHOG&NALITY FROPERTY 
120 	IF (N(NP) *NE. N(N.J)) 


IF (S(NF)) 125, 122, 

125 	 5GM = M(NJ) * M(NJ) 

SSO = SCNP) * S(NP) 

OF RArIAL RIGENFUNCTIONS. 
GO TO 100 
125
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C 



SS = SJ(NJ) * SJ(NJ)
 
RAD = (550 - SCM) * 5.J50/(2.O * SSQ)
 
GO TO 127
 

122 RAD = 0.5 
C 
C CALCULATE AXIAL INTEGRALS. 

127 	 DO 130 NOPT = 1. 4
 
CALL AXIALI (NOPTo NP NJp UEs ZEo ZCOMP, CRSLT)
 
AX(NOPT) - CRSLT
 

130 	CONTINUE
 
C 
C EVALUATE FUNCTIONS AT NOZZLE END. 

ZEJ w CCOSH(CI*BC(N.J)*CZE) 
ZEPI = CCOSH(CI*E(NP)*CZE) 
ZEP2 = CI * B(N) W CSINHCCI*B(NF)*CZE) 

C 
CAZ = CMPL(AZ.O.0) 
CHAD = CMPL(3ADO.0) 

C 
C COEFFICIENT OF THE SECOND DERIVATIVE OF A(P). 

CC(INJ.NP) = AX(t) * CAZ * CHAD 
C
 
C COEFFICIENT OF A(P).
 

CC(,NJ.NF)> = (CSSQ(NF)*AX(1) - AX(2) + ZEP2*ZEJ) * CAZ * CERAD 
C 
C COEFFICIENT OF THE FIRST DERIVATIVE OF A(P). 

CC(3,NJNP) = (CA;Z*AX(3) + (2.0.0.O)*AX(4) 
1 + CGA,*YNOZ(N?)*ZEPI*ZEJ) * CA * CEAE 

C 
C COEFFICIENT OF THE RETARDED DERIVATIVE OF A(P). 

CC(4pNJNP) = CGCAM * AX(3) * CAZ * CRAr 
C 

IF (NOZNL1 .NE. 1) GO TO 100 
C 
C COEFFICIENT DUE TO NOZZLE NONLINEARITIES.
 

CESO = - (G kA-1) * UE/2.
 
CC(5,NJ,NP) = tE * CESO * GNOZ(NP) * HJ * CAZ * CRAD
 

100 	 CONTINUE 
C
 
C NORMALIZE LINEAR COEFFICIENTS.
 

DO 140 NJ = 1, NJMAX
 
CNORM(NJ) CC(INJNJ)
 
DO i40 NP 1,1 NJMAX
 
DO i0 KC = I- NCOEFF
 
CC(XCNJN-) ; CC(KC,NJ.NP)/CNOM(CNJ)
 

1140 	CONlINUE
 
C
 
C
 
C
 
C CONPUTE NONLINEAR COEFFICIENTS.
 
C 

IF (NONLIN *EC. 0) 0 TO 402
 
01 =(GCOAM - (1-0,0.0)) * (0.5,0.0) 
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C 	 COMPUTATIONS OF BESSEL INTEGRALS 1IWHEN ALL SERIES TEFMS HAVE THE 

C 	 SAME RALIAL MODE NUMBER N(J). 
IF (KN .EQ. 1) 60 TO 170 
tO 150 MP = I, MM AX 
DO 150 MQ It MMAX 
DO 150 MJ = I* MMAX 
73ESi(NPMQ-MJ) = 0-0
 
BES2CNlPmQMJ) = 0-0 
BESSCyPMQMj) = 0.0 
LI = MP - 1 
L2 = MG - I 
L3 = IJ - i 
LM = LI + LP 
LN = Li + L3 
MN = L2 + L3 

IF C(L3.EO.LN) *OR. (L2.EQ.LN) .0Ii, (LI.EQ.MN)) 60 TO 160 

60 TO 150 
160 	IF CNNAX -EQ" 0) 00 "tO 165
 

Al = fJfOOT(MPNMAX)
 
A2 = rJROOTCV.QNMAX)
 
A3 = iJROOTQIJSNMAX)
 
GO TO 167
 

165 	Al = 0.0
 
A2 = 0.0
 
A3 = 0-0
 

167 	 CALL RADIAL( IL1,L2.L3AIA2A3SRESULT)
 
BESI(CMP,b,,J) = RESULT
 
CALL RADIAL(2,LIL2,L3, A1,A2A3*RESULT)
 
BES2(NjPMOQpuJ) - RESULT
 
CALL RADIAL( 3.LIL2,L3,Ai.A. A3S, RESULT)
 
BES3(IPNNQMJ) = RESULT
 

150 	CONTINUE
 
C 

170 DO 200 NJ = l, NJMAX
 
DO 200 NP = 1, NJMAX
 
DO 200 NO = i, NJVAX
 

c
 
CD1(NJNP.NQ) = (O0.0O.0)
 
CD2(NJ,NF.N0) = (0.0,0.C)
 
CD3(NJNPsNQ) = (00,0.oO)
 
CD4(NJ,NPENQ) = (0-0,0-0)
 

Do 210 J I- p
 
CALL AZIMTL(JNP,NO,NJEESULT)
 
1Z(J) = RESULT 
TANINTCJ) v CMFLX(RESILT*O-A0) 

P A210 	CONTINUE 


QLTAIF (AZI'(1)) 220. 225, 220 


225 IF (AZI(2)) -20, 200, 220
 
C
 

220 1) (KN .EQ. 0) 30 TO 222
 
Li = M(NP)
 
L2 = Yr(NC)
 
L3 = M(NJ)
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AI a S(CsP)
 
A2 a S(NQ)
 
A3 = S(NJ)
 
GO TO 244
 

C 
222 MP = M(NP) + I 

MQ - MN(1) + 1
 
MJ = M(NJ) + I
 
BADINT(i) = CMPLX(BESI(P,MQPM),0°O)
 
RADINTC2) = CMPLX(BES(M,MQ,NJ),0.O)
 
HADINT(3) e CMPLXBESS3CPMGQA.J)*0.0)
 

C 
244 	DO 240 J = 1. 3
 

IF (KN EO. 0) GO TO 242
 
CALL RADIAL (.JL1,L2,L3AIA2,A3BESULT)
 
RADINTCJ) = CMPLXCESULT,0.0)
 

242 DO 240 NC = 1.1
 
CALL AXIAL2 CJNC.NPNQ,NJ.ZE,CaSLT)
 
AXINTCNCPJ) CPSLT
 

240 CONTINUE
 
C 
C 

DO 250 J = 104
 
't = (31 * CSSG(NP) * AMIN(Jl)
 
T2 = CI * AXINT(J,3)
 
DI AXINT(J.1l) * TANINT(1) * BALINT(3)
 
D2 =AXINT(J*I) * TANINT(2) * RAEINT(2) 
D3 = AXINT(J,2) * TANINT(I) * RADINT(1)
 
V4 = (T2 - T1) * TANINT(1) 9 RADINT(1)
 
DCOEF = (0.5,0.0) * (LI + L2 + D3 + D4)/CNOFM(NJ)
 
IF (J .EQ- 1) CDI(NJNPtJO) = (1.0 1-.0) '* COEF 
IF (J .EQ. 2) CI (NOJNPNC) = (1.O,.0) * DCOEF 
IF (d .EQ. 3) CE3(NJ.NPNQ) =(1.01.0) * DCO F 
IF (J -EQ. 4) CDA(NJsNPNO) = (1.0,-1.O) * DCOEF 

250 	CONTINUE
 
2o00 CONTINUE
 

C
 
C 
C 
C CALCULATE COEFFICIENTS FOR EQUIVALENT REAL SYSTEM. 
C 

402 	 DO 350 NJ - 1. NOMAX
 
NEWzJ a (2 * Nd).- I
 
NEWI = NEJ + I
 
DO 350 NP = 1, NOMAX
 
N'EIWP (2 * NP) -- 1
 
UEPI = NEP + 1
 

C 	 -

C 	 COEFFICIENTS OF LINEAR TEBtNS.
 
CCB = HEAL{CC(INJNP))
 
CCI = AIMAG(CC(I,NJNP))
 
C1(NEWJ.NEF) = CCR
 
CI(NEWVJNEAPZ) = -CCI
 
CI(NEW Ji,NEWP) = CCI
 
CI(NEJI,NEWPI) - CCR
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C=REAL-C CCC4 1, NP) ) 
CCI = AIMAGCCC(KC41,NJ.NF))
 
C¢HCKCNEWmJNEUF)= CCR
 
CCKC.NEWJNE.PI) = -CCI
 
CCKCNEWJI.NEF) t CCI
 
CCCNEWIdNEWFi) = COB
 

360 CONTINUE
 
C
 
C COEF ICIENTS OF NONLINEAR TEW&S-


IF (NONLIN .EG. 0) GC T0 350
 
DO 370 NO l. NtJAX
 
NEUIQ = (2 * NO) - 1
 
NEt OI = NEWQ + I
 
CDIB = REAL(CD(NJ,NFsNQ))
 
CLII = AINAG(CD(NJ,NF,NQ))
 
CD2 = REAL(Ct2(NJsNFNG))
 
Cr21 AItfAG(CD2(NJdNPNC))
 
MR= 	 REAL(CD3(NJNPNO))
 

CE3I AIMAG(CE3(NJNE.NQ)) 
CE47 = REAL(CDA(NJ,NP,NO)) 
CD41 - AIMAG(CD4(EJNfNO)) 
D(NEW~oNEWPN1'-WQ) = CDlR + CD2E 4 CD3R + CD4R 

D(NEWJ.NEwJ'NEWVQ) -C;LiI + CDEI - CE31 + CLI 
D(NEWJNEflPl.NBWO) -CDlI - Cr21 + CD32 + CDI 
D(NE*JNEUF1,NEWG1) = -CEIR + CD21 + CL3B - CLl4R 
D(NEWJI,NEWPsNEWO) CDII + CL21 + CE3I + CD41 
D(NEb-lNE4jPNEWQL) = CDIR - Cl;2 + CD3H - CD'4i. 

£(NLWJ1.NEWP1,NEWiQ) = CLIR + CD2T- - CE3R - CDAR 
DCNEWd,NEWPhNBW1) = -CDll + Cr2! + CD31 - CD4I 

370 CONTINUE
 
350 CONIINUE
 

C 
C
 
C 
C COMPUTE COEFFICIENTS FOE THE EQUATIONS WHICH ARE 
C 	 IN THE SECOND DERIVATIVES.
 
C 

DO 405 KC = 1, NCOEFF
 
KMAXCKC) = 0
 

405 CONTINUE
 
C 
C 	 CALCULATE INVERSE OF THE MATRIX CI(Is).
 

OMAX NtMAX
 
NU'AX =2 * NJMAX
 

C
 
V(1) = I
 
CALL GJR(C,MIX2,MX2,N.JMAXO,$500,dCV)
 

-- C 
C USE INVERSE TO CALCULATE DECOUFLED COEFFICIENTS. 
C 

DO 410 NF = i, N.JMAX 
C 
C LINEAR COEFFICIENTS-


DO 420 NJd 1A NJMPX
 

DECOUFLD
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DO 420 KC - I, NCFMI 
TS(KC4NJ) = 0.0
 
DO 420 K = I* NJAX
 
TS(KC.NJ) = TS(KC,NJ) + CI(NJ.K) * C(KCECNP)
 

420 CONTINUE
 
M" 430 NJ = Is NJMAX
 
DO 425 KC = 1, 3
 
CKC,NJNP) = TS(KCNJ)
 
ABSUAL = ABSCCtKCNJ-NP))
 

1

IF (ABSUAL *GE. SMI) KMAXCKC) = KMAX(KC) + 

425 CONTINUE
 
IF (NOZNL1 .NE. 1) 60 TO 430
 

C(4,NJNP) = TSC4.NJ)
 
ABS5L = BS(C(4ANJNP))
 

= KMpX(4) + 1
IF (ABSUAL .GE. SM3) K!AX() 


430 CONTINUE
 
C
 

NONLINEAR COEFFICIENTS.
 
IF (NONLIN .EQ. 0) 60 T0 410
 

DO 415 NO = Is NJNJAX
 
DO 440 NJ = Is NJIePX
 
TSO(NJ) = 0.0
 
DO 440 H = I NJNAX
 

CI(tdJK) * I(KNP,NO)
 

C 


TSQ(NJ) = ISQ(NJ) + 

440 CONTINUE
 

DO 445 NJ = lo NJMIX
 
D(NJ*NPNQ) = TS(Nd)
 

= 
ABSVIL ADS(D(NJNPNQ))
 
11


IF (ABSUAL .GE. St2) KMAX(NCOE-FF) a HMAX(NCOEFF) 


445 CONTINUE
 
415 CONTINUE
 

C
 
410 CONTINUE
 

C
 

C OUTPUT-

C
 

IF (NOUT .GE. 2) 60 TO 455
 

C
 
C PRINTED OUTPUT
 

1RITE (6&6001) (TITLEdl), I lo 72)
 
GAMMA,UE.hLDZCONB
V131IT C6,600) 


IF (NDHOPS .EO. 0) tRITE (6,6020)
 

IF (NDROPS EG. 1) 1ITE (6,6021)
 

IF (NOZZLE .EQ. 0) URITE (6,6012)
 

IF (NOZNLI .EQ. 1) 00 TO 760
 

IHRITE (616022) 
'WRITE (6,6004)
 

= 
DO 310 J lo tNAX 
JA L(J)s M(J). N(J). NSCJ)s-

WRITE (6,6003) N flCZC.) 

1* S(J)s SJ(J)s B(-JC) YNOZ(J) 

310 CONTINUE
 
GO TO 765
 

760 CONTINUE
 
jHITE (6,60P3)
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WRITE (6*6025) 
= JM(X J, L(J), M(J), N(J,I) NS(,J)PLOWRITE770 (6,6026)J5 1 X-AME(J , 

I S(J), SJCJ)s B(J)." YNOZCJ), GNOZ(O) 

770 CONTINUE
 
765 CONTINUE
 

WRITE (6,6013)
IF (NONLIN .EQ. 0) 


C
 
OUTPUT OF LINEAR COEFFICIENTS.
C 

DO 	320 KG I*- NCEIAI
 

(KC .EQ. 1) RITE (6,6005)
If 

IF (KC .EQ. 2) IvRITE (6,6006)
 

IF (KC .EQ. 3) WRITE (6,6007)
 

(KC .io. a) IRITE (6,602")
IF 

I, NJMAX)WRITE (6,6008) CJ, . = 


WRITE (6,6014)
 
CO 320 NJ = 10 NJMAX
 

1, NJVAX)

WRITE (6,6009) Nd, (C(KC, NJNP)s NP 


3S0 CONTINUE
 
C 

OUTPUT OF NONLINEAR COEFFICIENTS-
C 

10 452IF (NONLIN *EQ. 0) GO 


tO 1100 Nd = 1- NJMAX
 
WRITE (6,6010) NJ
 

NdJMAX)WRITE (6,6011) (o J = 1o 

tRITE (6,6015)
 
DO 400 NF 1= NUNAX
 

NO 	= Is NJE.AX)
WRITE (6,6009> NF, CD(NJKP,INQ)t 


400 CONTINUE
 
i52 IF (NOUT -EQ- 0) G0 TO 4
 

C
 
455 IF (NOUT .EQ. 3) 60 T0 180
 

C 
C kRITE-COEFFICIENTS ON FASTRANrD FILE.
 

NOZNLIC	 
UR, ZE. ZCOMB, NEROPS, NtJMAX,

WRITE (9,7001) GAFIM 

C
 
DO 	 450 .J = 1. JtAX 

MCJ). N(J), NS.J), S(.), S.(J).
WRITE (9,7002) J, LCd) 


I NAV'E(J)
 
450 CONTINUE
 

C
 
DO 457 d = 1, .JMAX
 
I-RITE (9,17006) 0, YNOZ(J), B(d)
 

457 CONTINUE
 
O0 TO 720IF (NOZNLI -NE- 1) 


LO 730 J = 1, JMAX
 
wHITE (9,7007) J* GNOZ()
 

730 CONTI NUE 
720 CONTINUE
 

C
 
L0 460 KC = 1, 3
 
%VIIMTE (9,7003) RMt4(XKC)
 

1, NJMAX
DO 460 N.d = 

DO 460 NP = I, N.MJtAX
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ABSVAL = ABS(C(KCNJ"NP))
 
IF (ABSVAL .GE. SMI) WRITE C9,7004) NJNP. CCKCNJNP)
 

460 CONTINUE

C 

IF (NOZNL1 .NE. 1) GO T0 464
 
WBITE (9,7003) KMAXC4)
 

DO 462 NJ - I. NJWAX
 
DO 462 NP - Is NPJMA
 
ABSVAL ABS(CC(14,NJ.NP))
 

- IF CABSVAL .GE. SM3) WbRITE (9.1004) NJ. NP. C(4jNJNP) 

462 CONTINUE
 
464 CONTINUE
 

C
 
WRITE (9.7003) 1MNX(NCOEFF)
 
IF (NONLIN .EQ- 0) 60 TO 4
 
DO 470 NJ = I, NJrtAX
 
DO 470 NP = Is NJMIAX
 
DO 470 NO - i* NJMAX
 
ABSUAL - ABS(D(NJNPpNQ))
 
IF (A]SVAL .GE* SM2) 'WRITE (9,7005)NJ, NP, NO, D(NJNF,NG) 

470 CONTINUE
 
GO TO 4
 

C 
C PUNCHED CARD OUTPUT.
 
C 

ZCOMB ND0PS, NJMAX. NCZNL1480 PUNCH 7001 GAMfMAl,tEs LE 


C
 
DO 482 0 u I JMAX
 
PUNCH 7002 d, Lcd), Yi(d). NCJ)- NSCJ), 5(J). SJCJ),
 

1 NAME(J)
 
482 CONTINUi
 

C
 
DO 484 0 = I1JMAX
 
PUNCH 7006 J, YNOZCJ). B0)
 

484 CONTINUE
 
IF (NOZNLI .NE. 1) GO TO 740
 

tO 750 J 1. JMAX
 
PUNCH 7007 JGNOZ(J)
 

750 CONTINUE
 
740 CONTINUE


C 
DO 486 KC = 1, 3
 
PUNCH 7003 KMAX(KC)
 
DO 486 NJ 1. NJMIAX
 
£0D 486 NP = i "NJMAX
 
AfSVAL n ABS(C(CNJNP))
 
IF (ABS AL *GE. SFi1) PUNCH 7004 NJ, NPP C(KCNJNP) 

486 CONTINUE
 

IF (NOZNLI .NE. 1) 0 TO 490
 

PUNCH 7003 KMA (I)
 
DO 49a NJ = 1, NJAX
 
DO 492 NP = I NJMAX
 

ABSUVAL = ABS(C(AJNJ.NF))
 
Nd: NP. CCO.NONP)IF (ABSUAL .GE. SM3) PUNCH 7004 
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492 CONTINUE
 
490 CONTINUE
 

c 
PUNCH 7003 KMAX CNCOEFF)
 
IF (tONLIN sEQ. 0) GO TO 4
 
DO 488 Nd - I, NJMAX
 
DO 468 NP = I..NJMP.
 
DO 488 NO = 1, NJMAX
 
ABSVAL = ABS(D(NJN-,NQ))
 
IF (ABSVAL .GE. Sb2) PUNCH 7005 NJ. NP, NO.. D(NJ,NP NQ)
 

488 CONTINUE
 
G0 TO 4
 

C ERROR EXIT 
500 IF (dC(I)) 510, 510, 520 
510 OC(1) ABS(JC(1))
 

iRITE (6A6017) JC(1)
 
cO TO 4
 

520 W.ITE (6,6016) JC(1)
 
GO TO'4
 

600 CONTINUE
 
k'RITE (6,6027)
 

C 

C FORMAT SPECIFICATIONS­
5000 FOIAT (TeAI)
 
5001 FORMAT (4FI0.0,S15)
 
5002 FORMAT (51 5,IX. A4)
 
5003 FORMAT (15p2FI0.)
 
5004 FORMAT (615)
 
5005 FORMAT (SF10-0)
 
6001 FORMAT (IHI-.1XPAI//)
 
6002 FOP14AT (2X,8HGFtFA = .FS2,5X,5HUE = 5.,-,SX. 6HL/D .F8 5,
 

1 5Xs.SHZCOME - ,FS.2/) 
6003 FORMAT (2X,A4,515,4FI0.5,2F11.5/) 
6004 FORiMAT (2X////2X,29HNME 0 L M N NS.7X,3HSNN,3X, 

I 7HJM(S'iN), 7X, 3HEFS, 7X,3JETAX,2 HY.BX,22HYI//)
 
6005 FORMAT (IHI.45H DECOUPLEL COEFFICIENT OF B(P):
 
6006 FORMAT (CHId4H DECOUPLED COEFFICIENT OF THI rFRIVAirvE OF,
 

1 6H B(P):,5XSHC(2'JP)///) 
6007 FORMAT (IHI39N DECOUELEE COEFFICIENT OF iHE RE.AFEs
 

I 20H DERIVATIVE 01- B(P):SX,85HC(3,dP)///)
 
6008 FORMAT (X. IHPI8,9112)
 
6009 FORMAT (2X//2X.13.3X. l0F12-6)
 
6010 FORMAT (1HI.142H EECOUPLED COEFFICEN.T OF 2(P) * DE(C)/D.
 

1 19H IN EQUATION FOR B.1I.IH)///)
 
6011 FORMAT (7X,IHGsI8,9112)
 
6012 F0hMAT (2X,19HQUASI-STEAEY NOZZLE/)
 
6013 FOI-sMA7 C2X//PX,£tLN!tAH CGEFFIGENTS 0NLY)
 
6014 FOPYMAT (4,X,IHJ)
 
6015 FOBIMAT ('X, lIH)
 
6017 FOPMAI (11i1.31H OVEFIFLO\ DETECIEL, LAST HO = 15)
 
6018 KOMAT (HI1.34H SINOULAPiITY DEEC-1TD* LAST hOW" .15)
 
60240 FORMAT (2X5 "DF.0?LEl VCMEN1IA4 SOURCE NLLECTEL"/)
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6021 	 FORFAT (CX*'VROFLET MOVENTUM SOUiCE INCLt'lEIW-/)

6022 FO2WAT (CXS"NOZZLE NONLINEAHITIES NEGLICTED'*)

6023 FORMAT 
 ( 2X. 	 NOZZL E NCNLI NEARI TIES I NCLUfD V'/)6024 	FOi*MAT (111" DECOUPLEL COEFFICIENT DUE TO NOZZLE",


I " NONLINFABITIS*, 5X.8HC( ,Jp)/,/)
6025 FORMAT (2X///2 .a9HNAVE - j L 
 M 	 N NS* 7XASHSMN, 3X,
1 7HdM(SMN), 7X,2 	 3HEPS, 7x, SHETAS X*,fH'rxias, YetIsSXs 2HC, 8x, 2HGI-/") 

6026 FORMAT (2XA.5IS,4FO-5,4FII.5) 
6027 FORMAT (IHI) 
7001 	FOWVAT (4FI0.5.15)
 
7002 	FO-fAT C5I5*2Fjo- 5XA4) 
7003 	FORMAT (15)

7004 	FOtRMAT (215,F156) 
7005 	FOFAT (315,F1S.C)
 
7006 	FORfAT (I5,F'l0.S)
 
7007 	 FOF AT (15.2FI0-53 

END 
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SUBROUTINE EI GVAL(L. SNN., G.MMAZ EsYArPLY PHASE, HESEI..) 

COMPLEX RESULT
 
COrrON /.LKI/ GS, ABSO, ALBET, SMNSO
 

C 

C THIS SUBROUTINE COMPUTES THE COMFLEX AXIAL ACOUSTIC EIGENVALUES
 
C FOR A CYLINDRICAL CHAMBER IkdTH . NOZZLE AND STORES THEM IN
 
C RESULT.
 
C THE EIGENVALUES ARE COMPUTED BY MEANS OF NEUTTONS METHOD.
 
C
 
C THE INPUT PARAMETEHS ABE AS FOLLOWS
 
C L IS THE AXIAL MODE NUIMBER.
 
C SV-N IS THE DIMENSIONLESS ACOUSTIC FEECUENCY..
 
C GA±*2A IS THE SPECIFIC HEAT RATIO.
 
C ZE IS THE LENGIH-TO-BADIUS RATIO.
 
C YAt'dL IS THE NOZZLE AMPLITUDE FACTOR-

C YPHASE IS THE NOZZLE PHASE SHIFT IN DEGREES.
 
C 
C 

PI = 3.1415927 
ERR = 00000001 

C 
IF (YAMFL) 5,60,5 

C CALCULATE CONSTAN1S. 
5 	 PHASE = YPIASE * P1/180.0
 
ALPHA = YANIL * COS(PHASE)
 
BETA = YANPL SIN(PHASE)
 
GS6 = GAMMA * GAfrMA 
ABSO - (ALPHA * ALPHA) - <BETA * BEV%) 
ALBET ALPHA * BETA 
SMNSC = SMN * SMN 

C 
C 	 ASSIGN INITIAL GUESS FOR EIGENVALUE. 

IF (L AEG- 0) 60 TO 45 
RL = L 
PHI = PI/2-C + PHASE
 
XV = RL * PI/ZE
 
A = YAMPL/ZE
 
XO = XM + A*COS(PHI)
 
YO = A*SIN(PHI)
 
GO TO 47
 

45 CONTINUE 
YPHI = YPHASE
 
IF (YPHASE -GT. 180) YPHI = YPHASE - 180-

IF CYPHASE .LT. 0) YPHI = YPHASE + 180-

IF (YAV'IPL -LT. 0.1) 60 TO 110
 
IF (YAPL ,LT. 0.11) 60 70 120
 
IF- (Y ANFL *LT. 0.8) 60 TO 150
 
IF (YAV-PL .LT. 1.2) 60 10 160
 
XO = 1.0 * YAMPL
 
GO TO 170
 

160 XO f 1.25 * YAMPL
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170 IF (YFHI *LE* 30-) TANP.SI = -0-4
 
IF (YPHI.GT-30'. AND- YPHI-LE-60.3 TANPSI = -0-2
 

IF- (YHI.GT.60- .AND. YY;HI.LE.120.0 TANPSI 0-0
 

IF (YPHI-GT.120. .AD. YPHI.LE.150-) TANPSI = 0.2
 

IF (YFIH .GT- IS0.) TANPSI a .A
 
GO 70 140
 

150 N0 = 2.0 * YAMFL
 
I-F (VYTHI .LE- 30.) TANPSI a -0.6
 

IANPSI = -0-3IF 	(YPHI.GT.30, *AND. YpFI.LE,60) 
0.0
IF (YPNI.GT.60. *AND. ypHI.LE.120") TANPSI = 


= 0.3
IF (YF:HI.GT-120- .AND, YPHI.LE.150") TANfPSI 


IF (YPHI .GT. 150.) TANPSI * 0.6
 

60 TO 140
 
110 XO = 5. * YAFL
 

GO TO 130
 
120 XO = 3- * YAMPL
 
130 CONTINUE
 

IF (YPHI *LE. 30.) TANFSI = -0.75
 
TANFSI = -0.4
IF CYPHu.GT.30. .AND. YFHI.LE-60.) 


IF (YFHI.GT.60- .AND. YPHI.LE.120.) TANESI 0.0
 
= IF (YPHI.GT.120. .AND. YPHI.LE.150-) TANPSI 0-4
 

IF CYPHI .GT. 150-) TANPSI = 0.75
 

1410 CONTINUE
 
YO N0 * TANPSI
 

A OF EQUAUIONSNEW7ONS METIHOD FOl SYSTEM TIbO 
C ITERATION USING 

C IN 	TUO UNKNOWNS.
 
47 	 Li = 0 

Y = Yo 
40 	CALL FCNS(XYZE.F,6,3FXsFYJGXs6Y)
 

IF (LI .EO. 40) GO TO 50
 
HJ0G - (FX * GY) - (GX * FY)
 

IF (TRJFG) 20' 30' 20
 
FY)/EJ G 

20 	DELTAX = (-F * GY + G * 

= (-G * FX + F * GX)fRJFGDELTAY 

Li = LI + I
 

X XX + DEL TAx
 
y = Y + DELTAY
 

C
 
C TEST FOR CONVERGENCE.
 GO 	TO aOABS(DELTAY) .GE. EHF)
IF (ABSCDELTAX) *GE. ERiR .OR. 


GO TO 10
 

UARNING MESSAGES
 
30 WRITE C6,6005)
 

60 TO 10
 
50 WRITE (6,6006)
 

-60 T0 10 

CASE OF HARD WALL (YAMPL = 0).C 

60 	R9 = L 
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X - L PI/ZE
 
Y 0.0
 

10 RESULT = CMPLX(XY)
C
 

C FORMAT SPECIFICATIONS. 
6005 FORMAT (2X/f2X.I6hJACEIjAN IS ZERO//) 
6006 FORMAT (2X//XPS5JiFAILE TO CONEEGE IN 40 ITERATIONS//) 

RETURN
 
END
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SUBROUTINE FCNS(XYZEFoGFXoFYGXGY)

C 

C THIS SUBROUTINE CONFUTES THE FUNCTIONS F(XY) AND GCXPY) 
C AND THEIR PARTIAL DERIVATIVES WITH RESPECT TO X AND Y-
C 

COMMON /BLK1/ GSC, ABSC, PLBETs SMNSQ 
C 
C COMPUTE THE TRIGONOMETRIC FUNCTIONS, THE 
o AND THEIR SQUARES.
 
C 

I = 
AHGX = ZE * X 
ARGY = ZE * Y 

10 SX = SIN(ARGX) 
CX = COS(ARGX) 
SHY = SINH(ARGY) 
CHY = COSH(ARGY) 
IF (I .EQ. 2) GO 
SXSQ = Sx * Sx 
CXSQ = CX * CX 
SHYSQ = SHY * SHY 
CHYSQ = CRY * CRY 
ARGX m 2.0 * ARGX 
ARGY = 2.0 * ARGY 
I = 2 
GO TO 10 

TO 20
 

C COMPUTE TRANSCENDENTAL 
C 

20 	FF = (SXSQ * CHYSQ) -
GG = (CXSQ * CHYSQ) -
HH = 0.25 * SX * SHY 
FFX ZE * SX * CRY 
GGY = ZE * CX * SHY 
FFY = -G6Y 
GGX = -FFX-
HHX 0.5 * GGY 
HRY = 0.5 * FFX 

C 

C COMPUTE FACTORS
 
XYSQ = (X * X)'- (Y * 
XY 	= X* Y
 

SMNXY = SMNSQ + XYSO 
Fl = (ABSQ * SMNXY) 
F2 = (ALBET * SMNXY) + 

= 

HYPERBOLIC FUNCTIONS
 

FUNCTIONS AND THEIR DERIVATIVES 

(CXSQ * SHYSQ) 
(SXSQ * S-YSQ) 

Y) 

(4.0 * ALBET * XY) 
(ABSO * XY) 

G I (ABSQ * SMNXY) + (11.0 * ALBET * XY) 
FlX = (2.0 * X * ABSQ) - (4.0 * ALBET * Y)
FX2 = (2-0 * X * ALBET) + (ABSQ * Y) 
FYi = (-2.0 * Y * ABSO) - (4-0 * ALBET * X) 
FY2 = (-2.0 * Y * ALBET) + (ABSQ * X)
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GX1 = (2.0 * X * APBS) 4 (4-0 * ALBET * Y) 
GYI = C-2.0 * Y * ABSQ) + (4.0 * ALBET * X) 

C 
c COMPUTE F(XY) AND GCXiY) 
C 

F"= (XYSQ * FF) - (4.0 * XY * HH) 
1 + 650 * ((Fl * 6) + (4.0 *F2 * H)) 
6 = (XYSQ * HH) + (Y * FF) 
I + 5 * C(F2* GG) - CCI *1HH))

c 
C COMPUTE THE PARTIAL DERIVATIVES OF F AND G
 
C 

FX = (2.0 * X * FF) + CXYSQ * FFX) 
1 -4-0 * (CY * H-) + CXY * HHX)) 
2 + GSO * ((FXI * GG) + (Fl * GGX) 
3 + C4.0 * FX2 * H) + (zi.O * F2 * I-nx)) 

FY = C-2.0 * Y * FF) + (XYSO * FFY) 
1 -4-0 * ((X * HH) + CXY * HiY)) 
2 + 65 * ((FYI * 66) + (FI * GGY) 
3 + (4.0 * FY2 * HH) + (4.0 * Fa * HHY)) 
GX = C(-0 * X * HH) + (XYSQ * HHX) 
1 + CY * FF) + (XY * FFX) 
2 + GS * ((FX2 * GG) + CF2 * GGX) 
3 -(GX1 * HH) - (61 * HHX)) 
GY = c-2.0 * Y * HH) + CXYSO * HEY) 

I + CX * FF) +(XY * FFY) 
2 + GSQ * ((FY2 * GG) + (F2 * GGY) 
3 -(GYI * HH) - (G * HHY)) 
RETURN
 
END
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SUBROUTINE AXIALI (NOPTNPNJUZE;ZCOMBESULT)
C 

C 
C THIS SUBROUTINE CALCULATES THE INTEGRAL OVER THE INTERVAL 
C (O.ZE) OF THE FOLLOVING FUNCTIONS ACCORDING TO THE VALUE 
C OF NOPT
 
C 
o NOPT = I Z(NF) * ZC(NJ)
 
C NOFT = 2 ZPP(NP) * ZC(N.J)
 
C NOPT - 3 UP * Z(NP) * ZC(NJ)
 
C NOPT - 4 U * ZP(NP) * ZC(NJ)
 
C
 
C IN THE ABOVE EQUATIONS:
 
C Z(NP) IS THE AXIAL ACOUSTIC EIGENFUNCTION OF INDEX NP.
 
C Z(NJ) IS THE AXIAL ACOUSTIC EIGENFUNCTION OF INDEX NJ-

C ZC IS THE COMPLEX CONJUGATE OF THE AXIAL SIGENFUNCTION.
 
c ZP AND ZPP ARE THE FIRST AND SECOND DERIVATIVES OF THE
 
C AXIAL EIOENFUNCTIONS RESPECTIVELY.
 
C U IS THE STEADY STATE VELOCITY DISTRIBUTION AND Ut IS ITS
 
C AXIAL DERIVATIVE.
 
C THE VELOCITY DISTRIBUTION IS COMPUTED BY THE SUBROUTINE UBARs.
 
C
 
C
 

PARAMETER lX = 5 
REAL MAG 
COMPLEX CI. CZE, BEP* B TI, T2. CH, Fl, F2 F3, CZ. ARG. 

I SI. 52. S3. RESULT, FLXCT(500).B(MX) 
COMMON B
 

C 
CI = (0.0,1.0) 
CZE CMPLX(ZE.O.0)
Bp- B(NP)
 

Ed = CONJG(BCNJ)) 
C 

IF (NOPT .GT- 2) GO TO 50 
C CALCULATE INTEGRALS BY MEANS OF ANALYTICAL EXPRESSIONS FOR 
C NOPT 1 AND NOPT = 2. 

ARG= (BF + B) * CI 
MAG = CABSCAEG) 
IF (MAG) 20p 25. 20 

S0 TI = CSINHCAG*CZE)/ARG 
GO TO 30 

25 TI = CZE 
30 AEG CEP - BJ) * CI 

MAG CABS(ARG) 
IF (MAC) 35, 40, 35 

35 T2 = CSINH(ARG*CZE)/,AG 
GO 70 45 

40 T2 - CZE 
45 RESULT - (TI + T2) * C0-5,O.0)
 

IF (NOPT .EO. 2) RESULT = -B(NP) * B(NP) * RESULT
 
GO T0 100 
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C NUMERICAL EVALUATION OF INTEGRALS FOR NOPT 
C 
C COMPUTE STEP SIZE FOR SIMPSON INTEGRATION.
 

50 	N = 50
 
RN= N
 
RESULT = (0.0,0-0)
 
IC = ZCONB
 
IC = 2 1-C
 

C 
DO 90 J 1. IC 
IF CJ .EQ. 1) H = ZCOMB * ZE/RN 
IF Cd .EQ. 2) H = C1.0 - ZCOMB) * Z/EN 
IF CJ .EQ. 1) to = 0-0 
IF CJ EQ. 2) ZO = ZCOMB * ZE 
NPI = N±+I 
OH = CMPLXCH.0.0) 

C 
C COMPUTE INTEGRANDS.
 

DO 60 I = 1, NPI
 
STEP = I -3-,
 
Z = (STEP * H) + ZO
 

'3 AND NOPT 4.
 

IF CCI.EQ.1) .AND. Cd.EO.2)) Z Z + H/100-O 
IF (NOPT .EQ. 3) 

IF CNOPT .EQ. 4) 

Fl = CMPLXCF,O.O)
 
CZ = CMPLXCZo0-0)
 
ARC = CI * BP
 
IF CNOPT .EQ. 3) 

IF (NOPT -EQ. 4) 

ARG CI * BJ
 

CALL UBARC2SUE.ZESZCOMB.ZSF)
 
CALL 

F2 = 

F2 = 


UBAR(C1UEZEZCOMBZF) 

CCOSHCARG*CZ)
 
ARG * CSINH(ARG*CZ)
 

F3 = CCOSH(ARG*CZ) 
FUNCT(I) = Fl * F2 * F3 

60 CONTINUE 
C 
C PERFORhM SIMPSON INTEGRATION.
 

NM1I N - 1
 
SI = FUNCT(L) + FUNCTCNPI)
 
S2 = (0.0,0.0)
 
S3 (0-0,0.0)
 
DO 70 I = 2, N, 2
 
S2 = 52 + FUNCT(I)
 

70 	CONTINUE 
DO 80 I = 3, NMI, 2 
S3 = S3 + FUNCT(I) 

80 CONTINUE 
RESULT = RESULT + 
I OH * (Si + 

90 CONTINUE 

100 CONTINUE -

RETURN 
END
 

(-.0,0.0)*52 + (2.O,O.O)*53)/(3.O,O.0)
 

C 

100 



SUBROUTINE AXIAL(NOFTNCON.JNPNQNJL.ZE .ESULT) 
C 
C 
C THIS SUBROUTINE CALCULATES ThE INTEGRAL OVERi THE INTERVAL 
C (O.ZE) OF THE FOLLOWING FUNCTIONS ACCORDING TO THE VALUES 
C OF NOPT AND NCONJ 
C 
C FOR NCONJ = 1 AND
 
C NOPT w1 Z(NF) * Z(NO) * ZC(NJ)
 
C NOPT = 2 ZP(NP) * ZP(Ne) * ZC(NJ)
 
C NOPT = 3 ZPP(NP) * Z(NQ) * ZC(NJ)
 
C 
C FOR NCONJ 22 AND
 
C NOPT - I Z(NP) * ZCCN03 * ZC(NJ2
 
C NOPT = 2 ZP(NP) * ZPC(NQ) * ZC(NJ)
 
C NOPT v 3 ZPP(NP) * ZCCNG) * ZC(NJ)

C 

C 	 FOE NCONJ = 3 AND
 
C NOPT = I ZC(NP) * Z(NQ) * ZC(NJ)
 
C NOPT = 2 ZPC(NP) * ZFrCNC) * ZC(NJ)
 
C NOPT = 3 ZFPCCNP) * Z(NQ) * ZC(NJ)
 
C
 
C FOR NCONJ = 4 AND
 
C NOPT - I ZC(NP) * ZC(NQ) * ZC(NJ)
 
C NOPT = 2 ZPC(NP) * ZPC(NQ) * ZC(NJ)
 
C NOPT = 3 ZPPC(NP) * ZC(NQ) * ZC(NJ)
 
C
 
C IN THE ABOVE EQUATIONS-

C ZCNP). Z(NO), AND Z(NJ) ARE THE AXIAL ACOUSTIC EIGENFUNCTIONb
 
C AND NP. NQ. AND NJ ARE THEIR INDICES.
 
C ZP IS THE FIRST DERIVATIVE OF THE AXIAL EIGENFUNCTIONS.
 
C ZPP IS THE SECOND DERIVATIVE OF THE AXIAL EIGENFUNCTIONS-

C xC AND LPC ARE COMPLEX CONJUGATES OF Z AND ZP HESPECTIVELY.
 
C 
C
 

PARAMETER MX = 5
 
REAL MAG
 
COMPLEX CIs CF. CZFp' BF* B. SO, SL.p RESULT,
 

I ARG(4), FUNCTC'), BCMX)
 
COMMON B
 

C
 
C 	 CALCULATE INTEGRALS BY MEANS OF ANALYTICAL EXPRESSIONS.
 

CI = (0-001.0)
 
CF C0o.25,0.oO)
 
CZE - CMPLXZEO-O)
 
BP = BCNP)
 
BQ = BCNQ) 
BJ = CONJG(B(NJ))
 
IF CCNCONJ.EQ.2) .OR. (NCON-J.E.4)) Bo = CONJO(B)
 

IF (NCONJ .GT- 2) B? - CONJG(B)
 
ARG( ) = (BP + BQ + BJ) * CI 
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ARG(2) = (BP + BQ - BJ) * CI
 
ARG(3) = CBP -BQ + BJ) * CI
 
AROC4) = CBP - EQ - BJ) * CI
 
Do 10 0 1,4
 
IAG = C.BS(ARGCJ))
 
IF (MAG) 12. 15, 12
 

12 FUNCTCJ) = CSINH(ARGCJ)*CZE)/AHGC
 
GO TO 10
 

15 FUNCTCJ) = CZE
 
10 CONTINUE 

IF (NOPT -EQ. 2) 60 TO 30 
SUM = FUNCT(1) + FUNCTC2) + FUNCTC3) + FUNCTC4) 
RESULT = CF * SUM 
IF CNOPT -EQ. 3) RESULT = -BP * BP * RESULT 
GO TO 50 

30 	 SUM = FUNCT(1) + FUNCTC2) - FUNOTC3) - FUNCT(4) 
RESULT'= -CF * BP * BO * SUM 

50 	CONTINUE
 
RETURN
 
END
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SUBROUTINE AZIbeTLCNOPT.NPNQNJo SEST.LT) 
C 

PA A ETER MX = 5 
DIMENSION NFCN(3)p S6(2) 
COMMON /BLK2/ M(MX), NScMX) 

C 
C 
C 
C THIS SUBROUTINE CALCULATES THE INTEGRAL OVER THE INTERVAL 
C (Op 2*P) OF THE FOLLOWING FUNCTIONS ACCORDING TO THE VALUE 
c OF NOPT 
C
 
C NOPT I TH(NP) 4 THCNO)) * ThCNJ)
 
C
 
C NOPT - 2 THP(NP) * IHPCNQ) * TH(NJ)
 
c 
C IN THE ABOVE EQUATIONS:
 
C TH(NP)* TH(NQ)i AND TH(NJ) AHE THE TANGENTIAL EGENFUNCTIONS
 

ARE THEIR INDICES,C AND NP. NQ. AND Nd 
C THP IS THE DEICVATIVk OF THE TANGENTIAL EIGENFUNCTIONS-
C 
c IF NS = I TH = SIN(M*THkTA) 
C IF NS = 2 TH = COS(M* HETA) 
C 
o
 
C 

RESULT = 0.0
 
FACTOR = 1.0
 
PI = 3.1415927
 

C
 
C DISTINGUISH BETWsEEN SINES AND COSINES.
 

DO 10 Hl = t, 3
 
NFCN(KI) = I
 

10 	CONTINUE
 
IF (N4S(NJ).EC.2) hl'CN(3) = 2
 
IF (NOPT *EO. 2) 60 TO 20
 
IF (NS(NP).EC.2) NFCN(1) = 2
 
IF (NS(NO). Q.2) NFCN(2) = 2
 
60 TO 30
 

20 IF (NS(NP)-EQ-d) NFCN(1) = 2
 
IF (NS(NQ).EQ.I) NFCN(2) = 2
 
DO 	 '40 KI = I,2 
SG(KI) = 1.0
 
IF (NFCN(K1) .FO. 1) SG(K1) -1.0
 

40 	CONTINUE
 
FACTOC - SG(1) * SG(S) * M(N) * M(NQ)
 

c 
30 NSU- = 0
 

1O 50 K 1 1* 3
 
NSUM = NSU + NFCN(KI)
 

50 	CONTINUE
 
C 
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IF (CNSU *EQ. 3) *OR. (NSUM -EQ. 5)) GO TO 60
 
IF CNS' .EQ. 4) GO TO 70
 
IF (NSUM -EQ. 6) GO TO 60
 

C 
70 	HOPT = 2
 

IF (NFCN(1)'.EQ. 2) GO TO 72
 
GO TO 74
 

72 LL = MCNP)
 
MM = MN'
 
NN = MCN.J)
 
GO TO 90
 

74 IF (NFCN(2) -EQ- 2) GO TO 76
 
GO TO 78
 

76 LL = MCNQ)
 
MM = MCNP)
 
NN = MCNJ)
 
GO 	 'TO 96 

78 	LL = MCNJ)
 
MM = McNP)
 
NN = MCNQ)
 
GO TO 90
 

C 
60 HOPT I
 

LL = MCNP)
 
MM = MCNQ)
 
NN = MCNJ)
 

C 
C COMPUTE VALUES OF THE INTEGRALS. 
C 

90 IF (CLL.NE.0) -AND. CMMoNEO) .AND. (NN-NE-0)) 60 TO 101 
GO TO 103 

101 	 L = LL + MN
 
LN = LL + NN
 
MN = MMr + NN
 
IF (NN.EQ.LM) -OR. CMM.EQ.LN)) RESULT = PI/2.
 
IF CLL ,EQ. MN) GO TO 102
 
GO TO 104
 

102 	 IF (HOPT *EQ. 1) RESULT = PI/2.0
 
IF CROPT -o- 23 RESULT = -P1/2.0
 
GO TO 104
 

103 	 IF ((LL-EQ-0) ,AND- (MM.EQ.O) AND. CNN.EQ.O)) GO TO 105 
IF C(CKOPT.EQO.I) AND. (NN-EO.O) -AND. CLL.EQMM)) RESULT = PI 
IF (CKOPT.EQ.I) -AND. CMM.EQ.O) -AND. (LL.EQ-NN)) RESULT = PI 
IF ((LL -EQ. 0) -AND. CMM -EQ. NN)) RESULT = RI. 
GO T0 104 

105 IF (HOPT .EO- 1) RESULT = 2-0 * PI
 
104 CONTINUE
 

RESULT = FACTOR * RESULT
 
60 CONTINUE
 

RETURN 
END
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s B. C.RESULT)SUBROUTINE RADI ALCNOPToL.M,Ns 
C 

THE 	 INTERVAL,C THIS SUBROUTINE CALCULATES THE INTEGRAL OVER 

(0,1) OF THE FOLLOWING PRODUCTS OF THREE BESSEL FUNCTIONS:
 c 
C 
C NOPT I JLCA*R) JM(B*R) * JN(C*R) * R 

C c 
NOPT = 2 JL(A*R) * .JIM(B*R) * JN(C*R)/R 

C NOPT = 3 JPL(A*R) * JPM(1B*R) * JNCC*H) * B 
C 
C JL IS THE BESSEL FUNCTION OF F-IRST KIND OF ORDER L 

C JPL IS THE DERIVATIVE OF ,JL WITH RESPECT TO R
 

C Ls M. N ARE NON-NEGATIVE INTEGERS
 

C A. Bo C ARE IlEAL NUMBERS
 
C 

DIMENSION FUNCT(200) 
DOUBLE PRECISION DN, DH, DSTEPs DR, ARGis ARG2. ARG3. 

BESI, BES2, BES3S, BESH, BESLP PROD.I 
2 FUNGT, BESLIMN S1, S2, 53 

C 
NN = 100 
DN = NN 
DH = I-0/DN 
NP1= NN + I 

C 
DO 10 I = Is NPI 
DSTEP = I - 1 
DR = DH * DSTEP 
ARGI = A * DR 
ARG2 = B * DR 
ARG3 = C * DR 

C c I 
CALL JBESCNARG3,BES3,$500) 
IF (NOPT oEQ. 3) 0 70 101
 
CALL JBESCLARG1,BESIS500)
 
CALL JBESCMARG2p BES2s'500)
 
GO TO 102 

101 	IF (L .EQ- 0) GO TO 103 
CALL BESCL I-,AREG,BESHS500) 
CALL dDES(L-I-.ARG1,BESLS500) 
BESI = A * (BESL - BESH)/2.0 

60 TO 104 
103 CALL dDES(IARG1,BES1,$5O) 

BESI = -BESI * A 
104 	IF (M .EO. 0) 60 TO 105 

CALL JBES(M+l.ARG:2.BESH $500) 
CALL JBES(M-IARG2sBESLS $500) 
BES2 = B * (BESL - BESH)/2'0 

fl Tfl iAn 
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105 CALL tBES(1ARG2.BES2,S500
 
BES2 -BES2 * B
 

102 PROD = BESt * BESS * BES3
 
C 

IFSNOPT *EQ.,'2) GO TO :110 
FUNCT(I) = PROD * DR 
Go TO 10 

110 	IF (I -EQ. 1) Go To 1I1
 
FUNCTCI) = PROD/DR .
 

GO TO 10
 
111 	BESLIM = 0.0 

IF C(L-EQ.1) eAND. (t.EQ.0) *n-si-. tiV-tUJ I k SL1M = A/2.0
IF (CL-EQ.O *AND- (M.EQ.1I). AND. CN.EO.O)) BESLIM --B/2.0 
IF CCL-EQ.0) -ANDN CM-EQ.0) .AND. CN-EQ.1)) BESLIM =CIe2.0 
FUNCT(I) BESLIM . 

10 CONTINUE
 
c 

NMI= NN- I 
S1 = FUNOTCI)-+ FUNCT(NPI) 
52 0-0
 
S3 = 0.0
 
DO 20 I = 2, NN, 2
 
S2 = 52 + FUNCTCI)
 

20 CONTINUE
 
DO 30 I = 3, NMI, 2
 
S3 = S3 + FUNCT(I)
 

30 CONTINUE
 
RESULT = DH * (SI + -OS2 + 2.0*S3)/3.0
 
GO TO 501
 

500 WRITE C6, 6000)
 
6000 FORMAT (IH1lIOHEREOR rBES)
 
501 CONTINUE
 

RETURN
 
END
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C 
SUBROUTINE UBAR(NOPT, UESZE.ZCOMB,Z.RESULT) 

C THIS SUBROUTINE CALCULATES THE STEADY STATE VELOCITY 
C DISTRIBUTION FOR UNIFORMLY DISTRIBUTED COMBUSTION COMPLETED AT 
C Z = ZCOMB * ZE WHERE: 
C UE IS THE EXIT MACH NUIBER. 
C ZE IS THE DIMENSIONLESS LENGTH. 
o Z IS THE AXIAL COORDINATE. 
c 
C IF NOPT = I THE DISTRIBUTION IS CALCULATED. 
C IF NOPT = 2 THE DERIVATIVE IS CALCULATED. 
C IF NOPT = S THE SECOND DERIVATIVE IS CALCULATED. 
C 
C 

ECZ = ZCOMB * ZE 
GO TO (10,20,30), NOPT 

10 IF (Z -LE. ECS) RESULT = UE * Z/ECZ 
IF (Z .GT. ECZ) RESULT = UE 
GO TO 40 

20 IF (Z .LE- ECZ) RESULT = UE/ECZ 
IF (Z .GT. ECZ) RESULT = 0-0 
GO TO 40 

30 RESULT = 0.0 
40 CONTINUE 

RETURN 
END 
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APPENDIX C
 

PROGRAM LCYC3D: A USER'S MANUAL 

Program LCYC3D calculates the nonlinear stability characteristics 

of the combustion chamber described in Fig. 3 by numerically integrating the 

system of differential equations given by Eq. (20). Except for the term 
- ik wtII 
4.p , this equation is the same as Eq. (12) of Ref.. 4l, whose ­

solution is carried out by the program LCYC3D d6scribed in d6tail in Appendix D 

of Ref. 11. The present computer program is vefr similar t6 Program LCYC3D 

of Ref. 11 in its general structure, input and output. Hence in this user's 

manual, only the complete listing of the present .program, along with a precise 

description of the necessaryr input, is-given; for details about the program 

(including input) one is referred to Appendix D of Ref. 11.
 

No. of 
Cards Location Type Input Item Comments 

1 1-5 I NOUTCF If 0: coefficients are not 
printdd out . 
If 1: only.the linear coeffi­
cients are printed out 
If 2: all the coefficients 
are printed out 

6-10 I NOZNI2 	 If 0: nozzle nonlinearities
 
not included
 
If 1: nozzle nonlinearities
 
included
 

1 1-72 A TITLE 	 Title used to label the
 
plots
 

1 1-10 F EN 	 Interaction index, n 

11-20 F TAU 	 Time lag, T 

21-30 F H 	 Time increient for numerical
 
integration
 

31-40 F TSTART 	 Time at which output of 
solution begins
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No. of 
Cards Location Type Input Item Comments 

41-50 F TQUIT Tine at which output of 
solution ends 

11-5 I TEST If 0: compute transient 

behavior 
If 1: compute limit-cycle 
behavior 

6-1o I JMODE Identifies the amplitude ­

function used to test for 
limit-cycles 

1-15 I NLOc Determines location for wall 
pressure maxima- and minima 

if l: z = 0g a = 00 
If 2: z = 0, 0 = 450 
If 3: z = O 0 = 90 

16-20 I NTERMS Number of amplitude 
functeions given initial 
values 

21-25 I PZ Determines how secondary 
instability zones are 
handle d 
If 0: all instability zones 
included 
if 1: secondary zones 
e lirniate d 

26-30 I NOUT Determines output 
If 0: printed output 
only 
If l NOUT ! 6: both 
printed and plotted output; 
NOUT being the number of 
the last plot produced 

31-35 I ICTYPE If 1: amplitudes selected 
to satisfy the nozzle 
boundary condition 
If 2: amplitudes selected 
to eliminate the extraneous 
solution 
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The next three cards are necessary only if 1 I'OUT 6. 

No. of 
Cards Location - Input Item Comments 

1 1-10 F YHIC1) Maximum ordinate for 
pressure plots 

11-20 F YHI(5) Maxim-m ordinate for 
velocity plots 

21-30 F YLAB(l) Interval for ordinate 
labeling of pressure plots 

31-40 F YLAB(5) 	 Interval for ordinate 
labeling of velocity plots 

1 	 1-5 1 ITICY(1) Nunber of ordinate tic 
marks for pressure plots 

6-1o I ITiCY5 	 Number of ordinate tic 
marks for velocity plots 

11-15 I HFIRST 	 Gives the nunber of the 
first plot produced 

16-20 I NOMIT 	 If 0: time-history plot 
produced
 
If 1: tine-history plot 
omitted
 

1 	 1-5 I NDPLOT(l) If 0: plot of the first 
mode amplitude not
 
produced
 
If 1: plot of the first
 
mode amplitude is produced 

6-1o I MDPLOT(2) 	 If 0: plot of the second 
mode amplitude not produced 
If 1: plot of the second 
mode amplitude is produced 

11-15 I MDPLOT(3) 	 If 0: plot of the third 
mode amplitude not produced
 
If 1: plot of the third
 
mode aaplitude is produced
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No. of 
Cards Iocation Type Input Item Comments 

16-20 1 MDPLOT(4) 	 If 0: plot of the pressure 
amplitude of the first 
mode not produced
 
If 1: plot of the pressure
 

amplitude of the first mode 
is produced 

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

1-10 F YHIfD 	 Maximum ordinate for mode­
amplitude plots 

11-20 F YIABMD 	 Interval for ordinate
 

labeling of mode-amplitude 
plots 

21-25 I ITICMD 	 Number of ordinate tic 
marks for mode-amplitude 
plots
 

Identifies complex amplitud(NTEMS 1-5 1 J 

funct ion
 

F AST Amplitude of 	sin(wt) terms
6-15 

in initial conditions
 

16-25 F ACT 	 Amplitude of cos(wt) terms
 

in initial conditions 

The next card is necessary only if ICTYPE = 2. 

1 1-10 F DAMP 	 Damping factor in initial
 
condition, obtained from
 
linear stability analysis
 
(Appendix E of Ref. 11)
 

1-1-20 F FREq 	 Corresponding frequency 
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FORTRAN Listing
 

C *************** PtROGJiAM LCYC3D ********************** 
C 
C THIS,PROGRAM CALCULATES THE NONLINEAR bEHAVIOR OFC TRANSVERSE, AXIAL, OR COMBINED LON61TUDINPL-TRAN)ERSE
C INSTAILITIES IN A CYLINDItICPAL CONBUS1ION
C UNIFORM PROPELLANT INJECTION, DIStRIBUIED 
C PROCESS, AND A CONVENTIONAL NOZZLE. IHE
C IS DESCRIBED BY ChOCCO"S TIME-LAG MODEL. 
C AND LIMIT-CYCLE SOLUTIONS ARE CALCULTED. 
C 
C THE FOLLOWING INPUTS ARE REQUIRED
 
C 
C 

CHAPFbDER ITH 
COtcBUSTION 

COMBUSTION PROCESS 
BOTH TRANSIENT 

(1) THE CONTROL NUMBERS, NOUTCF AND NOZNL2. 
C (2) THE COEFFICIENTS FROM PROGRAM COEFFS3D.
 
C (3) THE DATA DECK.
 
C
 
C NOUTCF DETERMINES PRINTOUT 
 OF COEFFICIENTS.

C IF NOUTCF = 0 COEFFICIENTS ARE NOI FRINTED OUT-
C IF NOUTCF = 1 LINEAR COEFFICIENTS ONLY ARE FRIN7ED OUT.
C IF NOUTCF = 2 ALL COEFFICIENTS ARE FRINTED OUT.
C NOZNL2 DETERMINES IF THE NOZZLE NONLINEAFITIES ARE TO BE INCLUDED.C IF NOZNL2 = 0 NOZZLE NONLINEARITIES NOT INCLUDED.

C IF NOZNL2 = I NOZZLE NONLINEAITIES INCLUDED.
 
C
 
C THE DATA DECK CONTAINS THE FOLLOWING INEORMATION:
 
C
 
C TITLE OF THE RUN.
 
G
 
o EN IS THE INTERACTION INDEX.
 
C TAU IS THE TIME LAG.
 
C H IS THE INTEGRATION STEP SIZE.

C TSTART IS THE TIME AT WHICH OUT-UT STARTS.
 
C TGUIT IS THE TIME PT 
'HICH COlPUATIONS ARE TEBRMINATEI;.
 
C
 
C NTEST IS TASK CONTROL NL.BEF
 
C IF NTEST = 0 C01PUTE TRANSIENT BEhAVIOR.

C IF NTEST = 
I COMPUTE THE LIMIT-CYCLE ETEhAVIOR.

C JMODF IS THE. MODE-AMPLI7UDE USEL TO 
TESI FOR LI?(IT-CYCLES.
C NLOC DETERYINES THE LOCATION OF 
THE WALL PRESSURE MAXIMA'
 
O AND MINIMA:
 
c IF NLOC = I LOCATION IS Z - 6, THElA = 

C IF NLOC = 2 LOCATION IS Z = 0, THEIA = 

C IF NLOC = 3 LOCATION IS Z = 0, IHETA = 

C NTERMS IS THE NUOBEB 01 TEUNS GIVEN INITIAL
C NPZ DETEHMINES hO SECONDARY SIABILITY ZONES 
c ZONES) ARE HANDLED 
C IF NPZ = 0 PJHN'IOg ZONES AflE RETAINED.
C IF NPZ = 1 PHANTOM ZONES ARE LIMINAlED. 
C 
 NOUT IS THE OUTPUT CONIROL NLU IER. 

0 DEGRFES. 
45 LECREES. 
90 DEGREES. 

VALUEb. 
(PHANTOM 

C IF NOUT = 
C IF NOUT 
C 
C 

C ICTYPE IS THE 
C IF ICTYt-F 

P RHINTED OUIPUT ONLY.
 
0 BOTH FRINTED AND PLOTTEr; OUTPUT. NOUT 

DETERMINES THE N-M2EB OF THE LAST I-LOT 
PRODUCED. 

INIIIAL CONLITION CONIROL NhMBERI 
= I AMPLITUDES SELE.CTED TO SATISFY 

ORIGINAL PAGE 18
 
OF POOR QUALITY
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C Tfil NOZZLE BOUNLABY CONLITION.
 

C IF ICTYPE = 2 AM.PLITUDES SELECTEE TO ELIMINATE THE
 
C EXTRANEOUS SOLUTION. 
C 
C DATA FOY SETTING UP PLOTS 3 
C 
C- YmI(1) IS THE MAXIMUM ORDINATE FOR PBESSURE FLOTSo 
C YHI(5) 15 THE MAXIMUM ORDINATE FOR VELOCITY PLOTS-
C NOTE: THE ORDINATE SCALES FOR PRESSUBE AND VELOCITY PLOTS 

C ARE SYMMETRIC ABOUT ZERO. 
ABOVE PLOIS.C I THE INTERVAL FOR ORDINATE LABELING FOR 

C ITICY IS THE NUMBER OF ORDINATE TIC MAI SHFOR ABOVE PLOTS. 

C NOTE: ITICY SHOULD BE NEGATIVE FOR PYESSbRE AND VELOCITY WLOTS 

C TO OBTAIN CENTERLINE. 
NIIRST IS THE NUMBER OF THE FIRST PLOT PEOLUCED#C 

C NOIIT DETERMINES ;cHETHER AMPLITUDE PLOT IS PRODUCED 
C IF NOMIT = 0 AMPLITUDE PLOl IS PHOEUChD-
C IF NOMIT = I AMPLITUDE PLOT IS OMITTED. 
c 

DETERMINES THE MODE-AMFPLITUDE IS REQUIRED.C MDPLOT IF PLOT OF THE 
C IF !.DPLOT = 0 PLOT NOT REQUIRED­
c IF MDPLOT = I PLOT REQUIRED­
c
 

YHIMD IS THE MAXIMUM OEDINATE FOR AMPLITUDE PLOTS-
C 
FOR ORDINATE LABELING OF AMPLITUDE PLOTS.
C YLA-D IS THE INTERVAL 

C ITICMLWIS THE NUMBER OF ORDINATE TIC MARKS. 
SHOULD BE NEGATIVE TO OBTAIN THE CENTEFLINE.C NOTE: ITICMD 


C
 
C INITIAL AMPLITUDES OF F-FUNCTIONS (REMAINING CARDS)
 
c
 
C AS(J) IS THE AMPLITUDE OF THE SINE TERM.
 

C AC(J) IS THE AMPLITUDE OF THE COSINE TEtM.
 

c DAMP AND FIEQ ARE THE DAPMPING COEFFICIENT AND THE FREQUENCY EOM 

C. THE LINEAR STABILITY PROGRAM*
 
C
c
 
c
 

PARAMETER -X=S, IV'X2c1O. xI2O 0 MXPSQMIOO 

COMPLEX YNOZ(kX)s B(MX)s CI, C2. C3. CPHIT(MX). CSUMs A 

COMPLEX ONOZ(.X)i tAXIs C-
L(MX), N(MX), S(MX)s NA i(MX)s AS(MX2), AC(NX2)sDIMENSION 

1 U(25ONX4). Y(MX4L. FZC.~,tX4)p YP(friX), UZ(MrX4Os 

2 CP(4,MX2-NX2)s FRO1(NX2)* tNPI(MX2). UMAX(500)s 

3 Z(6), &BGLE(6)i IHETA(6)s CFT(6t'1X2)s YI(MX2)s 
AXVEL( . YR(MXS).

4 CFTH(6,MX2)i CFZ(6,)X2), P1{ESS(6)' 3 )

5 TFLOT(500) YPLOT(6,500). DLV*YT(500)- EUNMYY(500)s 
ITT')- ITYI(7)' IY2(7), I'IY3(7)'6 IBUE(3000)s 


7 ITY4(), ITY5(6), TAUCUT(MX2)- ITY6(8)s UAG(00)' 

8 ITP(3)' TITLE(12). FRS(500). TI(500), EMAXC50)s 
ITICY(6)s


9 TIMAX(500)' YLO(6)s YHI(6), YLAB(16)-

UPLOT(MX,500)s PRIT(500)'

I KFREO(MX)' IKP(IX); AA(C), 
tTITL3(U),
"AIDPLOT(4), MTITLI(h), MTITL2(4i) 

3 "'ITL()s PHTITL(5) 
C 
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C 

COmmON RUCIMX2,4), C(4.MX2A.MX2), D(MX2,r2SQ).
1 KPMAX(4,MX2), IC(4,MX2.MX2), KPCMAX(MX2).
2 IDPCMX25X2Se). IDO(MX2,b2SXQ)

COMHON /BLK2/ M(MX), NS(MX), SJ(MX), B
COMMON /SLXS' NJMfIX. NLMAX, GAMMA, COEF(3,MX2)
COMM.ON /NLTEFiM/ NOZNL2, EXThA(MXes4) 

DATA ITT/"DIMENSIONLESS TIME, V,
I ITYI/"INECTOR FRESSURE PERTURBATION, THETA = 0"li2 ITY2/"INJECIOR PRESSURE PERTUREPATION,
3 ITY3/"INJECTOR PRESSUIE PERTURBATION, 
4 ITY.4/"NOZZLE PiESSURE PERTURBATION,
5 ITYS/1'.OZZLE AXIAL VELOCITY, 2HETA = 6 ITY6/"NOZZLE B.C. (HE(-GARMA*Y*PHIT)) 
7 1 TP/"PRESSUR PEAKS"/ 
8 MTITLI/"AMPLITUDE OF 17 VjODE"/
9 MTITLS/"AMFLITUDE OF 2T MODE"/
I MTITLS/"AMPLITUDE OF IU MODE"/
2 

THETA = iS"/, 
THETA = 90"/ 

THETA = O/. 
0"12 

AT THETA 0"14 

PRTITL/ "PRESSURE AMPLITUDE OF IT tODE"/

C
 

LAST = 250
 
ERR = 0-001
 
TDEL = 10-0
 
NPT = 0
 
AACI) = 0.0
 
AA(2) = 0.5
 
AA(3) = 0.5
 
AA(4) = 1°0
 
PI = 3-1415927
 
READ C5,5003) NOUTCF, NOZNL2
 

CC ************* 
COEFFICIENT INPUT SECTION ************************** 

C THIS VERSION OF LOYCSD READS THE COEFFICIENT DATA FROM
C 
 A FASTRAND FILL GENERATED BY FROGRAM COEFFS3D. TO READ
C THIS DATA FROM CARDS, USE READ (5tXXX) INSTEAD OF

O READ (9oXXXX) IN THIS SECTION.
 
C
 
C INPUT OF MOTOR PARAMETERS AND NIUMBER OF TERMS.


READ (9,5001) GPMMA, UE, ZE, ZCOME, NDROPS, NJMAX, NOZNLI 
WRITE (6,6001) GAMMA, UE, ZE, ZOOMBE NUMAX
 
IF (NDROPS kO,. 0) WRIE (6o1030)

IF NDHOPS .-O. 1) V'RITE (6,6031)
 
IF (NOZNL2 .EQ. 0) lVRITE (6-6032)

IF (NOZNL2 .EO. 
1) kRITE (6,6033)
 
NU = 2* N.AX 
JMX = NJMAXf2
 
RLD 0.5 * ZE
 

C 
WRITE (6,6002)


c 
C INPUT OF DESCRIPTION OF SERIES EXPANSION. 

DO 10 K = t JMX 
HEAD (9,5002) NJ, L(NJ), M(NJ). N(N.J), NS(N-J), SCNO), SJCNJ),
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WRITE (6.6003) NAME(NJ). NJj L(NJ).VN(NJ), N(NJ), NSCNJ)s
 
I S(N.)s stJ(NJ)
 

10 CONTINUE
 
C
 

WRITE (6.6010)
 
DO 15 K t I. JMX
 
READ (9o5010) J, YNOZ() B(J)
 
WRITE (6.6015) J, YNOZCJ), B(J)
 
NJ w (2 * J) - 1
 
YRCNJ) = REAL(YNOZ(J))
 
YICNJ) = IMAGCYNOZCU))
 
YRCNJ I) = YRCNJ)
 
YI(NJ+I) = YI(NJ)
 

15 	CONTINUE
 
IF (NOZNLI *NE. 1).60 TO 815
 
WHITE (6,6034)
 
DO 820 K = I JMX
 
READ (9,5011) J, 6NOZ(J)
 
WRITE (6&6035) J, GNOZ(J)
 

820 CONTINUE
 
815 CONTINUE
 

C
 
C CALCULATE THE NUMBER OF TYPES OF LINEAR COEFFICIENTS* 

NCOEFF - 4 
IF (NOZNLI *Q. 1) NCOEFF - 5 
NCFVtI = NCOEFF -I 

C 
C ZERO LINEAR COEFFICIENT ARRAYS-

DO 20 KC = 1 NCFMI 
DO 20 NJ = 1, MX2 
DO 20 NP I& MX2 
C(HCNJ.NP) = 0.0 
CP(HC.NJONP) = 0o0 

P0 CONTINUE 
C 
c ZERO NONLINEAR COEFFICIENT ARRAY. 

DO 30 NJ - 1* MX2 
O 30 NP =-1.-MX2SQ 

D(NJNPO) w 0.0 
30 CONTINUE 

C 
C INPUT OF LINEAR COEFFICIENTS. 

DO AO KC = 1, NCFMI1 
READ (9; 5003) KMAX 
IF (NOUTCF .GT.-C) IvRITE (6,6004) KC. KMAX 
IF (HAX *EQ. 0) 60 TO 40 
DO 45 H = 1. KMAX 
READ (9,5004) NJ, NP' CP(KCsNJ*NP) 
IF (NOUTCF .GT. 0) IRITE (6.6005) KC* NJo NFP 

45 CONTINUE 
40 CONTINUE 

C 
c 
C INPUT OF NONLINEAR COEfFICIENTS. 

READ (9. 5003) NLMAX 

CP(HCNJ. NP)
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I (NOUTUF -EQ. 2) W1iTE (6,6006) NLMIAX
 
IF (NL'AX .EO. 0) GO TO 50
 
DO 52 NJ = 1, MX2
 
HPQMAX(NJ) t='0
 

52 CONTINUE
 
DO 55 K = 1, NLMAX 
READ (9-5005) NJ, NP. NQ. DT 
IF (NOUTCF .EQ. 2) iRITE (6.6007) NJ NP, NQ., DT 
KPQMAX(NJ) = KPQMAX(N) + I 
XPQ = XFCMAX(NJ)
 
IDP(NJ.HPO) = NF
 
IDQ(NJKPQ) = NO
 
D(NJ.KPQ) = DT
 

55 CONTINUE
 
50 CONTINUE
 

a 

C
 

C CALCULATE SPATIAL COORDINATES FOB PRESSURE COMPUTATI ON. 
DO 51 NPRE Ij,3
 
Z(NPES) = 0.0
 
WITHETA = NPRES - 1
 
AP'GLE(NPRES) = RTHFTA * 45.0
 
THETA(NPRES) = ?THETA * P/.0
 
Z(NPEES + 3)-= ZE
 
ANGL1(NPES + 3) = ANGLE(NPRES)
 
THETA(NPiES + 3) = TH8LA(NFPES)
 

51 CONTINUE
 
C 
C CALCULATE COEFFICIENTS FOB PRESSURE TIME HISTOBIES. 

DO 53 NFRES = 1i 6 
DO 53d= 1. ,JN -
NP = (2 * J) - I 
ZI = Z(NPRES) 
ANG THETA(NPRES)

CALL PHICFS(d.ZIsPNGCIC2,C3)
 
IF (NPRES *EQ- 4) CPHIT(J) = Cl
 
CFTCNPRESaN-) = REPL(CI)

CFTCNI-BESNP+I) = -AItAG(CI)
 
CFTH(NFRBSNP) = REPLCC2)
 
CFTHCNI-FESNPeI) = -AIMAG(C2)

CFZCNPRES,WP) = BEAL(C3)
 
CFZ(NPIvEStgF+I) = -AIMAGCC3)
 

53 CONTINUE
 
C 

CI =(0"0-'1.0)
 
CAXI C CCOSH(CI * B() * ZE)
GAFA * 
CAXIF - EEAL(CAXI)
 
CPXII = AIVAG(CAXI)
 

C
 
C OUTPUT OF COEFFICIENTS FOR PRESSbRE TIME HISTORIES.
 

'WRITE(6,600)
 
I ) 56 NPRES = 1, 6
 
UT41TE (6,6014)
 

DO 56 J = 1, NJMAX
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bRITE (6,6021) J, Z(NPRES)s ANOLE(NFEES)o 
I CFT(NPRESsJ)s CFTh(NiBEssJ)o CFZ(NPBES.J) 

56 COQTINUE 
C 
C ************* DATA INPUT SECTION * 
C 

READ (5o5000) TITLE 
C 
o 	 ZERO INITIAL VALUE AND FREQUENCY ARRAYS. 

5 	 DO 57 K = 1. NJMAX
 
AS(K) = 0-0
 
ACCK) - 0.0
 
FRQI(K) = 0-0
 

57 CONTINUE
 
C 
C 
C READ COMBUSTION AND CONTROL PARAMTERS. 

READ (5,5006, END = 300) ENP 
C 
C READ CONTROL NUMBERS. 

READ (5,5008) N7EST* UMODE, 
JMODE (9 * JMODE) - I 
JPMOtE JMODE + NJJMAX 
IF (NOZNL2 .NE.I) 60 TO 825 
FREC 5(1) 

KFREQ(1) = I 
KFREc(2) = 
KFBEQ(3) 2 
)O 830 K I, .JMX 
VKP(J) = FREQ * KEBEQ(J) 

830 COTINUE 
825 CONTINUE 

C -

IF (NOUT .GT- 0) NFT u I
 
IF (NOUT .EQ. 0) GO TO 9
 

TAU* H TRSTAFTs TUI T 

NLOCP NTERMSs NFZ. NOUT. ICIYFE 

C 	 READ DATA FOR SETTING UP PLOTS-

READ (5,5009) YHI(1), YHI(5), YLPBI), YLAB(5)
 

READ (5p5008) ITIGY(), ITICY(5)* N"IRT, NO4IT
 

READ (5,5014) MDPLOT
 
MDPLTL = 0
 
DO 320 K = JMX
J, 

MDPLTL = v.DLTL + MDPLOT(K) 

320 CONTINUE
 
IF (ME-LTL -EQ. 0) 60 TO 9
 
READ (5,5015) YHIMD, YLAPMDs ITICMD
 
YLOMD - a YHIMD
 

C
 
*
 C * INITIAL AMPLITUDES SECTION 

C 
9 DO 58 K = 1, NTERMS 

C 
INITIAL AMPLITUDES FOE F-FUNCTIONS-
C 	 INPUT 

BEAD (5. 5007) ,* AST ACT
 

NO = (2 * J) - I
 
AS(NJ) AST
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AC(NJ) = ACT

C
 

C CALCULATE FREQUENCY 
AND DAMPING.
 
IF (ICTYPE .EQ. 2) GOTO 584
 
RL = LCd) 
AX t FL * PI/ZE

AXSQ A * AX
AX 

SSQ ScJ) * SCJ)
 
FRICNJ) S@QT(55 + AXSQ),
 
WvPICNU) = 0.0
 
GO TO 586
 

584 LONG = LCJ)
 
SMN SC..)
 
READ (5, 5099) DPMPF1BEO
 
LMPICNd) =DAYF
 
FRQI(NJ) = FBF0
 

586 CONTINUE
 
FRQI(NJ+I) = FRQICNU) 
DMPI(NJ+1) = D'PICNJ)
 

.IF (ICTYPt *Eo. 2) G0 To 582
 
C 
 CALCULATE INITIAL AMPLITUDES F0E% 6-FUNCTIONS.
 
C
 

IF CFRQI1cN)) 58, 58. 581
 
581 GYRU = GAMMA*YC(NJ)*UE
 

GYIF = GPSlteA*YICfv)*FHIQCNJ)
 
GYRF = GAMMA*YR(NJ)*FiI(NJ)
 
GYIU = GPNMA*YI(NJ)*UE
 

C
 
NFRES = 4
 
IF CNS(J) -E . 1) NERES 6
 

C 
Al = (1.0 + GYRIU)*CFZCNPFES,NJI) 
I - GYIF*tCFT(NPHES,NJ1I) 
Aa = GYRF*CFT(NFFES,NO+I) + GYIU*CFZ(trPES,NJ+I)

A3 = -(1-0 + GYRU)*CFZ(NPESNJ) t GYIF*CFICNPRES,NJ)

A4 = GYRF* CFTCNFHES,NJ) + GYIU*CFZ(NFIES,Nd)
 

C
 
DET = A1*Al + A2*A2
 
IFS(DET .LT. 0.0000001) G0 TO 583
 
RI = A3*AC(NJ) AASCKJ)
 
R2 = -AZ*AC(NJ) - A3*AS(Nj)


C
 

ACCNJ+I) = (HI*AI + R2*A2)/DET
ASCNJ+I) = "(R2*AI - HI*A2)/DET 
0 TO 58 

583 AC(NJ I) = -AS(NJ) 
AS(NJ+I) = AC(NJ) 
GO TO 58 

C 
582 	AEG= FEQI(NJ) * TAU
 

FSIN = SIN(ARG>
 
FCOS f 1. - COSCARG)
 
FSO FROI(NJ) * Ff'C1(NJ)
 
D5Q 	= UMPlCNd) * lPI(NJ) 
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Al m DSQ - FSQ + rMFICNJ) * CCPCPNJ.NJ)
 
I - EN * CF(31NJsNJ) * FCOS)
 
2 + EN.* CPC3,NJoNJ) * FROICNJ) * FSIN
 
3 + CrPcNJNJ)
 
A2 = (2.0 * DtPI(NJ) + CP2,NJNJ)
 
1 - FN * CP(3pNJNN) * FCOS) * FRICNJ)

2 - FN * C-(3,NJ.NJ) * DMPICNJ) * FSIN 
A3 = CP(2,NJNJ+I) * EMPICNJ) + CP(IN,*N+I)
 
A4 = CF(2*.tJNJ+I> * FRCI(NJ)
 
DEN = A3*A3 + A4*A4
 
IF (DEN *LT. 0.0000001) 60 TO 585
 
I = A1*A3 +A2*A4
 

R2 - AI*A4 - A2*A3
 
AC(NJ+I) = (-Il*ACCNJ) + F2*AS(NJ))/DEN
 
ASCNU+1) = -(rC2*AC(NJ) + RI*ASCN,f))/fl
 
GO TO 58
 

585 AC(NJ+I) = -AS(NJ)
 
AS(NJ+I) = AC(NJ)
 

C 
58 CONTINUE 

C 
C 
C OUTPUT OF INITIAL AMPLITUDES-

WRITE (6.6016)
 
DO 590 J = 1. NJMAX
 
IF (AS(J)) 591, 592. 591
 

592 IF (AC(J)) 591, 590., 591
 
591 VRITE (6,6017) J, DMPI(J). FROICJ), AC(J). ASCJ)
 
590 CONTINUE
 

IF CNTEST .EQ. 0) WRITE (6.6025)
 
IF (NTEST .E. 1) WRITE (6s6026)

IF (NPZ *EQ* 1) WRITE (6,6028)
 
IF (NOUT .GE. 1) WHITE (6.6027)
 

C 
C ************ LINEAR COEFFICIENTS SECTION ************************ 
C 

DO 59 KC = 1s NCFMI 
DO 59 NJ = 1, XX2 
KPMAX(KCsNJ) e 0 

59 CONTINUE
 

IF (NZ .EQ. 0) GO 10 605
 
DO 602 U = i OMX 
NJ = (2 * J) - I 
RL = L(J) 
AX = ]L * PI/ZE
 
AXSG AX * AX
 
SSG = S(J) * S(J)
 
OMEGA = SQHT(SSQ + AXSQ)
 
TAUCUT(NJ) = 2.0 * PI/OMEGA
 
TAUCUTCNJ+I) = TAUCUT(NJ)
 

602 CONTINUE
 
C 

DO 604 NJ = lo NJMAX
 
DO 604 NP = 1, NJMAX
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IF (TAU .GT. TAUCUT(NP)) CPC3,NNJN) = 0.0
 
604 CONTINUE
 

C
 
C COMPUTE LINEAR COEFFICIENTS FOR GIVEN UALULS OF R&NAlt TAU.
 

605 DO 60 NJ = I, N.JYAX
 
DO 60 NY = 1. NJMAX
 
CT = Cp(|1NjsNP)
 
IF (CT) 61, 62. 61
 

61 KPMAX(I.NJ) = KPMAX(INJ) + I
 
KP = KPNAXCI*NJ)
 
ICCINJIKP) = NP
 
CCI.NO,.XP) CT
 

62 CT = CP(a.NJNP) - M*CF(3,tvj,Np)
 
IF (CT) 63. 64. 63
 

63 KPMAX(C2NJ) = KPMAX(2,NJ) + I
 
KP = HPIAAX(2,NJ) 
IC(2.NJKP) = NP 
C(aNJ.HP) CT
 

64 CT = EN * CF(3,NJ,NP)
 
IF (CT) 65, 66. 65
 

65 KPFMAX(3sNJ) = KPMAX(3,bNJ) + I
 
KP = KPMAX(3sNJ)
 
IC(3,NJ,KP) NP
 
C(3,NJ.KP) = CT 

66 	IF (NOZNL2 .NE. 1) G0 TO 60
 
CT = C?(ljsNJNP)
 
IF (CT) 67,60P67
 

67 	 HPMA(4,NJ) = KPMAX(4,NJ) + I
 
HP = X'INAX(4,NJ3
 
IC(4*NJEP) = NP
 
C(4 NJKP)= CT
 

60 CONTINUE 
C 
C *******STEP-SIZE COMPUTATION *************** 
C 

NDIV = 1.0 + TAU/H 
RN = NDIV
 
H = TAU/-N
 
B6 = H/6.0
 

c 
C ********** INITIAL VALUES SECTION ************************* 
C 

VRITE (6s6008) EN. TAUs GAMMAj UE, RLD 
RIITF (6,6009) 

U'RITE (6,6022) CANGLECJ), J 1.6), (ANGLE(J), J = 1,3)
 
1RI TE (6.6012)
 
NPI = NDIV + I
 
DO 70 1 = 1. NPI
 
NSTEP = I - NP!
 
RSTEP = NSTEP
 
TIME = ESTEP * H
 
TI(I) = TIME
 
DO 75 J = 1. NUMAX
 
JP= .J + NJtiAX 
IF (AC(J)) 751. 753. 751
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753 IF (AS(J)) 751, 752. 751
 
752 U(IJ) 0.0
 

UCInjP) 0.0
 
GO TO 	 75 

751 	ARG = FROI(J) * TIME
 
F.SIN = SIN(ARG)
 
FCOS COS(AEG)
 
FEXP EXP(DIPI(J)*TIME) 
U(IsJ) = (AS(iJ)*FSIN + AC(J)*FCOS) * FE P 
U(IjJP) ((AS(J) * FCOS) - (AC(J) * FSIN)) * FRQI(J) FPEXF 

1 + DMFI(J) * UCIn,) 
75 CONTINUE 

C CALCULATE INITIAL VALUES OF FRESSUEE AND VELOCITY. 
DO 704 NPRES = 1, 6
 
DO 702 ) = 1, NJFAX
 
COEF(1iJ) = CFT(NRES.J)
 
COEI(2,J) = CFTIl(NPES.J)
 
COEF(3SJ) = CFZ(NPRESJ)
 

702 CONTINUE
 
DO 703 J = li NU
 
Y(J) = UCIO)
 

703 CONTINUE
 
UBAR = 0.0
 
IF (NPRES *GT. 3) UBAR ='UE
 
UMS 	-.0-0
 

IF ((NWOFS-EQ.1) .AND. (NPRES.LT.4)) UMS = UE/CZE*ZCOMB) 
CALL PFiSVEL(UBAR,,tSY,P,VTHVZ) 
PRESS(NPRES) = P 
IF" (NPRES .GT. 3) AXVEL(NFRF5 - 3) = VZ 

70a CONTINUE 
FRS(I) = FRESS(NLOG) 

C 
C 	 CALCULATE INITIAL VALUES OF NOZZLE B.C. 

CSM = (0.000-0) 
DO 710 J = 1, JMX 
JP = NJMAX + (2 * J) - 1 
FT = Y(JP) 
GT = Y(JP+1)
 
A = CMFLX(FTiGT)
 
CSUM = CSUM + YNOZ(J) CPHIT(J) * A
 

710 	CONTINUE
 
SUM REAL(CCSUM)
 
YPHI -GAMMA * SUi
 
WRITE (6.6011) NSTEP. TIME, (PRESS(J), J 1.6),
 

I 	 (AXVELCJ), 0 = 1.3)p YFHI 
70 CONTINUE
 

C
 
WRITE (6, 6008) EN, TAU, GAMMA, UE, LD
 
WRITE (6,6022) (ANGLE(J), J = 1,6), (ANCLE(J), J 1,3)
 

C 
C ************ INITIALIZE CONTROL NUMBERS ************************ 
C
 

LINE = 8
 
K = 0
 
MAXNO = 0
 



NAXP = 0
 
IF (NOUT *EQ. 0) GO TO 100
 
.JFLOT = 0
 
ThIN = TSTAET
 
T AX = TSTABRT + TDEL
 
YLO(I) = -Yli(I
 )
 
Do 90 U 2,1A
 
YIiI () = YHI(C)
 
YLO(J) = YLOC1)
 
YLAB(J) = YLABfCI)
 
I7ICY(J) =ITICY()
 

90 CONTINUE
 
YL0(5) = -YHI(5)
 
YHI(E) = YHI(5)
 
YLO(6) = YLO(5)
 
YLAE(6) = YLAB(5)
 
ITICY(6) = ITICY(5)
 

C
C ************* Nt2MERICPL CALCULATIONS SECTION ***************** 
C
 

100 I = NPI
 
C
 
C RUNGE-KUT7A INTEGRATION SCHEME.
 

105 	NSTEP = (I - NPI + (LAST - NPj) * K)
 
RSTEF = NSTEP
 
TIME = PSTE? * H 
TICI) = TIME 
DO 110 1 = 1, NJmAX 
JP = J + NJMAX
 
RV(J,1) = U(I-NDIVIJ)
 
RV(,4) = U(I-NDIU+IJPJ)

RVCJ,9) = 0.375*V(,Jl) + 
 0.75*RV(J,4) - O.12 5*U(I-NDI'j+a,oJ)
RV(J,3) = rV(J,2) 

110 CONTINUE
 
IF (NOZNL2 *NE. 1) GO 10 835
 
Mo 840 II = 1,4

TZ = TIME + AA(II)*H
 
DO 840 0 = I.,JX
 
JODD - 2*J - 1
 
JEVEN = 2*0 
EXTBP(JODDII) COSCXY(J)*TZ)

E(TEA(JEVEN.) = SIN(IKFpC)*TZ)
 

84O CONTINUE
 
835 	CONTINUE
 

DO 120 J = I, NO
 
Y{J) = U(In.)
 

120 CONTINUE
 
CALL RHS(NUI.Y.YP)
 
LO 130 j =" 1. NU
 
FZI"J) = Y?(U)
 

130 	CONTINUE
 
DO 140 ii = 2.4
 
DO 14l4 J 1. NU
 
UZCJ) 
 Y(J) + AA(II) * H * FZCII-IU)
 

14I4 CONTINUE
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CALL fHS(NUIIJUZ*YP)
 
DO 148 J - 1. NU
 
FZ(II,J) - YP(J)
 

146 	CONTINUE
 
140 	CONTINUE 

DO 150 ,J= 1, NU 
U(I+IJ) = Y(J) + (FZ(1jJ)+2.0*(FZ(2,})+FZC3tO)) + FZ(aJ)) * H6 

150 CONTINUE
 
C
 
C CALCULATE PRESSURE TIME HI STOFI ES.
 

DO 154 NFES - Is 6
 
DO 152 J = 1, NJMAX
 
COEF(iJ) CFT(NPBESJ)
 
COEF(2sJ) = CFTH(NPRES,J)
 
COEF(3,J) = CFZCbPRES.J)
 

152 	CONTINUE
 
UBAR = 0.0
 
IF (NPRES .GT. 3) UHAR = UE
 
UMS = 0.0
 

.AND- (NPEES.LT4)) MS = UE/czE*ZCOeB)IF CCNDr0,PS.EQ.1) 

CALL PRSUEL( UBARs UM SY.P. VTHP VZ)
 
PHESSCNPRES) = P
 
IF (NPHES .GT- 3) AXELCNPFRES 3) UZ
 

154 CONTINUE
 
PHS(I) = PHESS(NLOC)
 

c
 
C CALCULATE VALUES OF NOZZLL B-Co
 

CSUN = (0-00.-0)
 
DO 650 J - 1, JMX
 
OF = N.MAX + (2 * J) I
 
FT = Y(JP)
 
GT = Y(JP+I)
 
A = CtAPLXFTjST)
 
CSJN = CSUM - YNOZ(J) * CPBIT(J) * A
 

650 CONTINUE
 
SUM = REAL(CSUM)
 
YPHI = -GAMA * SUM.
 

c
 
C
 

DETERMINE MAXIWA AND MINIMA OF PRINCIPAL MODE-AtMFLITUDE
C 

FUNCTION FOR USE IN DETERMINING LIMIT-CYCLE BEHAVIOR.
C 

IF CUCI,JFMODE) * U(I+I,JPMODE)) 1701 170, 160
 

170 PDEN = U(I,JPODE) - U(I*IJPMOE)
 
IF (PDEN) 1714 160, 171
 

171 PP - U(IJPMODE)/FDEN
 
PA = (PP - 1.0) * PP * 0.5
 
PB = 1.0 - (PP * PP)
 
PC = (PP + 1.0) * PP * 0-5 
MAXNO = MAXNO + I 
UMAP(MAXNO) = pA*UCI-1.JMODE) + PB*U(I,JNODE) + PCtU(I+1,.JMOEE) 
IF CMAXNO .GE. 500) GO 250
20 


160 CONTINUE -

C
 
C DETERMINE MAXIMUM AND MINIMUM PRESSURE AT LOCATION 

SFECIFIED
 

C BY NLOC.
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LPL - PRS(I) - PRSCI-Iv
 
CPS = FhS(I-1) - PRS(I-2)
 
IF CVPL*DPS) 173, 173. 175
 

173 r-NUM = FS(I-2) - FRS(I)

PDFN = 2.0 * (PBiS(I-2) + ?RS(I) - 2°0*PRS(I-1))

IF (C=VEN) 174, 175, 174
 

174 PP = PNUMr/PDEN
 
PA ( - i-0) * PP * 0.5 
PB =1.0 - (FF * }P)
 
PC = (Pp + 1.0) * PP * 0.5
 
MAXP = MNXP + I
 
FMPX(MAXP) = PA*PRS(I-2) + PB*PhS(I-1) + pC*pRH(I)

TIMPX(MAXP) = TI(I-1) + PP*
 
IF (MAYP .GE. 500) GO TO 250
 

175 CONTINUE

C 

IF (NTEST -EQ. 1) G0 TO 155
 
IF (TIME .LT. TSTART) GO 10 155
 
IF ((NOUT .EQ. 0) -OR. (NOUT *GT. 6)) 
 GO TO 	156
 

C * 
 TIME HISTORY PLOTTING SECTION ******************** 
C
 

IF (TMAX -GT- TOUIT) GO TO 156
 
IF ((TIME oGT- DSAX) -OR- (JPLOT -GE* 500)) 0 TO 1000
 

C 
JPLOT 	= JPLOT + I 

C
 
C 
 FILL 11ME ARRAY FOR PLOTTING.
 

TPLOT(JPLOT) = TIME
 
C

C 	 FILL INJECTOR PRESSURE ARRAYS FOR PLOTTING (THETA Op 45- 90) 

DO 1001 J = 1,3 
YFLOT(J,JPLOT) = PRESS(J) 

1001 CONTINUE 
C 
C 
 FILL NOZZLE PRESSURE ARRAY FOR PLOTTING (THETA = 0)

YPLOT(4,JFLOT) = PRESS(t)
 
C
 
C 
 FILL NOZZLE AXIAL VELOCITY ARRAY FOi PLOTTING (ThETA = 0)

YPLOT(5SJOPLOT) = AXVEL(1) 

C FILL NOZZLE B.C. ARRAY FOB PLOTTING (THETA = 0). 
YPLO(6,JPLOT) = YFHI 

C 
IF CMDPLTL .EQ. 0) 60 TO 156 

C 
C 	 FILL MODE AMPLITUDE AERAYS FOR PLOTTING. 

DO 322 J = 1, JMX 
IF (MDPLOT(J) .EO. 
0) GO 	'20 322
 
J12 = 2*J - I
 
UPC0TWJ,JPLOT) = U(IjJI2)
 

322 CONTINUE 	 ORIGNAL PAGE/T 
JITI = NJMAX + 	 OF POOR QUAGIy
.JlT2 = NJMAX + 2 QUAu~y 
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PRITCJPLOT) = CAXIi*U(I.UITI) - CPXII*U(IsJIT2) 

00 TO 156 
C 
1000 NIM = ,JPLOT
 

C
 
C PLOT TIME HISTORIES-
C 

MO 1020 NPLOT = NFIRST, NOUT
 
c 

JPLOT 	= 0 
C 
C 	 ASSIGN PLOTTING PARA1ETERS. 

YWIN = YLOCNPLOT) 
YMAX YHICNPLOT) 
NTICY = ITICYCNPLOT) 
D1ELY = YLABCNFLOT)
 

C
 
C ELIMINATE POINTS THAT ARE OUT OF THE OtEINAIE RANGE.
 

10 1010 U = 10 NUM
 
IF CCYPLOT(NPLOT,J) .LT. YMIN) -OR- (YPLOT(NFLOT,J) -GT. YWAX))
 
I GO TO 1010
 
JPLOT = JFLOT + 1
 
DUMYT(JPLO) =TPLOT(J)
 
DUMVYY(JFLOT) = YPLO1(NPLOT.,J) 

1010 CONTINUE
 
c 

IF (JPLOT .FO- 0) G0 TO 1020' 
0 TO (1011,1012. 1013, 1O14s 1015- l016)l M2LOT 

C 
C PLOT INJECTOR PRESSURE AT THETA = 0 DEGREES. 

1011 CALL 0RAPHS(1I3UF,3OOO.JPL0T,51,NT1CYThAXpYEtKsTh t sYVIN 
I ITTITYI,2,1,DI.MYT,DUMMYY,2-ODELY,T ITLE) 
60 TO 1020 

C 
C PLOT INJECTOR PRESSURE AT THETA = 45 DEGREES.
 
1012 IF (UMO(JDE) -ED. O) GO TO 1020
 

CALL GRAPHSCI BF30OO4 ,JPLOT,5 INTICY,fVlAX.'IAT.M IN.YMIN
 
I ITT, 1 TY2, 21. 4, LUMbYT, DUMMYY, 2.0, DFLY TITLE)
 

GO TO 1020
 
C
 
C PLOT INJECTOR PiESSURE AT THETA = 90 LEGhEES­
1013 IF (M(UMODE) .EO. 0) GO TO 1020
 

CALL GH]APHS(IEU-iS3OOO,4sJPLOTj 51,NTICYlT hAX,YMAXTMIN,YCIN.
 
I I1TTITY3,21,42, fItW.1Y T,DUMMYY,2.0DELYTI TLE)
 
GO TO 1020
 

C
 
C PLOT NOZZLE PRESSURE AT THETA = 0 DEGREES.
 

1014 CALL GRAPHS(IBUF,3000,4,ULOT,51,NTICYTWAXYMAX.TMIN.YMIN,
 
I ITT,ITY42139,Dt. MYI, DWLMYY,2. ODELY; TITLE)
 

GO TO 1020
 
C
 
C FLOT NOZZLE AXIAL VELOCITY AT THETA = 0 DEGREES.
 
1015 CALL GRAPHSCIBUF,3000,4,JF-LOT,51,NTICYTMAX.YMAXTMINYMIN
 

I I'l PT 5',' 32, DIJF.t YT,. 4RMYY. 2.0" DELYTITLE)
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GO To 1020 

C 
C PLOT NOZZLE B.C. AT THETA = 0 L£GRE-S 

" S IJ N T ICY A TMq ' JA ' T IN Y M IN P
,
1016 CALL GiAI-HS(IBUF 3000 4,jFLOT
 

I ITT 7ITY6j 21*4* lDb..YYTs ZC.MYY. 2"0' Z$LYs TI TLE)
 

C 
1020 CONTINUE
 

C 
IF (MDFLTL .EQ. 0) GO TO 330 

EC 324 NPLOT = -JitX 
IF (MDFLOT(NPLOT) °EQ. 0) 60 TO 324 
JPLOT = 0
 
DO 328 J123 = 1I-

IF CNPLOT -EQ. 1) MTITL(JI23) = gTIILI(dI23)
 
IF (NFLOT EO. 2) MTITL(JI23) = tITL2CJXSS)
 

IF (N-LOT .EQ- 3) MTITLCJI23) = MTITL3(JI23)
 

328 CONTINUE
 
C
 

DO 326 J = 1, NUM
 
.LT. YLOMD) -01- (tIPLOTCNPLOT.J)
IF ((UPLOTCNFLOT.J) 


I ..GT- YHIMt)) GO TO 326
 

JPLOT = JPLOT + 1
 

DUtvYICJFLOT) = TFLOT(J) 
Lr,.!YY(JPLOI) = UPLOT(NFLCTtJ)
 

326 CONTINUE
 
IF (JLOT -EQ- 0) GO TO 324
 

C
 
C PLOT PIIFLITUDES OF DIFFERENT MODES.
 

O ,JPLOTs 51* ITI CM 2'IAXYHI MD' "flN,CALL GRAPNS( IEUF, 3000' 
YLOlMDs ITT.M'TI ILo 21,20. DUMt4YT, DtkINYY, 2.0,YLl'.VLa 7 IL E)

I 

324i CONTINUE
 

C
 
IF (MDFLOT(A) EQ-. 0) 60 TO 330
 

JFLOT = 0
 

DO 332 J = i, NUM
 
IF ((PDP.IT(J) .LT. YLOlbI) -0. (EIET(J) .GT- YHIMD)) 60 10 332
 

OFLOT JF-LOT + 1
 
DLI'VYTCJPLOT) = TPLOT(d)
 
DLMYY(JPLOT) = PRITWt)
 

332 CONTINUE,
 
IF CUPLOT .EQ. 0) GO TO 330
 

C
 
C PLOT PRESSURE AMPLITUDE OF 1 MODE.
 

CALL GFPATH S(IBUF30004 OFLOT51#oITICMLTMAX,YHIK]).TMIN* 

I YLOE I-TT, P57TLp 21. 29. EU*SY T, LUlMYYs 2.0, YLBM DI' TI TLE) 

330 CONTINUE
 
C
 

FOR NEXT SF7 OF PLOTS.
REASSIGN PLOTTING PFHAMETEBSC 

OFLOT 0
 
TMIN = TVAX
 
TAX TMAX + TLEL
 

C
 
TIME HISTORY FBINTED OUTPUT SEC7ION *****t**********
 c ************* 

C
 
156 "P.ITE, (6o6011) 
 NSTEP- TIME, (hFESS(J)s J = 1,6)s 
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1 (AXVEL(J), J - 1.3), YPHI
 
LINE = LINE + 1
 

157 IF (TIME oGT- TOUIT) GO TO 250
 
IF (LINE .LT. 52) GO TO 155
 
WRITE (6o6013)
 
WHITE (6*6022) (ANGLE(J), J = 1,6), CANGLE(J), .3 1,3)
 
LINE = 4
 

C
 
155 	I = I + I
 

IF (I -LT, LAST) GO TO 105
 
C 
C ************* LIMI T-CYCLE SECTI ON ******************************** 
C 
C 	 TEST FOR LIMIT CYCLE.
 

K = X + I
 
IF ((NTEST *EQ. 0) -OR. (MAXNO *LT* 80)) GO.T0 190
 
UOT = 0.0
 
DO 180 .J = Os 3
 
,MAX = MPXNO - j
 
UTOT = UTOT + ABS(UMAXCJMAX))
 

180 	CONTINUE
 
UAVGCK) - UTOT/4°O
 
IF (K .EQ. 1) GO TO 190
 
CHANGE = UAUGCK) - UAIJG(K-1)
 
ABSCHG = AflS(CHANGE/UAUGCK))
 
IF (ABSCHG ,GT. ERR) GO T0 190
 
TM = TIME/2.0
 
IMTh = TV
 
ITM 2*1 IN + 2
 
TM = 	 ITM 
TSTART = TM + TSTART
 
"0QUIT = TM + TQUIT
 
T-IN = TSTART
 
TMAX - TSTAET + TDEL
 
NTEST = 0
 

C
 
C 	 RE-ASSIGN ARRAYS­

190 DO 200 1 = I NPI
 
ILAST = LAST - NP) + I
 
PRS(1) = PBS(ILAST)
 
71(l) = TI(ILAST)
 
DO 200 j = 1, NU
 
U(IJ) - U(ILAST.J)
 

200 CONTINUE
 
(0 To 100
 

C
 
C
 
C *P***R*E***** FUSSURE MAXIMA AND MINIMA PhINTOUI **************
 
,C
 
-250 	WRITE C6p6023) Z(NLOC), ANGLE(CLOC). MAXP
 

LINE - 4
 
DO 255 JST = 1. MAXP? 8
 

- OSTAB T = ,JST
 
.3STO = JST + 7
 
IF (,STOP o6T. MAXP) ,5TOP - MIP
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;YRITE (6,6024) (RMAX(J), U = J5TART JSTOF) 

WIITE (6,6024) (TIMAX()' J JSTABI. JSTOF)
 

WRITE (6,6014) 
LINE = LINE + 3
 
IF (LINE *LT. 52) 00 TO 255
 

LINE = 0 
WRITE (6,6013)
 

255 CONTINUE
 
1)) GO TO 5
IF ((NOUT -EQ- 0) -OR. (NOMIT .EQ. 


c
 
F ESSUFE MAXIMA PLOTTING SECTION t*********Oc 


C 
C BE.TEI-IINE LARGEST VjALUE OF FMAX-

PlE*MAX =0.0
 
DO 260 j = 1, MAXP
 
IF (F-AX(J) .LT. AMJi'AX) 60 TO 260
 

AMPFAX = FIMAX() 
260 CONTINUE 

C 
OF FLOT AND COORDINATE LAEELING.C RANGE, 

ITM = AMPAX + 1-0 

APVAX = I TV,
 
ITM= 1.0 + TIMAX('AXP)/50O"
 
TMAX IIV, * 50
 
DELX = TMAX/10*0
 
DELY = AMPMAX/10.0
 

C 
C ELIMINATE NEGATIVE VALUES-


UFLOT = 0
 
DO 262 J = 1, MAX
 
IF (FMAX(J)) 262, 2641, 264
 

264 JPLOT = JPLOT + 1
 
DUT.MYT(JPLOT) = TINAX(J)
 
DturYYCJPLCI) = PMAXJ) 

262 CONTI NUE
 
C 

C PLOT VALUES.
 PMFwAFX0000CALL GRAHS(IBUF,300011,JLOT,1c1,101JTAX
I T, I TP, 2I 11, 'UMNYTs DUttiF.YY, DELXs -ELYs TI TLE)I 

C
 
GO TO 5
 

C
 
C TURN OFF PLOTTING WOUIINE­

300 IF (NPT -EQ- 1) CALL SHAFG
 

C ***~*** R****** FOIhMAT bECIIICATIONSEADC 

500C FORMAT (12A6)
 
5001 FOPMAT (hFlOo0,315)
 
5002 0- MAT (515,2FI0.5ilX,AP)
 

5003 FOFW5AT (21 5) 
5004 FORMAT (215,F15.6)
 

5005 FOFMAI (315,F15-6)
 
5006 FObMAT (SF10.0)
 
5007 FORMAT (15,PFIO-0) 
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5008 FORMAT (715) 
5009 FORMAT (7F10.0)
 
5010 FORMAT (15,AFIO.5)
 
5011 FOFMAT (I5s2FI0.5)
 
5012 FORMAT (F10*0)
 
5014 FORMAT (415)
 
5015 FOflM.1T (2FI0.0. I5) 
5099 FORMAT (2FI0.0) 

C 
C * TE FORI *******************OHMAT SPEI FI CATI ONS 
C 
6001 FORMAT (i,99H GAMMA = ,FS.3pSX,5HUE - FS. 3,
 

I 5XsSHZE = .FS.5,5X,SHZCOME, = F5.2,
 
p 5X,8HNJIMAX = I2/f)
 

6002 FORMAT (2XZ29NAME . L M N NS,7X,3HSMN3X,
 
1 7HJM(SMN)/)
 

6003 FORMAT (2X,A4,515,2F0-5)
 
600a FORI AT CIHO,266H NUMER OF COEFFICIENTS Ct'I,1 IOH,.NJ.NP) 15,15/)
 

= 


T********* 

6005 FORMAT (2X,28CCIlH--I2.1H),12t4H) .FIO-5)
 
6006 FORiMAT (1H0,38H NUIMBER OF COEFFICIENIS DCNUNPNt) IS15/)
 

= .F1O.5)
6007 FOJIAAT (2X,2HD(I21H,,12sH111,2t4H) 
INTERACTION INDEX = sF7-5o6008 FOMATCIHI14.5H COMBUSTION PARAMEtIRSt 

I0X,IIHTIMEPLAG = *F7.5/X,17hMOTOl FARAMETEF.S:,19X,I 
2 SHGPMMA = .F7-5,23H EXIT MACH NUMBER = .FPY5,
 

a 224H LENGTH/DIAMETEs = oF7.5//)
 
6009 FORMAT C2X,18HINITIAL CONITIONS//)
 
6010 FORMAT (1IHO, 5X, IHd,8X,2HYR,8X. 21Y1,7X,3HiEPS$7XD 38iLTA//)
 

6011 FORMAT C2X,I5,Fl2.5,10Fl.S)
 
6012 FORMAT (IHO)
 
6013 FORMAT CiHI)
 
6014 FORMAT (IH )
 
6015 FORMAT (2X.I54FXC.5)
 
6016 FORMAT (11Hl36H INITIAL CONDITIONS AR OF THE FORM:// 

I 2X.49HU(10O) = AC(d)*COS(FREC*T) + AS(J)*SIN ( FR Q *T)). 

2 14H * EXP(flPMP*T)///6X,IH,8X,7HD;lMFlI OJ 
lOX., 5HAC(,J). IO."5HAS(J)//)3 6XJ9HFREQUFNCY, 

6017 FORMAT (2XI5,4F15o8/)
 PRESSURE'6020 FORMAT (II1.46H COEFFICIENTS FOR COMFUTATION OF IALL 
IN SERIES FOR-//

I 101H AEFOENS///43X..2HCOEIFICIENT$ 
5H HETA, 10X. 5HAXIAL/2 2 Xj,5HTHETA, IOX, 14TI1B,.10X, 

6X, IHJ,9X,lHZ, 3X,9H(DEGREES), 5X, 1OHDERI VATI VE,
3 
4 5Xs IOHDERIVATI VE,5X 1OHDEEIlVATIVE//) 

6021 FORMAT (2XI5,F1O.3,F1l.13F15-7)
 

6029 FORMAT (26X,17HINJECTOR FHESSU.E..4XS15HNOZZLE PRESSURE*
 

1 12X, 21HNOZZLE AXIAL VELOCIZY/3Xs4HSTEF.SXp4HTIME, 
DEG-.2 FS. 05H DEO.,F.0,SH DE.,F5-O,5H 
DEG.,3 F5.05 DG.,F5.0,5H DEG.,FS.O, SH 

DEG,F5.0,5H DEG.,FS-0.SH DEG.6X.4HYPHI//)4 FS.O,SH 
MAXIMA AND MINIMA ATt Z = .F5-2,

6023 FORMAT (lH1*38H PRESSURE 
o13//)


I - IIH THETA = F4I.1/19H VALUE5 COMPUTED: 


6024 FORMAT (IH i7X, SF13.6)
 

6025 -FORMAT (2X//2X. 37HTHE TRANSIENT BEHAVIOR 15 CALCULAIED.)
 
CALCULATED.)


6026 FORMAT (2X//2X,39HT1HE LIMIT-CYCLE BEHAVIOR IS 


6027 FORMAT (2X//2XS33HTHI5 hUN PRODUCES PLOITED OUlPUTo)
 
ARE ELIMINATED-")6028 FORMAT (2X//2X."THE PHANTOM ZONES 
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6030 FORIMIAT (2XP "DRFOLET MONENTUM SOUCE IS NEGLECTED"/)
 
6031 F0FWAT (2X,°DlJOPLET MOMENTUM SOURCE IS INCLUDED"/3
 
6032 FORMAT (2 "NOZZLE NONLI NFAPI TI ES NEGLECTED"/)
 
6033 FOFtAT (2X, "NOZZLE. NONLI NEARI TI ES I NCLUDE"/)
 
60314 FOERNMAT ( IHO, SX, IHd. IX,2HGR, IOX, 2HGI//)
 
6035 EORdMAT (5X,I5,2FI2.5)


END
 

o o PA4 
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SUBROUTINE PHICFS(NPjZ THETAo CTs CThsCZ) 
C 
C THIS SUBROUTINE COMPUTES THE COEFFICIENTS NLEDED TO 
C CALCULATE THE WALL PRESSURE PERTUBATION-

C 
C NP IS THE INDEX OF THE COMPLEX SERIES TERN.
 
C Z IS THE AXIAL LOCATION4
 
C THETA IS THE AZIMUTHAL LOCATION.
 
C CT IS THE COEFFICIENT IN THE SERIES FOR THE TIME DERIUATIVE 0
 
C THE VELOCITY POTENTIAL.
 
C C-TH IS THE COEFFICIENT IN THE SRIES FOR THE THETA DERIijATIVE
 
C OF THE VELOCITY POTENTIAL. 
C CZ IS THE COEFFICIENT IN THE SERIES FOR THE AXIAL DEhIVATIVU 
C OF THE VELOCITY POTENTIAL. 
C 

PARAIETER MX = 5 
COMPLEX CI, CZ. CAXI, CAXIZ. CRAD. CAZI. CAZITH, 
I B(MX). CTA CTH, CZ 
COMMON /ELK2/ MCMX), N$CMX) SJCMX), B 

C 
CI = (0.0,1.0) 
CZ = CNPLXCZ-O-0) 
CAXI = CCOSHCCI * B(NP) * CZ)
 
CAXIZ = CI * B(NP) * CSINH(C * B(NF) * C)
 
ChAD = CMPLXCSJCNP),O.O)
 

EM VMCNP)
 
ARG =E * THETA
 
FSIN = SINCARG)
 
FCOS - COSCAOG)
 
AZI FCOS
 
IF CNSCNP) .EO. 1) AZI = FSIN
 
AZITH = W * FCOS
 
IF CNSCNP) *EQ- 2) AZITH -M * FSIN
 
CAZI = CMPLX(AZI.O-O)
 
CAZITH = CMPLXCAZITH, O-0)
 

C
 
C7 = CAZI * CAXI * CRAt
 
CTH = CAZITH * CAXI * CHAD
 
CZ = CAZI * CAXIZ * CHAD
 

C
 
RETURN
 
END
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SUBIROUTINE PESVEL(UDAR . UMS,Y-1-VTH,VZ) 

C THIS SUBFOUTINE COMPUTES THE WALL PRESSUBE AND IVELOCITY.
 
C
 
C UBA. IS THE LOCAL AXIAL STEADY STATE MACH NMBER.
 
C UMS IS THE DERIVATIVE OF THE frACH NUMBER FOR "THE CASE
 
C IHEN DROPLET MOMENTU.Mi SOURCES ARiE INCLUDED-

C Y IS THE ARB~lA CONTAINING VALUES 0F TH± MODF-AMPLITUDE
 
c FUNCTIONS AND THEIB LEE!IVATIVIES.
 
C P IS THE VALUE OF THE tALL EIESSUIE PEETURBATION.
 
C VTH IS THE TANGENTIAL COrPONEN.T OF VELOCITY AT THE b ALL.
 
C VZ IS THE AXIAL COMPONENT OF jELOCIlY AT THE W'ALL.
 
C
 

=
 PARAMETER MX2 10, I0X4=20
 
DIMENSION YCMX4), SW(4- SUMSQO3) 
COYNON /-BLK3/ NJMAX, NLMAX, GAM'1A, COEF(3dMX2)
 

DO 10 I = 1, 4
 
SUM(I) = 0.0
 

10 CONTINUE 
C 

t)o 20 I = 1, 4l
 
DO 20 J = 1, NJNAX
 
tJY = J 

IF (I -EQ- 1) JY J3 + NJMAX
 
II = I
 
IF (I .EQ. 4) II = 1
 
StU.b(I) = SL(1) + Y(JY) * COBF(II,d)
 

20 CONTINUE 
c 

FLIN SUM(1) + U2AP*SV.(3) + UIMS*StI,(4) 
PNL = 0.0 
IF (NLMAX .EO. 0) GO TO 4'O 
DO 30 I = 1, 3
 
SUS(1) SUM(I) * SUM(I)
 

30 CONTINUE
 
PNL = 0-5 * (SUMSO(2) + SUMSQ(3) - SU!NSO()) 

C
 
40O P = -GAIMMA * (PLIN + PNL) 

VTH = SU'(2) 
VZ SU(3) 

C 
RETURN 
END 

132
 

http:MOMENTU.Mi


SUBROUTINE HHSCNU.IIsUtUP)
 
C
 

PARAMETER MX=5, MX2=I MX4=Q0s MX2SC=100 
DIMENSION UCNU)3. UF(NU) 
COMMON RUMX2,4), "C(4*MX2,Mk2), D(NX2M*-X2SQ), 
I KFMAXC/,MX2), IC(4*MX2;MX2). KPMAX(rYX23) 
2 1DPCMX2sMX25Q). ILQ(MX2,MX2S2) 
COMMON /BLK3/ NJMAX* NLMAX, GAMMA. C02F(3;TX2
 
COMMON /NLTERM/ NOZNL2 EXTRA(MX2,4)
 

C 
DO 10 NJ = 1, NJMAX 
NJP = NJ + NJMPX 
U?(IJ) = UCNJP) 
SLI = OO 

- SL2 = 0-0 
SL3"= 0-0-

SL4 - 0-0
 
SNL = 0.0
 
MAX = KMAXC* NJ)
 
IF (MAX .EQ- 0) GO To 25
 
DO 20 KP = 1, MAX
 
NP =IC¢i,NJKP)
 
SLI - SLI + (C(NJKF)* U(NP))
 

20 CONTINUE
 
25 MAX = KPAX(2-NJ)
 

IF (MAX -EQ- 0) GO 10 35
 
DO 30 K-P'= I, MAX
 
NPP IC(spNUPK) -+ NiJMAX
 
SL2 = SL2 + CCC2,NJP) * U(NPP))
 

30 CONTINUE
 
35 MAX = KPMAX(3,NJ)
 

IF (MAXi-.EQ. 0) GO TO 45
 
DO Aj KP = 1, MAX
 
NF IC(3,NJ,KP) 
SL3 = SL3 + fC(3,NJKP) * RV(N?41))


"
 40 CONTINUE
 
45 IF CNOZNL2 -NE. 1) (0 TO 65
 

MAX = XPMAX(4,NJ)
 
IF CMAX .EQ. 0) G0 TO 65
 
DO 60 KP = lp MAX,-

NP = IC(C*NJ,{P)
 
SL4 = SL4 + (C(4,NJ,KP) * EXtA(NFII))
 

60 CONTINUE
 
65 IF (NLMAX *EQ- 0) cO TO 55
 

MAX - XPQMAX(NJ) 
 -

IF (MAX -EQ. OG'O TO 55 
DO 50 K1P = I' MAX
 
NP = IDP(NJ,HPO)
 
NO? IDO(NJsHPQ) + NUMAX
 
SNL = SNL + (D(NJKpQ) * U(N) * U(NQP))
 

50 CONTINUE
 
55 UP(NJ) = -(SLi + SL2 + SL3-+ 5L4 + SNL)
 
10 CONTINUE
 

RETURN
 
END
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COMPILER (FLD=ABS) 
SUBROUTINE GRAPHS (I BUF,NLOG LDEV,NTOT,NTICXJ NTI CY 

1 XAX'YMAX,XtINXMIN,1I1TLXITITLYLTITLX,LTITLY XArRAY 

2 YARRAY,.DELX DELY, TITLE) 

C
 
TYPEC IDENTIFIER MEANING 


C
 
INTEGER
C IBUF: ADDRESS OF BUFFER AREA FOR PLOT OUTPUT 

INTEGER
C NLOC: NUMBER OF LOCATIONS IN BUFFER AREA (>2000) 

INTEGER
C LDEV: LOGICAL DEVICE NUMBER FOR PLOT 

C NTOT: NUMBER OF POINTS TO BE -LOTTED INTEGER 

C NTICX: NUBER OF TIC IAhl{S ON ABSCISSA (>=2) INTEGER 

C NTICY: NUMBER OF TIC MARKS ON ORDINATE (>=2) INTEGER 
C XMAX! UPPER LIMIT OF ABSCISSA DOMAIN REAL 

C YTAX: UPPER LIMIT OF ORDINATE RANGE REAL 

C XMIN: LOWER? LIMIT OF ABSCISSA DOMAIN REAL 

C YMIN: LOWER LIMIT OF ORDINATE RANGE REAL 
FIELDATA ARRAYC ITITLX: ABSCISSA LABEL 
FIELDATA ARRAYC ITITLY: ORDINATE LABEL 

C LTITLXt NUMBER OF CHARACTERS IN ITI2LX INTEGER 
C LTITLY: NUMBER OF CHARACTERS IN ITIILY INTEGER 
C XARRAY: ABSCISSA POINTS IN TEFN1S OF XIAIN-XMAX COORD'S EAL ARRAY 

C YARHAY: ORDINATE POINTS IN TERMS OF YMIN-YMAX COORD'S REAL ARRAY 

C DELX" INTERVALS OF ABSCISSA TIC MAK LABELING 

C IN TERMS OF XMIN-XMAX COORDINATES REAL 

C DELY: INTERVALS OF ORDINATE TIC MARK LABELING 
C IN TERMS OF YMIN-YMAX COORDINATES REAL 
C TITLE: LABEL FOR iHE nHOLE RUN FIEtDATA.ARRAY 
C 

DIMENSION IBUFCNLCC),XAEPAY(NTOT),YARBAY(NTOT)-I1flLX(1)e
 
1 ITIILY(I),YLIT(IOO)
 
DIMENSION TITLE(l) 

C
 
C FIXED BASIC PARAMETERS
 
C
 
o---------------------------------------------------------------------------------


LOGICAL ZERO 
DEFINEZE.RO=NDEC.LT.O.AND.ABS(FPN).LT. .5 

1 . OE.NDEC. GT.O.AND.ABSCEPN)LToS-1.**CNLEC-I) 

DEFINE DNDEC=PDEC-FLD(Os 36,ZERO)*NDLlC-FLD(O36,ZERO)
 
DEFINE IFIX(FARG)=INT(FAPG+" 5)
 
DATA J/I/
 
DATA HEIHT/- 105/
 
DATA INTEO/l1/
 
DATA ABSCIS/8./ A..
 
DATA ORDINA/6./ --
DATA ICODE/-1/
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- -- ------ - -- - - - - - - - - - - - - - - - - - -

DATA TOPMAH/1./
 
DATA BOTMAR/1.5/
 
REAL LEFeAR
 
DATA LEFMAR/1.9/
 
DATA RYTMAR/.1/
 
DATA FACT/I./
 
DATA MAXIS/1/
 
DATA MLINE/1/
 
DATA HTLAB/.105/
 

C 
O 19 INITIAL COMPUTATION OF DERIVED FOARWIETERS
 
C AND INITIAL PLOTS CALL

C 20 SKIPS PRELIMINARIES F0R 2ND AND SUBSEQUENT CALLS
 
C 
C - -- - --
 I --
I --- - - - - ­

- - - - - - __ -_ -


GO TO (19.2o),.
 
19 YDIT(C> = 3-/19-


TICKLE =-HEIGHT/2.

ROTFAC = - 3./14. * HEIGHT ­ 4./7. * HEIGHT
 
STARTL = 6 * HEIGHT + ROTFAC + TICKLE
 
SEPLAB = STARTL + 
 1-5 * HEIGHT 
SYIIBLH = 0.070 
REAL LABSEP
 
LABSEP = 4. * HEIGHT
 
ASTART = 2. * HEIGHT
 
DO I I = 2,100


1 YDITCI) = YDIT(I 
- 1) + (2 * MODCI,2) + 1)/19.

YDIT(IO0) = YDIT(IOO) + -5
 
CALL PLOTSCIBUFANLOC.LDEV)
 
CALL FACTOR( i.)
 

CALL SYMBOL CHEIGHT 36 * HEIGHT + 5.5SHEIGHTTITLE270.,72) 
CALL PLOT(I., - .5, - 3)

3 DO 2 I = 1,100 
2 CALL PLOT(O.,YDIT(I),3 - MODCI,2)) 

DO 33 I = 1,100
33 YDIT(I) = YDIT(I) - ABSCIS - RYTMAR 

C RESET ORIGIN
 
C 
C --------------------
 ------------------.... 

XPAGE = BOTMAn + ORDINA 
GO TO 2019 

20 XPAGE = BOTMAU + ORDINA + TOPMAR 
2019 CALL WHERE(RXPAGE,FtYPAGE FACT) 

YPAGE = RYPAGE - LEFEAH -

CALL PLOT(XPAG&E.YPAGE, - 3)
 
CALL FACTOH(FACT)
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c 
C
 
C DRAO AXES AND LABELING MAXIS TIMES 
C 

DO 100 I = 1,MAXIS 
100 CALL MYAXIS 

C - - - - - - - - - - - ---- - - - - - - - - - - - - -

C DRAV POINTS, OPTIONAL CENTERLINEAND PAGE SCISSOHL 
C MLINE TIMES 
C 

DO z00 I = 1iMLINE 
200 	 CALL MYLINE
 

RETURN 
C 
C 
C ENTRY POINT SHPARG
 
C TERMINATE PLOTTING SEQUENCE
 
C 

ENTRY 	SHPAnG
 
CALL WHEE(RXPAGE,rYPAGE, I) 
CALL PLOT(RXPAGERYPAGE,999) 
RETURN 

C-----------------------------------------------------------
C
 
C SUBROUTINE MYXIS (INTERNAL)
 
C 
c- ------------------------------------------------------

SUBROUTINE VYAXIS 
STARTL = 6 A' HEIGHT + ROTFAC + TICKLE 
IMAX = IFIX((YiyAX - YMIN)/DELY) 
TIOSEP = ORDINA/(ABS(NTICY) - 1) 
CALL DENDEC(YMAXDELY,NDEC) 
K = I 
N = (ABS(NTICY)/IMAX) - 1 + MOD(ABSCNTICY),2) 
DO 9 1 = O,1IIIAX 
GO TO (1,12)*K 

11 	 IF(2 * I.LT.INMX)GO TO 12 
CALL f.LABCO ,ITITLY,LTITLY,HTLAB) 
H= 2 

12 	 FPN = YMAX - I * DELY 
IF(ZERO)FPN = 0. 
TMID = I. 
XPAGE = - I * ORDINA/IMAX - -5 * HEIGHT 
IF(FPN)113, 122,118 

113 IF(NDEC- 2)115,114jl112
1 i YPAGE = STARTL@5CHAR 
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GO TO 112
 
115 IF(NDEC - 1)117.116.112
 
116 YPAGE = STARTL - HEIGHT@4CHAR
 

60 TO 112 "." 
117 IF(ABS(FPN) - 100-)119,116,116 
119 IFCABS(FPN) - 10-)120.121,221 
120 YPAGE = STARTL - 3 *HEIGHT@2CHAR" 

GO TO 112 " 
121 YPAGE = STARTL - 2 * HEIGHT@3CHAR

1
GO TO 112 
122 YPAGE = STARTL - 4 * HEIGHT@iCHAR 

GO TO 112 
118 IF(NDEC - 2)123.116.112 
123 IF(NDEC - 1)125,124,112
 
124 IF(FPN - 10-)121,116.116 
125 IF(FPN - 10-)122,120,126 
126 IF(FPN - 100-)120,121,127
 
127 IFCFPN - 10000121,116,128
 
128 IF(FPN 10000.)116,l114,114
 
112 NNDEC = DNDEC 

CALL NUMBERCXPAGEYPAGEHEIGHT.FPN 270.,NNDEC) 
XPAGE = - * CORDINA/IMhX)-
DO 10 JJ = IN 
YPAGE = TICKLE * TMID 
CALL PLOTCXPAGE.YPAGE,2)
 
YPAGE = YPAGE * C - I + I/IMAX * .5)
CALL PLOT(XPAGE,YPAG.,g) 
IF(I/IMAX)110,110,9 

110 YPAGE = 0 
CALL PLOTEXPAGEYPA'&E, 3) 
XPAGE = XPAGE - TICSEP
 
CALL PLOTCXPAGE, YPAGE,2)
 
TMID = .5 

10 CONTINUE
 
9 CONTINUE 

K= I 
IMAX = IFIXCCXMAX - XMIN)/DELX)
 
TIOSEP ABSCIS/CNTICX - 1)
 
XPAGE - ASTART - ORDINA
 
CALL DENDECCXMAX, DELXNDEC) 
DO 28 I '0, IMAX -


STARTL = - I * ABSCIS/IMAX
 
GO TO (24,25),K 

24 IF(2 * I.LT.IMAX)G0 TO 25 
-"CALL AXLAB( 270-; ITITLXLTITLt, ETLAB) 

K= 2 
XPAGE = - ASTART - ORDINA 

a5 FPN-= XMIN + I * DLX 
IF(ZEHO)FPN = 0.
 
IFCFPN)813,822;818 "
 

813 IF(NDEC -- " 2)8'1'5,8 114, 2 3 
81/4 YPAGE STRTL167:HE1GHtlG'Urfl
 

G0 TO,23 
815 .'tF(NDEC- 1)817.816,23
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816 	 YPAGE = STARTL + 25-/14'. * HEIGHT@CHAR 
GO TO 	23
 

817 	 IF(ABS(FPN) - 100.)819,816s816
 
819 	 IF(ABS(FPN) - 10.)820,821,821, 
820 	 YPAGE = STARTL + 11-/14. * HEIGHT@2CHAR 

GO TO 23 
821 	 YPAGE = STARTL + 9-/7- * HEIGHT@3CHAR 

GO TO 23 
822 	 YPAGE = STARTL + 2./7- * HEIGHTICHAR
 

60 TO 23
 
818 IF(NDEC - 2)823,816,23 
823 IF(NDEC - )825824,23 
824 IFCFPN - I0.)821s816,816 
825 IF(FPN - 10.0822,820,826 
826 IF(FPN - 100.)820s821,827 
827 IF(FPN - 1000.)821,816,828 
828 IF(FFN - 10000-)8161814,814 
23 NNDEC = DNDEC. 
28 CALL NiJiMBER(XPAGE,Y PAGE,HEIGHT,FPN, 270.s NNDEC) 

N = CNTICX/IMAX) - 1+ OD(NTICX.2) 
DO 26 1 = IMPX, O, - I 
TMID = I. 
YFAGE = - I * ABSCIS/IMAX
 
DO 27 04 = 1.N
 
XPAGE 	= - OPDINA - TICKLE * TMID 
CALL PLOTCXPAGE,YPAGE, 3) 
XPAGE 	= XPAGE + (TICKLE + FLDCO,36,I.NE-O) * TICKLE) * TMID 
CALL PLOT(XPAGEYPGE,2)
 
IF(1)111,26, 111 

III 	 XPAGE = - ORDINA
 
CALL PLOTCXPAGEYPAGE,3)
 
YPAGE 	= YPAGE + TICSEP
 
GALL PLOT(XPAGE,YPAGE,2)
 
TMID = -5 

27 	 CONTINUE
 
26 	 CONTINUE
 

RETURN
 
C--------------------------------------------------------------

C
 
C 	 SUBROUTINE MYLINE (INTERNAL) 
C
 
C -----------------------------------------------------------


SUBROUTINE MYLINE 
ITOP = IFIX((ABSCIS A RYTMAR + .5)/11. * 99-) 
IBOT = IFIX(CYTNAR/I1. * 99.) 
DO 17 	1 = 1,NTOT 
XPAGE 	= (YARAY(Il - YMAX)/CYMAX - YMIN) * ORDINA 
YPAGE 	 = CYMIN - XAR}HAYCI))/(XVAX - MNIN) * ABSCIS 

17 	 CALL SYNBOL(XPAGE,YYAGF}, SYMBLH, INTEO, 270. I CODE) 
IF(NTICY.GE-0)GO TO 22 
XPAE = - DINA/2. 
YPAGE 	= - A1SCOIS ORIGJNAZ PAGE
CALL PLOT(XPAGEYPAGE,3) OZ POT
 
DO IS I = IBOT,ITOP
 

138
 



-----------------------------

18 CALL PLOTCXPAGEYDIT(I),3 - MODCI,2)) 
22 XPAGE = TOPNAR 

YPAGE = - ABSCIS - RYTMAR- -5
 
CALL PLOT(XPAGE,YPAGE,3)
 
DO 21 I = 1,100
 

21 	 CALL PLOTCXPAGE,YDIT(I),3 - MODCIP2)) 
RETURN
 

C 


C
 
C SUBROUTINE AXLAB (INTERNAL)
 
C
 

SUBROUTINE AXLABC ANGLE, I BOD. NCHARX.HEI GHT)
 
DIMENSION IBCD(7)
 
LOGICAL S
 
INTEGER 05Q/' S11
 
H = 2
 
NCHAR = NCHARX
 
S = .FALSE.
 
IFC.ABS(ANGLE).GT..1)GO TO 30
 
XPAGE = - CRDINA/2. - NCHAR * HEIGHT/2
 
YAGE = SEPLAB
 
GO TO 1"
 

30 	 XPAGE'= - &RDINA - LABSEP 
YPAGE = - ABSCIS/2. + NCHAR * HEIGHT/2 

31 	 LSTART = 6 * MOD(NCHAR,6) - 12 
IF(LSTART.EQ. - 12)LSTART =2 
LOO = NCHAR/6 - 1.1 
IFCLSTART.Ee. - 6)G0 TO 13 
IFCFLD(0..2 ',S').EQ.FLDLSTART,12,rBCDcLooK)))aOTO1	 15 
GO TO 	 14 

13 IF(FLDCO6,',').NE.FLD(3O,6,IBCDCLOOK - 1)))GO TO 14
 
IF(FLD(0 6-'S')-NE-FLDC0,6 IBCD(L00K)))6O TO 14
 

15 NCHAR = NCHAR - 1
 
S = -TRUE.
 

14 	 CALL SYMBOL(XPAE,YPAGE,IEIGHT, IBCD.ANGLENCHAR) 
IF(S)CALL SYMBOL(999.,999.,2 * HEIGHT/3,QSQ,ANGLE,2) 
RETURN 

C -------------------------------------------------

C
 
C 	 SUBROUTINE DENDEC (INTERNAL)
 
C 
C-----------------------------------------------------

SUBROUTINE DENDECC(0MAX,DELQNDEC)
 
IF(INTCABS(MAX)).GE.10)6O TO 5
 
IFCAMOD(ABS(QMAX - DELQ),.I).GE.-OI)GO TO 1
 
NDEC = I
 

f/VRETURN 
5 NDEC = - I 

RETURN 
7 NDEC = 2 

RETURN 
END
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