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ABSTRACT

An acoustic radiation anaiysis has been developed to predict the
far-field characteristics of fan noise radiated from an
acoustically lined unflanged duct. This analysis is comprised of
three modular digital computer programs which together
provide a capability of accounting for the impedance mismatch
at the duct exit plane. This report discusses thz Duct
Termination Impedance Program whose relationship with the
other two modular reports of the analyses is illustraied on the
following page.

Admissible duct configurations inciude circuiar or annular, with
ar without an extended centerbody. This variation in duct
configurations provides a capabil’ty of modeling inlet and fan
duct noise radiation.
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1.0

1.1

1.2

INTRODUCTION

Background

This report discusses the Duct Termination Impedance Program that forms the
intermediate link for the package of modular computer programs which together form 2
first generation capability for the analytical prediction of far-field noise being radiated
from an unflanged inlet or exhaust duct.

The development of this program had its origin in the need for a method to correct the
far-field directivity patterns for the discontinuity in the duct impedance that exists at
the duct termination. It is knowr that when a propagzting wave traverses the duct exit
plane that part of the energy is reflected back up the duct while the remainder is
transmitted through the interface. In addition, the radial variation of the termination
impedance generates higher radial duct modes, Thus, both refiected and transmitted
waves contain modes other than the modes comprising the incident wave. Obviously, it is
necessary to understand the concept of modal coupling to determine the amount of
energy radiated to the far-field and its modal content.

The subject program coupies the infinite space exterior to the duct, to the interior of the
duct by accounting for the impedance mismatch at the duct exit plane. This digital
nrogram utilizes the output from the Acoustic Source Uistribution Program, Reference
1, to generate the pressure distribution and impedance which act on the duct exit plane.
This information is then used by the Directivity Index Program, Reference 2, to
determine the far-field radiation patterns for a semi-infinite length duct which are
corrected for the impedance mismatch at the duct exit plane.

Technical Approach

This technical development is concerned with the effect of the impedance mismatch at
the duct exit plane on the radiation of fan or comptessor noise from an inlet or exhaust
duct. Admissible duct configurations, shown in Figure 1, include unflanged circular or
annular ducts, with or without extended centerbodies,

The approach presented here is an extension of the case of the radiation of sound from a
duct with an infinite baffle on its end to the unflanged case which accounts for the
diffraction of sound around the outside lip of the duct, Phased contributions of the
outer and extended inner duct surfaces and the duct exit plane must be determined and
then combined to determine the total pressure acting on the open face.

The duct termination impedance characteristics of the duct configuration are determined
from the spatial distributions of acoustic sources over the duct walls and exit plane, The
source distribution which satisfies the imposed boundary conditions is determined by
the Acoustic Source Distribution Program, Reference 1. These boundary conditions
require that the acoustic perturbation velocity normal to the outer duct walls must
vanish. In addition, the normal velocity distribution over the duct exit plane must equal



the velocity distribution associated with either a single mode or a combination of modes
of discrete frequency.

The acoustic source strengths are numerically integrated over the duct walls and exit
plane to vield the pressure distribution on the duct face. From the calculated pressure
distribution and the known velocity distribution, two impedances are calculated. The
first is a localized or point impedance which is defined as the ratio of the pressure on a
given segment on the duct face to the velocity on that segment. This distributed or local
impedance reflects the modal coupling effects of the impedance mismatch at the open
end of the duct. The second impedance is a modal impedance which is constant across
the duct face and provides a measure of the radiation efficiency of the given velocity
distribution.

Several assumptions have been made in this development. These concern the transport
characteristics of the model and the decomposition of the acoustic sound energy into the
acoustic modes present in the duct. The acoustic sound is assumed to be radiated
through an ideal fluid {nonviscous) which has no mean flow, This simplification will not
significantly affect the results for noise propagation through a locally subsonic flow field
of an inlet. However, radiation through an exhaust or jet flow will not be represented
properly by this model.

The velocity distribution is assumed to have a Cos {m6) type of angular dependence.
This simplification is justified by the angular characteristic functions determined from
the solution of the governing wave equation for sound propagation through annular
ducts. This assumption does not affect the ability to couple different modes in the
far-field program, Reference 2, but does restrict this program to the extent that for a
velocity distribution whose angular dependence is specified by a combination of
different m angular modes, a separate analysis must be made for each set of angular
modes.



2.0

MATHEMATICAL DEVELOPMENT

The acoustic pressure on the open face of an unflanged duct is formulated in terms of
the acoustic velocity potential, This formulation provides a mathematical model with a
straightforward methad of satisfying the velocity boundary conditions on the duct walls
and exit plane, The phase of the pressure wave transmitted through the duct exit plane is
accounted for in the phase relationship of the potential function.

Since the velocity potential is governed by a linear set of equations, superposition may
be used to determine the field potential #in the region exterior to the duct. The
potential for the mathematical model shown in Figure 2, is determined by the
superposition of three potentials fﬁo, qﬁ Q’? which represent the contribution of the
duct face, outer duct wall and extended centerbody duct wall, respectively. This
technique is expressed mathematically by

P (r, 0.2,1) = G+ B+ 9, (1)

The component velocity potentials are determined by a spatial distribution of monopole
acoustic sources on each reflecting surface. For example, the velocity potential due to a
distribution of harmonically vibrating sources on the face of the duct is

ot 277 b iwﬂo/c
_ éLw ff ¢0 {ro} e COS(mGO)rg dﬁodrn (2)
0 Yo Ro

The form of this integral equation is derived from the following assumptions:

® Acoustic velocity at the point P may be determined from a monopole
acoustic  source e""’ wt- kR°)/RD which represents an outward

propagating wave and is a solution of the wave equation in spherical
coordinates,

s The angular dependence of the potential may be described in terms of
the characteristic function Cos {(mé) for a given angular mode number m.

] The radial distribution of sources is given by the spatial distribution
function @,(r} which is determined by the Acoustic Source Distribution
Program, Reference 1.

Similarly, the velocity potential terms for the outer and extended inner duct wall
surfaces, respectively, are

¢ = gw"‘f[?ﬁ( ) gt cos(m6) dg,bdzx, (3)
0
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@, = é“f[ [ Pz} e £ cos{mg) df,adx, "
0 Yo
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Acoustic pressure is related to the velocity potential by
8¢
P =P 3,

The velocity potential of Equation (1) vields the following expressnon for pressure
varying harmonically.

p=—iwpP { b b+ cbz} (5)

To determine the pressure at the point r,@ on the open face of the duct, the separation
distances in Equations (2) through {4) are

R; ='\/(r cos f — Aj cos 6j)2+ (rsind —Ajcas 0] A (8)
where | =0,1,2

Ao = To

Ap=b

Ao = a

A useful quantity in the study of sound radiation from ducts is the modal impedance in
the axial direction. The modal impedance at the duct exit plane is defined in terms of
the acoustic pressure and velocity, in any mode, which are present on the duct exit
plane.
7=
v

The modal impedance which is expressed mathematically as a complex quantity, is
written in terms of its real and imaginary parts which are normalized by the specific
impedance of air pe, by

The variable T is the radiation resistance which is a measure of acoustic energy radiated
through the exit plane and the variable X is the radiation reactance which is a measure of
the acoustic energy reflected back up the duct.

Acoustic pressure and velocity are related to the impedance through the sound intensity
radiated through the duct exit plane. In a stationary medium, the sound intensity is
defined to be the time average of pressure times velocity. Mathematically, the intensity is



related to the real part of the product of the complex conjugate of the pressure and
velocity by

I'—“ Re(p*\')

1
2 (8)

Sound intensity, normal to an area, is the rate at which the sound energy crosses a unit
of that area. Thus, the total sound power radiated through the duct exit is

b 27
II= ff I rudrudeg (9)
a’o

Sound intensity is related to the impedance by two expressions; one which involves only
the radiation resistance

and the other which includes the radiation reactance.

I=l ,_7'1_9!3_._
2 Pe{T2+X?)

These expressions are substituted into Equation {(9) and the resulting expressions for
radiated energy are equated to vield the following relations for the impedance:

, jf&e(p*v) ro drg d6g
T = . (10)
fflvlzrodrodga .

I f/ 1P| ry diry d6,
2

(Pc)? ¢ 2
ff v|” ry drgdfy




3.0

METHOD OF SOLUTION

The constraint on this program to be compatible with the Acoustic Source Distribution
Program of Reference 1, required that the “Box Method” technique be used to solve
Equations {2) through {4). This mathematical technique assumes that the varfation of
the source distribution over a small portion or hox of the reflecting surface is constant,
an assumption which allows the integrations to be evaluated by a summation. To
facilitate the numerical solution of these equations, the duct exterior face is divided into
a sequence of M annular rings, and the duct walls into N and N2 cylindrical segments as
shown in Figure 3.

Application of the box method to ¢0, the duct face contribution to exit plane pressure,
enables the integral equation to be written as

ML ei% Ro
¢O=Z¢QIZ ff cos(mbh) T to drod@y (12)

I=1 K=1 A’I A8y
For the duct wall contributions, the equations become

14 R,

N L

¢|=Z @tIZ ff cos(m#,) e—R‘——— bdz, d@, (13)
=1 K=l 4y A6,
N2 i%-RZ

L .
¢, = qbzlz ff cos (mf;) %mm adz, df, (14)
2

I=1 K=1

Equations (12} through (14 } are integrated numerically. The numerical technique used
is an even order Gaussian quadrature scheme. The integration for each annular segment is
performed by an iterative method. An initial even order quadrature is chosen (usually
2nd or 4th order} and the integral evaluated. The order is increased by 2 and the
integration repeated.

The two values of the integral are compared. If they agree to within a specified error, the
next segment is integrated, |T agreement is not obtained, the order is again increased and
the procedure repeated up to a specified maximum order. At this point, the last
calculated value of the integral is used and the integration procedure passes to the next
seginent. ' :

The quadrature method used is the Gauss formula for arbitrary intervals,

b boa RE (15)
f F(x)dem22 Z Fogw o
a j=



This relation states that the integral may be approximated by a summation of NG (the
order of the quadrature) evaluations of the function at a prescribed abscissa x; which are
multiplied by the associated weight w; The abscissae and weights of the Gaussian
Quadrature may be found in Reference 3. The referenced abscissae have the normalized
range -1 < y < 1 and are related to the arbitrary interval abscissae by

_(bya) (b=a)
= T T g Y

The numerical equations for the evaluation of the contributions of the duct face, outer
duct wall and extended centerbody wall to the pressure, denoted by Py P1 Po
respectively, are

ay) .
~—-—-———C°S}§m k.) sm(%’- R

&

(16)

ML G
o, =0y 8,3 bAZIAeK 35 % co;(mak) in(2 R, (17)
. ik

wZ%I aAzIAtJK Z Zi cos(mfiy) sm\ s )
o

(18)
k

The acoustic pressure distribution on the duct face is determined by performing the
operations of Equation {5) for each annular ring.

—i %’Jz) cos(ﬁc- R,)} w‘i w

pr = Plpg + Py +Po)y



In the evaluation of pg, the integral cos (-“(-:J-RO)/HO in Equation (16) is nearly singular
when the integration is performed over the box containing the control point. The effect
of this singularity on the numerical quadrature is a degradation in its convergence, [f the
error resulting from a low order quadrature is not acceptable, either a higher order
quadrature or a closed form evaluation of Equation {16) must be used.

In view of the extremely poor convergence of the quadrature in Equation (186), a closed
form approximation of the integral was used. A technique was developed that consisted
of removing the singularity by a change of variables and using the series expansion for
the exponential funetion. The excellent convergence properties of this approximation
required only a small number of terms. This integral equation is approximated by

. e f'(% RU)
—l:wfﬁ/- T— rdedf =
AFA 0 ,

2
2 (“é—A) (we) cot & I,

tana f;lri--Q <

3
. sec & + tan ¢! . o (wAY o
*L; 2 WA !nl:seca - 'rcma] ‘Gn 2 =5~ tana sz 1;2

3
cscorcotd| ~ o (WB)
+ 2 WB |n [—c—s‘m:l I;G 2 o2 cofd csc ot 1;4

where
_ rAf
A=%5
_ Ar
B=73
_ Ar
= gre tan [rﬁ(-)]
WA = LA
¢
WB - -wv-g
e

In is the natural logarithm

b+ 1/3(secer 12)] /1800

L
]
=

(WA)Q(sgc?a 12)/36+(HA)° [sec

(18)8 (sec®e 46/5 (secer +4/3(secler +2))) /141120

(WB)2(csc-2a +2)/36—«~(WB)LP [csch'cx +1/3 cscea.+8/3] /1800

(W'B)6(csc6a 46/5(cschot /3 csco +8/3)) /141120

1



It =1- w2 12 + @a)*/320 - (wa)°/16128
1_1'2 =1/6 - (WA)E(secaa +3/2)/2’+O+(WA)LI'{sechcz 5 _sec 2o +5/8) /5040
3 Y15

=1 - @212 + WB)*/320 - (we)®/16128

o
}

5c:sc o

I, =1/ )2 (caclar 43/2) /2lo+ (wB) (esc e + 29080 *T) /15120

The local impedance for each annular ring is calculated from the acoustic velocity and
pressure determined at the duct termination,

The radiation resistance and the radiation reactance of the modal impedance are
calculated from the numerical form of Equations (10) and {11).

M 2
> Re(prv) (Ar)

= 1 I=1
T = e M 2 ) (19)
; [\.r|I (4r)

Moo, '
> Iel: an)
X = ic v = — T (20)
|v

I=1
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4.0

4.1

4,2

RESULTS

Application

The numerical techniques developed in Section 3 are applied to the mathematical
representation of the radiation problem developed in the Acoustic Source Distribution
Program, Reference 1. Dnct segmentation parameters and corresponding source
distributions are input to this program to determine the termination impedance
characteristics of the duct configuration. Far-field directivity patterns corrected for
termination impedance effects are determined for each mode and then combined to
vield the total noise sighature. [n the event both an inlet and fan duct are to be modeled,
their respective far-field directivity patterns can be calculated and then combined to
yield the total noise signature of the nacelle.

An example duct radiation problem is presented to illustrate the output of this program.
A source distribution which was generated by Reference 1 for a plane wave velocity
distribution on the face of a circular duct (example probiem 1) was input to this
program. The resulting pressure distribution for the duct exit plane is shown in Figure 4.
Value: of pressure which are normalized by the characteristic impedance of air, pc are
plotted against the radial position of each control box. Behavior of the pressure near the
outer duct wall is due to the singular behavior of the source distributions, which is
discussed in Reference 1. Since the velocity distribution for a plane wave is uniform
across the duct, the resulting local impedance is proportional to the pressure, Thus, the
lacal impedance is shown to vary across the duct cross section. The value of modal
impedance that resulted from this analysis is given by its components:

T =.520

X=193

Limitations

There are several limitations to this analytical program. First, the effect of mean flow
within the duct on the termination impedance has been neglected. Although application
of this analysis to a nacelle radiation problem does not yield an exact model, it is
anticipated that this simplification will not significanily affect results for noise
propagation through a locally subsonic flow field of an inlet. However, radiation through
an exhaust or jet flow will not be represented properiy by the present analysis.

The second {imitation to the program is restriction of the specified velocity distribution
on the face of the duct to a Cos {m@) type of angular dependence. This assumption does
not affect the capability of the program to combine different m angular modes in the
far-field by superposition of the source distributions. It does, however, restrict this
program to the extent that for a velocity distribution whose angular dependence is
specified by a combination of different m angular modes a separate analysis must be
made for each set of angular modes.

11



5.0

CONCL.USIONS AND RECOMMENDATIONS

An acoustic radiation analysis has been developed that predicts the angular disttibution
of acoustic energy in the far-field that is radiated from an unflanged duct, In spite of its
many advantages, this acoustic radiation analysis is limited in its range of application.
For this reason, this analysis has been relegated to the role of a first generation analysis
in a commitment to develop an analytical package which will predict radiation
characteristics of a turbofan jet engine. As discussed in Reference 1, the present version
of the analysis reaches optimum efficiency when it is applied to low frequency noise
radiating from an infinite duct. This and the other 'imitation due to a Cos{m®) type of
angular dependance of the velocity distribution are an inherent property of the “box
method’’ numerical technique.

A second generation version of the program could avoid these limitations by utilizing a
collocation technique of evaluating the integrals of Equations {2) through (4). The
primary feature of this technique is that a selected analytical expression is used to
represent the source distribution. The time saving feature of the collocation technique is
that it requires fewer evaluations of the integrals, The collocation procedure would
enable the analysis to handle any combination of angular modes, a result which would
remove the angular modal coupling limitation and eliminate the need for a large number
of angular boxes.

In addition to the collocation procedure, a second generation version of the analysis
should contain a method of accounting for a mean flow within the duct. This method
should account for the effects of velocity gradients on the distortion of the radiation
field by the jet.

PRECEDING PAGE BLANK, NOT FILMID)
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NOMENCLATURE

Computer Program Variables

A
ALIMP
B

cl)
CH!
c2(1)
CHK
D{1}
INK
K

L

Mw

M

N

N2
P{1)
PHI(I}
R
RO,RI
RHO
S
TAU
1T

Tl
vil)
w
WDS
XANG

Centerbody Radius

Local Impedance

QOuter Duct Radius

Dimensionless Size of ith Box on Duct Outer Wall
Radiation Reactance

Dimensionless Size of Ith Box on Extendesd Centerbody Wall
Convergency Criterion

Dimensionless Size of Ith Box on Puct Exit Face
Configuration Parameter

No. of Polar Angles at which Far Field Data is Required

No, of Angular Boxes

Angular Mode No,

No. of Angular Boxes

No. of Cylindrical Boxes on Duct Wall

No. of Cylindrical Boxes on Extended Centerbody Wall
Pressure Distribution of fth Box

Source Strength Distribution of th Box

Radial Coordinate

Distance between Point on Duct and Field Point

Density of Alr

Sound Speed in Air

Radiation Resistance

Angular Coordinate

Angular Coordinate Integration Variable

Velocity Distribution of Ith Box on Exit Face

Frequency Radians/Second !
Wave Number W/S ‘

Nondimensional Angular Size for Control Box

24



The basic operation of the Duct Termination Impedance Computer Program is described and the
input/output formats are listed. A flow chart of the program is presented in Appendix 2 and listings
of the main program and its subroutines are presented in Appendices 3 through 7. An example
problem which illusirates the irnput preparation and output format of the program is presented in

Appendix 8.

INPUT

The input data for the program consists of 23 variables whose symbols and card formats are

described below:

CARD OR
CARDSET FORMAT

1 3612 K

N2
INK

MW

NN

LP

2 6E12.6 A

DATA

Number of angular points, {§, at which the directivity
index will be calculated.

Number of annular rings used to represent the face of
the duct,

Number of cylindrical rings used to represent the
outer duct wall.

Number of cylindrical rings used to represent the
extended inner duct wall (if present)

Indicator for extending the inner duet wall past the
duct face. 0 does not extend the wall, 1 extends it to
infinity.

Angular mode number.,
Maximum nuember of passes 1o be made through the
quadrature iteration loop. NN is refated to the highest
guadrature order NG by NN = NG - 2.

2

Number of angular segments.

.Number of integrations in integration routine.

[nner duct radius
Quter duct radius

Circular frequency, radians/second

25



5*

9*

6E12.6

B6E12.6

6E12.6

6E12.6

B6E12.6

6E12.6

'B6E12.6

CHK

XANG

RHO

clh,

PHIO
M=1M

PHI{I),
=1, N

PHI2(1)
=1, N2

Speed of sound in units consistent with those of A
and B - _

Convergence criteria for numerical integration

Nondimensional angular size for control box Radians
=2 7{XANG).

Air density in units consistent with A, B, and S.

Quter duct wall box lengths, These lengths are
normalized by the outer duct radius, numbered with
C(1) closest to the duet exit plane and | increasing in
the negative z direction.

Annular ring box widths, These widths are
normalized by the outer duct radius, numberaed D({1}
at the duct centerline (or adjacent to the centerbody
wall duct exit plane intersection/and | increasing to
D(M} at the {ip of the duct.

Extended centerbody wall box lengths. These lengths
are normalized by the outer duct radius, numbered
with C2(l) closest to the duct exit plane and |
increasing in the positive z direction,

Velocity distribution on the duct exit plane. This
distribution is numbered with V(1) at the duct
centerline {or adjacent to the centerbody wall duct

exit plane intersection) and | increasing to V(M) at
the lip of the duct.

Source distribution on duct face, Method of
numbering this source distribution is analogous to
D{l).

Source distribution on outer duct wall. Method of
numbering this source distribution is analogous to
G(1.

Source distribution on extended centerbody wall.
Method of numbering this source distribution is
analogous to C2(l}.

*Card sets b and 9 are needed only if INK =1,
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PROGRAM FLOW

Program operation caonsists of two separate parts. The first part is a loop which calculates the local
pressure distribution and the resulting local impedance. Equations (16) through (18} are solved to
yield the exit plane and duct wall contributions pg, p4. po to the pressure distribution on the duct
exit plane, The second part calculates the value of the modal impedance. Equations {19) and {20)
are solved to yield the resistive and reactive components of the modal impedance.

Four subroutines are required to calculate the pressure distribution on the duct face. PRESO,
PRES1, zn: PRES2 calculate the contribution of exit plane and duct wall contributions to the
pressure distribution. GAUSS is the subroutine that provides the weights and abscissae for the
Gaussian quadrature described in Equation (15). Listings of PRESQ, PRES1, PRES2, and GAUSS
are presented in Appendices 4 through 7, respectively.

QUTPUT
The output format consists of three groups of data:
1. Input Data — All pertinent input data are printed out.
2, Distribution of pressure and impedance — Values of local impedance, pressure and velocity
for each annular ring and its corresponding radial position are printed out in row format.
For each angular integration that fails to meet the convergence criteria, values of angular
position, radial position, differences of the real and imaginary parts of the integral are

printed out.

3. Modal impedance — The resistive and reactive parts of the modal impedance are printed.
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APPENDIX 2

PROGRAM FLOW CHARTS
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APPENDIX 3

MAIN PROGRAM LISTING
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THIS PROGRAM CALCULATES THE ACOUSTIC IMPEDANCE QOF
THE DUCT EXIT PLANE
70M915 20 - 20

[aNENy]

INTEGER *4& DRECTP /02/
COMPLEX *8 CHPLX

1 1POLPL,P2,P

2 fPHIO(40}y PHI1(40) ,PHT2(40} 4VI140),ALIMP
DIMENS ION

1 PNI4OY,PD(2y1) o#VDI241} VMI40),PM({40)

2 ¢D{40),C(40),P(80) 1C2140) yE{40)

EQUIVALENCE {PD(1+1}sPL1}) H(VD{1l,1},VI(L})
COMMON/TATA/L+MeN NNy LP yMWe AyBoeWoS,CHKD4C,E,PE
COMMON/PHI/PHIO,PHIL,PHIZ24PO,P1 ;P2
COMMON /C2N2/ C24N2
100 FORMAT {28612}
220 FORMAY {&E17.51)
10C0 FORMAT {*1 TUBE END IMPEDANCE PROGRAM FOR UNFLANGED ANNULAR DUCT
le?// 25Xy "I HPUT D AT AY)
402 FORMAT ('0 THETA BOX WIDTH ON DUCT FACE'/)
403 FORMAT (%1 VEFLOCITY ON DUCT FACE'/)
407 FORMAT (11!}
408 FORMAT {90 A =1, 1PE1346y ' B =%y El3.64 * W =", E1346. * S =7,
1 El3.6/ 'OCHK=%', El13.6+ ' RHO=', F13,61}
1100 FORMAT (70 ANNULAR RING BOX WIDTHS® /1
1200 FORMAT ('O QUTER DUCT WALL BOX LENGTHSY /)
1300 FORMAT [ *0 INNFR DUCT WALL BOX LENGTHSY /1)
1400 FIRMAT [(*0C SOURCE DISTRIBUTION ON DUCT FACE.! /)
1500 FORMAT {('C SOURCE DISTRIBUTION ON QUTER DUCT wWALL® /1)
1600 FORMAT ('C SOURCFE DISTRIBUTION ON TINNER DUCT WALLY /)
= * * * * * * * * * % * * * * *
READ £E+100}) Ky M¢ Nys N2, INK, MWy NNy L4LP
RFAD (54220} Avr By Wy Sy CHK, XANG + RHD
READ {5,22C) (CLI¥y T=14MN)
READ (5,220) (NEIYy T=14M)
IF {INK «GT. Q) READ (5,220} {C2{11~1=1,N2}
READ (£,220) (ViT), I=14M)
READ (5,220} (PHIO(TI ), I=14M)
READ [E.220C1) (PHIL(T)+1=1.+N})

IF {INK «GTe C} READ {5,220) {(PHIZ2(T},1=1,N2}
E{1} = XANG
DT2= (1.0E0 ~ XANG} /7 (L-1)
DO 50 I=2.,L

50 FIIY = DT2

105 FORMAT ([ 1PEléebHs 3EL1B.5)

104 FORMAT (*'C L =%, T4, * =%, T4, ¥ N =%, J4, ¥ NN =1, I4,
1 ' LP =%, T4, ¢ MW =1, 15, ¢ INK =4 I5/)

WRITE ({&64,1000)

WRITE(G6,408) A.ByWy S4CHK,y RHO
WRITE[G+104) LeMeNNNyLPyMW,INK
WRITEL&4+105) (D{I}41=1,M)
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laNeNe]

210
211

212

151
170

500

400
201

203

WRITE (&, 12001

WRITE{6,105) (C{I}. I=1,N}

IF {INK «GTa. O} WRITE (é&y 130Q0) : _

IF {INK oGTa O) WRITE (&, 105) (C2{I)s I = 14N}

WRITE (€&, 402}
WRITEL6,105) (ELI}41=1,4L)
WRITE {&y 403) -
WRITE(651C5) (VIT}eI=],M)
WRITE [6&, 1400)
WRITE(6y105) {PHIO(I)4I=1,M)
WRITE (&, 1500)
WRITE{65105) (PHIL{I},1=1,N)}
IF [INK «GT. Q) WRITE (6, 1600)

IF {INK «GTo O} HRITE (6,105} {PHI2 (I}4¥=1,N2)
INITIALIZATION * ¥ * *
PI=34141552653589793
FINK = FLOATUINK)
gnz = 8 / ZnDG
WDS = W /7 S
FMW = FLOAT{MW)
PI2 = PT * 2.DC
A =B % W
AW = A * ¥
AA = A * A
BB = B * B

THIS .00P CALCULATES THE RADIAL PRESSURE DISTRIBUTION

DO 200 JC=14+M

P{JCYI= CMPLX{0.LEO,0.0EDQ)
IF{JC-1)210,210,211
R=D{JCI*BD2 +A* FINK

G0 10 212

JE=JC~1
R=R+(D{JE}+D{JCII*BD2
CONTINUE : '

IF (RaGTaA)} G TO 170
IF { INKaFQal «CRe VDI1l,JC)eEQeCaDO} GO . TO 203

FORMAT( 1HGy5X+13,6X 4025414}
CONTINUE

CALL PRESOI(R]

CALL PRESIL(R)

TF{ INK-1} 400,5C0,500

CALL PRES2(R) '

P{JC)= {PO + Pl + P2} * RHO

GO TO 2C1

P{JIC) = (PO + P1) * RHD:
CONTINUE '

AL TMP. = PLJC) / V{JC]}

GO TO 202

PLJICY= CMPLX{(QeCEOQOy 0aOEQ}

43
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202 CONTINUE :
WRITE [&y 160} JC, Ry ALIMP, P(JC), VIJC]

160 FORMAT (* ANNULAR RING NQO*, 13, 1? RADIAL POSITION =",1PEl4et/
1 25X, 'LOCAL IMPEDANCE ="', 2El4.6/
2 . 32Xy 'PRESSURE ='y 2El4.6/
3 32Xy YVELOCITY ="'y 2El4a86/)

20C CONTINUE

THIS LOOP INTEGRATES THE VELOCITY AND PRESSURE DISTRIBUT IONS
OVER THE DUCTY FACE

oo

0O 300 I=1.M
VMIT)=VO{1, I)%%2+VD 2,1 )%%2
PNUTLI=PD{1, I)%%2+4PD (2,41 )%%2
300 PMIT)=PB{Ll, 1)*VD{1,1) + PDI(2,1) #* VDI{(2,I)
RINT=0.C
PINT=0.0C : : :
VINT=0a.C ‘
D0 230 K=1.M
If (K-1% 321,331,332
331 RR=D{K}*BD2 + FINK % A
Gh 10O 322
332 KiL=K-1
RR=RR+ (D(KL}I+D{K})*BD2
333 CONTINUE
RA=RR-D{K}*BD2
RA=RR+D(K1*802
DEL={RB*¥RB~RA*RA) /2.0
RINT=RINT+PN{K)*DEL
PINT=P INT+PMIK)*DFL
330 VINT=VINT#VMIK)*DEL

CALCULATE THE REAL AND IMAGINARY PARTS 0OF THF
TUBE END TMPEDANCE

TAU=P INT/{VINT*S%RHD)
CHI={{VINT*RINT-PINT*PINT)*%0,5) /[ S¥VINT*RHO}

WRITE(6,305) TAU

305 FORMAT{1H 410X, 'RESISTANCE RATIOy TAU = 7,E15.8)
WRITE{6,3050) CHI
3050 FORMAT{1H ,10X*RFACTANCE RATIG, CHI = ¥,E15,8}

9000 CONTINUE
5T0P
END

“
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Ao

aRa el

221
222

223

234

SUBROUTINF PRESCIR)
ZDM915 21 - 21
THIS SURROUTINE CALCULATES THE CONTRIBUTION OF PHIO
TO THE PRESSURE ON THE DUCT EXIT PLANE
REAL *4 FS5DB/4625D00/y FS5DL2/«4166666666£566666D0/
1 JF16D5 /3.2D00/ 4F6D5/1.200/
COMPLEX %8 CMPLX
1 PPHTO{40), PHI1({40) PHIZ(40) +PO4PL,P2,PART
DIMFNSION X(20)+WT{20),D{40)+C{40)+E(40),PB{40]},PT{40}
COMMON/PHI/PHIQ,PHIL1,PHI24P04PL,P2
COMMON/DATA/L s My N NNyLP ¢ MWy AyBe W S+CHKsD4C+ELPI

COMMON /ANG/ FINKy, BD2, WDSy, FMW, PT2, BWsy AW.BBy AA
PO= CMPLX{CsOEC,0.0F0}

CT=1.0 '

ST=U:0

LOOP FOR THE ANGULAR VARIABLE

DO 220 KC=1,L
IF{KC~1)221,221,222
TT=0.0

GO T 2232

ACL=KC-1
TT=TT+{E{KCL)}#E(KC ) }*PI
DT=EIKC)*2.0%P[

LOOP FOR THE RADIAL VARIABLE

DD 2320 K=14M
IF{K-1)231,221,232
RR=D(K1*BNZ +A* FINK
Gn 7O 232

KL=K-1
AR=RR+(DI(KL}+D(K}}1*BD2
CONT INUE

CLOSED FORM INTEGRATION OVER THE PRESSURE SINGULARITY

BZ=D{K)%BD2Z

AZ=R%0T/2.C

BZDT = BZ * DT / 2.D0
IF{KC-11234¢234,235

RQ=R+D{K}*B /5,0

RP=R-D{K1%B/540 _
IF{{RR «GE+RQ)a0ORe (RRLLEGRP}S GO YO 235
TN=BZ/AZ

ALP= ATAN(TIN)

SEC=1.0/ COS(ALP).

SEC2 = SEC * SEC
SEC4 = SEC2 * SEC2
SECE = SEC4 * SEC?

46



e RaNel

235

CSC=1.0/ SIN(ALP)

CSC2 = CSC * CSC

CSC4 = C5C2 * (CsC2

C5C6 = CSC4 * CSC2

COT=1.0/TN
CFL1=AZ*ALOG{{SEC+TN)}/(SEC~TN} J*W*{-2,0)
WA=W*AZ /S

WA2 = WA % WA

WAL = WA2 * WA2

WAL = WA4 * WAZ

CF1l=CF1#{1.0-WA2Z /12.0+WA4 /320.0- WAG 716128401

CF2=WAZ  *W*AT¥TN*SEC/3.0

CF2=CF2*[le0-WA2 *{SECZ +1a45) /406 O#WAL *{SECH /3.0+ SEC?
1*F5D012+ FSC8 )/840.0}

CF3=BZ*ALOG{(CS5C+CAOTI/(CSC-COT) ) ¥Wk {240}

WR=WkBZ/5

WB2 = WB * WB
WB4 = WBZ * WR2
WBE6 = WB4 * WB2

CF3=CF3%{1.0-WR2 /12.,0+WB4 /32C.0-WB& /1612840)

CF4=WR2 *WkBZ*COT¥CSC/3.0 _
CF4=CF4%(1,0-WB2 *(CSC2 +1.5)740.0+WB4 *[CS5C4 /3.0+ csc2
1¥F5012 + F5D81/840.0!

PTT=CF1+CF2+CF3+LF4

DF1=WA2 *S*TN*2,0

DF1=CF1*(1,0-WA? =*{5EC2 +2.0) /364 0+ WAL  *(3,0*SECE +4.0%5EC?
14840)1/5400,0-WAE *(15,0%SFC6 +1B.,0%5FC4 +#24,0%5FC2 +48.01/2116
2800.0C)

DF2=kB2 *S*COT*2,0

NF2=DF2%{ 1.0-WB2 *(CSC2 +2.01/36.0+WB4 *(3,0¥%CS5C4 +4,0%C5C2 +
18.0)/5400eC-WRE #{CSCE6 +640%CS5C4 /5.0+#8.0%CSC2 /5.0+F16N5 1/
2141120.C!}

PAR=DF1+CF2

GO TO 2¢€1

CAONYINUFE

nn 250 J=1,L°P

ILK=J

TLE=NN+2¥{J-1)

PB{JI=CaC

PT(J)=0.C

CALL GALUSSIX,NT+ILL)

SANR=C.C

SANT=04C

THESE LOOPS ARE FOR THE NUMERICAL INTEGRATION

B0 255 Ti=1,1ILL

RI=RR~ X{Ii) * B

b0 285 JJd=1,ILL

TI=TT-DT*X(JJ}1/2.0

RI=((R*¥CT-RI* COS(TI))k*2+(R*ST-RI* STIN(TI)]}*%2]}*%%0,5
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ART=RO*%DS
CART= CCS[ART}
SART= SIN{ART)
SINT=RI*w* COS{ FHW *T1) /RO
SANR=SANR+SINT*SARTHWT(II)*WT{JJ}
SANT=SANT+SINT*CART*WT(TI1*KT{JJ)*(-1a0)
755 CONTINUE
PE{JI=5ANR*B7DT
PT{J}=SANI*B*D{K}*DT/4.0
PT{JI=SANT*8ZDT
IF {J LT 21 GO TO 250
JL=J=-1
ART= ARS({ ABS{PB(J)}~ ABSIPBILJL)]))
ARC= ABS{ ABS(PT{J1)- ARS(PT{JL)})
ARTC=ABT-CHK
ARCC=ABL~CHK
IF (ABTCualL T4 CaD0O 4ANDe ABCC.LT.0s00]) GO TO 260
257 IF{J-LP) 2E0+253,426C
283 CONTINUE
WRITE {&,170) TT,RR+ABTABC
170 FORMAT{ 1HO, TINTEGRATION FOR BLOCK CENTERED AT THETA='!,1PE13.6,
1' R=ty, FE1346 /419X, 'NID NOT CONVERGE?! ,/+19Xy*REAL DIFF =*,E13.56
2 +% 1IMAG DIFF = 'Y,F13.6)
250 CONTINUE
260 CONTINUE
PBR=PB{ ILK)
PTT=PT([ILK)
261 CONTINUE
PART= CMPLXI[PBB,PTT)
PO=PO+PART*PHIQ{(K)
220 CONTINUE
220 CONTINUE
RETURN
END
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00

OMmO

o0

aXake!

221
222

223

SURROUT INE PRES1{R)
ZDMG15 21
THIS SUBRNUTINF CALCULATES THE CONTRIBUTION OF PHI1L
TO ThE PRESSURE ON THE DUCT EXIT PLANFE
COMPLEX %8 CMPLX
1 yPHIO{40) s PHILI(40) 4PHIZ2(40)4P04PL4P24PART
DIMENSION X{20),WT(20) yD{40),C{40) +F(401+PR(40),PT(40)
COMMON /CATA/L s B yNyNNoLP sMUsA7B W, S+CHK4D4C o E4PI
COMMON/PHI/PHLIO,PHI1,PHI2+P0,PLl4P2
COMMNN /ANG/ FINKs BDZ, WDS, FMW, PI2, BW,s AW.BR, AA
Pl= CMPLX({Ca0F0+GCa0EQ)

L00P FOR THE TANGENTIAL VARTABLE
CO 230 K=1.N

[FIK-1)22142314232
2Z=—C(K1%BD2

GO TO 2332

KL=K-~1

Z2=772~-(C{KL)+C {K))*BD2
CONTINUE

BCD2 = B * C{K) / 2«DO0

LONDP FOR THE ANGULAR VARTABLE

Do 27C 1=1,1

IF{1-1} 221,221,222
TT=0.0

GO TO 222

fL=1-1
TT=TT+{E(IL}+E{I}}1¥PI
DT=E{I}* PI?P

BCOT4 = BCD2 * CT / 2.D0
DO 250 J=1,LP

ILK=J

ILL=NN+2%{J-1)

CALL GAUSS{XyWT,ILL)
PE(JI1=0aC

PT(JI=C.C

SANR=C,.C

SANI=0.C

THESF LNOPS ARE FOR THE NUMERICAL TNTEGRATION

N0 285 II=1,1ILL

L1=771- X{I1) * BCD2

DO 255 JJ=1,ILL

TI=TT-DT*X{JJ}/2.0

RT={{R=B* CNSITI))%%2+{RR )& SIN(TI) I *¥2+Z1%7T) *%%045
ART=RI*%CS '

CART= CCS{ARTI
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SART= SIN{ART]

SINT=BW * COS[l FMK *¥Y1i/RI

SANR=SANR+SINT*SART*WT(II}*WT{dJ)

SANT=SANI+SINT*CART*WUT{TIV1¥WT{JJ}*({~1.0)
255 CONTINUE

P8 (J)=SANR*BCDT4

PT {J)=SANI*BCDT4

IF [J «LTe 2) GO TO 250

JL=J-1

ABT= ABS{ ABS{PBlJ))~ ABS(PB(JL)}}

ABC= ABS( ABSIPT{J)}- ABS{PTLJIL) )}

ABTC=ABT-CHK

ARCC=ABC-CHK

IF{{ABTCelTeOs)sANDs (ABCL4LTaOe )} GO TO 260
25T IF{J-LP) 250,253,260
253 CONYINUE

WRITE (&,170) TT,ZZ,ABT,ABC
170 FORMAT( 1HO, *INTEGRATION FOR BLOCK CENTERED AT YHETA=',1PEl13.6,

1Y Z=%, E13,6 /219X, 'DID NOT CONVERGF?' ,/ ;19X 4"REAL DIFF =',F13.6

2 +' 1IMAG DIFF = 7,E13.6}
250 CONTINUE
260 CONTINUF

PBB=PB(ILK)}

PTY=PTI{ ILK)

PART= CMPLX{PBB,PTT}

PL1=P1+PART*PHI1 (K]}
270 CONTINUE
230 CONTINUE

RETURN

END
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aOan

o0

YOO

105

2721
222

223

SUBROUT INE PRESZIR)
ZDMg15 21 - 21
THIS SUBROUTINE CALCULATES THE CONTRIBUTION OF PHIZ2
TO THE PRFSSURE ON THE DUCT EXIT PLANE
COMPLEX *8 CMPLX
COMPLEX *8 PHIO(40)y PHIL{40) 4PHIZ{40) yPO4PLyP24+PART
DIMENS ION X{ 20} WY(20),D{40},C(40),E(40).PBI{40).,PT{40),C2[40]
COMMON/PHI/PHIC+PHI1yPHIZ,P0,PL,P2
COMMON/DATA/L «MyNyNNsLP ;MW ¢ A¢By WS+ CHKyDsCsE+PI
COMMONFC2N2/C2,.N2
CNMMON 7 ANG/ FINKy BDZ2s WDSy FMW, PI2+ BWHy AW.BB. AA
P2= CMPLX[0.0EQ40,0QED)
FORMAT{ IH +2X,4025.14)

LOOP FOR THE TANGFNTIAL VARIABLE

N0 230 K=1,N2
[F{K-11521,4531,E32
ZZ=C2{K)}*BD2

GO 70 5312

KL=K-1
ZZ=ZZ+(C2(KL)+C2{K) 1*BD2
CONTINUE

BLD2 = B *C2{K} / 24,00
LOOP FOR THE ANGULAR VARTIABLE

W 27C I=14L

IF{I-1) 274221222
TT=040

GO T 222

IL=1-1
TT=TT+{FE{IL)+ELI})*P]
DT=E([)* PI2

BDDT4 = B % DIK) * DT / 4.DO0
WRITE{6,105) TT,7Z

DO 250 J=14+LP
WRITE(&,2) J
FORMATI( 1+ 410X,I5)
ILK=4

ILL =NN+2%{J-11
PB(J)=0,sC

PT{J1=0.C

CALL GALSS({X,WT.ILL)
SANR=0.C

S5ANI=0.C

THFSE LOOPS ARE FOR THE NUMERICAL TNTEGRATION

DO 255 II=1,ILL
zi=11- X(II] % BCN2
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DO 285 JJ=1,ILL
TI=TT-DT*X(JJ} /2.0
RE={{R—A% COS{TT}}**2+ AA *[ SINITI))#%2+ZI*Z[)*%*045
ART=R I¥*WC5S
CART= COS{ART)
SART= SIN{ARTI}
SINT=AW * COS{ FMW *TI})/RE
SANR=SANR+SINT*SART*WT{II}*WT{JJ)
SANI=SANI+SINT*CARTAWNTIET ) *WT{JJ}* (-1 0}
255 CONTINUE
PB( S1=SANR*BDDTH
PT{JII=SANI*BDDT4
IF {J «LTe 2) GO TO 250
JL=d-1
AbT= ABS{ ABS{PR(J}}- ABS(PB{JL))}
ABC= ABS{ ABS{PT{J)1- ABS(PT(JLI)]
ABTC=ABY-CHK
ABCC=ABC~CHK
IFI{ABTCalT404) uANDL{ABCCaLTaOa)} GO TO 260
IF{J-LP}) 250,252,260
253 COMYINUE
WRITE {6+417C) TY,ZZ,A3T7,ABC
170 FORMAT{1HD, SINTEGRATION FOR BLOCK CENTERED AT THETA=',1PEl13.6,
1* Z=1, FEi3eb6 +/419X,'DID NOT CONVERGE'+/,19X,*REAL DIFF ="',FE1346
2 +!' IMAG DIFF = 1,E1346)
250 CONTINUE
260 CONTINUE
P8B=PB( ILK)
PTT=PT{ ILK}
WRITE(6,106) PBB,PTTY
106 FORMATUIH #10X,'P2 REAL ="V4E25. 7 +% P2 TMAG="',+E25.7 /)
PART= CMPLXIPBB.PTT)
P2=pP2:PART*PHIZ (K}
270 CONTINUE
230 CONTINUE
RETURN
END
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10

11

12
13

14

15
16

SUBROUTINE GAUSSIXsWT, M)
DIMFNSION X{12},WT{12}
[F{M-4})10,11,12

X(1)=-04577350269189¢626
X(21= =X{1

WTiZ)=1.0

G0 TO 20
X{1)1=-0,861136311594053
X{21=-04335981043584856
£{3)=— X(2}

X{4)=— x{1i

WT[1)=04347854845137454
WT{2)=04£52145154862546
WT(3)=WHT(2)

WT{4)=WT(1)

GO TO 2¢
IF{M-8)13,14,15
X{11=-0a932469514203152
X(2)=—0et€12063864566265
X{3)=-0.238619186083197

X{4) = X€3)
X{5})=- X(2)
X{6}=- X{1)

WT{1)=0.171324452379170
WT{2)1=Ce360761573048139
WT(3)1=0.46T913934572691
WT{41=WT(3}

WTIS)I=RT{2})

WT(E)=WT{1)

GO 7O 20
X{1)=—05¢£028G856497536
X{2)=~Ca7966664TT4135627
X{31=-0,525532409916329
X{4)=—0a183434642495650

X{51=—~ X(4)
X{6})=— X3}
X{T)=- x{2}
X{8)=- X{1}

WT{1)=0.1012285326290376
WT{21=02223810244533 T4
WT(31=0.2137066458TTR8T
WT(4)=0362683783378362
WT{S)=hTl4)

WT(6)=WT(3)

WT(7)=WT{2)

MTUB)=WT(1)

GO TO 2C
IF{M=12)16,1T,18
X({11=-0.$T7390652851 71 72
X(2)=-0a.8650632£66R8985

58



17

18
19

T AN e R e AR A e L S e m—

X{3)=-0.6794095£8299024
X{4)=-04433395364129247
X{5)=-0a148874338981631

X(6)=— X(5)
X{7)=- X{4)
X{B}=— X{3)
%(Q)=— Xt2}
X{10)=- X{1)

WT{1}=0.C66671344308688
WT{21=0.149451349150581
WT{3)=0.,2190863£251 5982
WT{41=04269266719309996
WT{5)=04295524224714753
WTI6)=WT(5}

WT{71=kT{4)

WT{8¥=WT(3)

WT{S)=WT(2}
WT{10)=wT{1}

GO TD 2¢C
X{1}=—0.,58156063242486719
X[121=-0.504117256370475
X{3)=—0,769902674194305
X{41=—0.587317954286617
X{51=-042678%14498918180
X{6)1=-0a41253334C8511469

X{T}=~ X{6)
X(8)=— X(5}
X{9}=- X{4)
X{10})=~ X(3)
X{il)=— X{?1
X{12)=- X{1i

WT({1)=0.C47175336386512
WT{2)=0106939325595318
WT{3)=0.160078328543346
WT(4}=04,203167426723066
WT(5)}=0a233492536538355
WT{6)=0.24G6141045813403
WT(7TI=WT{6]

WT{8)=WT(5)

WTI{9}=NT(4)
WT{10)=wT{3)
WTI11)=hT{2}
WT{121=hT(1}

IF (M-1¢&}
X{1)=-0.,9862R38C8B6946812
X{2)=-0,928434883663574
X{3)1=-0,827201315065765
X{4)=—0.,6872929C4811685
X{51==0.515248636358154%
X(61=-042191123£8927890
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GG TO 20



21

X{Ti=-0a108054948707344

X{8)=~ Xt7)
X(9)=- X{6)
X{10}= -X{5)
X{11)=- X{4)
X{12}=~ X{31}
X{13})=- X{2)
X{14)=- X(1})

WT{1)=040351194£0331752
WT{2)=0.C&8C158087155760
WT{3)=04121518570687903
WT141=0.1572031€67158194
WT{5}=04185538397477938
WTI6}=0e2051984£3721296
WT(7)}=04215263853463158
WT(B1=WTI7)
WT{9I=WT(6)
WT{10)=KT{5)
WTI111=hT(4)
WT{12) =kT{3)}
WT{12)=WT{2}
WT(14)=hT(1]}

X{1)=-0,589400924991650
X{21=~C,944575023073233
X[(3)1=—04865631202387832
X(4)=-0a7554044C8355003
X{5)=~CabtlT7876244402644
X{61=—0s45801€777657227
XU 7)=—-04281£03550779259
X{8)1=—04095C0125C9837637

X{9)=— X(8)
X{10)= =-X{7}
X{11)=- X{&)
Xt12)=- X{5)}
X{[13}=- X{4)
X(lé)=- X3
X{15)=- X{2}
X{16)=~ X1}

WT{11=0.C27152450411754
WT{2)=0a062253523538648
WT{3)=0.L951585811682493
WT{4)=0.,124628971255534%
WT(5)=0,14959598881 6577
WT(6)1=0169154519395003
HT(71=0a182£03415044924
WT{8)=0.189450610455069
WT{91=HT(8]}
WT{10)=WT{T)
WT{t11i=wT(6}
WT{12)=WT{5)
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20

WT{13)=UT{4}
WT{14)=WT(32]}
WTL15i=T(2}
WTI18)=hT{1l}
RETURN

END
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001640000C000C 23C 8

leC 343.0 343.,0 « 0001 «»03

le21l
2¢500000-02 2.50000D-02 5.00000D-02
7« 500000-02 T7,50C00D-02 7.50000D-02
1.00000D-01 1.00000D0~01 1.000000-01
1.00000D-01 1,000N0D-01 1.00000D-01
1« 25000D-01 1425000D~01 1,250000-01
1, 250000-291 1.,250000-01 1.250000-01
1. 500000-01 1,5000C0-01 1,50000D-01
l« 25000D0-C1 1.2%50000-01 1,0000GD-01
2e 500000-02 E5.00000D0~-02 5. 00000D-02
5. CO000D-02 S.CCO00D~-02 24 50000D-02
10
1.0
1.0
1.0
140
1.0
-640511650-02 4439628D-02-7,07061D-02
~1a164650-01 64955110-02-1.427180-01
-1278412D-01 S.784920-02-2,06010D0~01
-3+ 238090-01 1.6E875D0-01~- 4, 85594D-01
-1 10192D 00 5.,20969D-01-1.36075D 00
94232320 CC-4429208D0 00

L e
OO0

~5e 246290 01 Za43952D 01 3.30565D 0O0-

5.00900D-02 5.00000D0-02 5.00000D-02
7450090D-02 7.50000D-02 7.50000D-02
1,000000-01 1.000000-01 1,00000D-01
1.250000-01 1.,250000-01 1.250000-01
1.250000-01 1.25000D0-01 1.250000-01
1.25000D~-01 1.250000~01 1.50000D-01
1.,50000D-01

T«50000D-02 5.,00000D-02 2.50000D-02
T. 50000002 7.50000D-02 7,500000-02
2+50000D0-02

o
R
OO0 D0

44 86296D0-02-9.07488D-02 5477973002
Bal5449D-02-1.627780-01 9.,07081ND-07?
1410457TP-01-24527120-01 1.31796N-01
2+3B349D-01-7445917TN-01 3,57679N-01
6238583D-01-1. 68462001 8412709D-02

14525480 00 9.59800D 00-4.44085D 00

66309650 00-2.50579N0 00 3,51 748D 00-1.60596D 00 1494227D 00-8,72900N-01

G 567564N-01-4422178D-01 4, 56117D-01-

1. 86600D-01 2433575D-01-8.53307D-02

1le 247160-01-24677370~02 6455499D0-02-1,11698D-02 3.09838D0-02 3.1593RN-03

7402919D0-03 1424469D-02-8,37244D~03
-2400660D0-02 1.9E8723D-02-2.134450-02
~2602456N-02 1.615720-02-1489014n-02
-1 570470-02 1,10102D0-02~14392930-02
-1,10126N-02 EaC4770D~03-3,867730-03
-B8+06117D-03 2.64105D-03-7,33882D0-03

1.768620-02-163348D-0?7 1496714D-02
1.908200-07-2.11972D-02 1.77486D-02
1e546T720-02-1740920-02 1.28B081D-02
F,159830-03-1.23611D0-02 T4506910-03
4o T62T4)-03-84893518D-03 3,630T740D-C3
1. 77059D-03-6269152D-03 1400417D-03

-6, 10744D-03 3.31180D-04-5,560720-03-2,68730N-04-5,03784D-03-7,98581D-04

-4453175N~C3~1.27128D-03-4,03101D-03~
-2 82596D~-03-2.643200-03-2,13003D~-03-

30 54277D-04- B8, 18834D-03
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TUBEF END IMPECANCE PROGRAM FOR UNFLANGED ANNULAR DUCT .

I NP UT D ATA
A = 0.0 B = 14.000C00F D0 & = 3,430000F 02 S = 3.430000F 02
CHK= 9,9999Q9FE-05 RHO= 1l.209%9%E 0OC
L= 30 M= 1& N = 4&C NN = 2 Lp = 8 My = 0 IKK = N

1, 250000E-C1
5+ 000000E-02
5« C0Q0000F-072
%e CO0000F-02

OUTER DUCT WALL BOX

2.500000E-02
5+ 000000E~02
Te&499999E~02
e F9990HF-02
Qe 999996E-02
Fe 99999 6E-02
14 250000E-0Q1
le 250000E-01
1.250000E-01
1« 500000E-01

1+ 25C000E-01
2+ 500000E-02
Te 499999E~ 02
5« CCOOCOE~- 02

LENGTHS

2. 5000CCE-02
5+ CO0000E-02
T« 499999E-02
Qe 599996E-02
Se S99996F~ 02
1.250000E-01
l« 250000E- 01
1. 25000CE- Q1
1.250N00E- 01
14 5000CCE-01

THETA BOX WIDTH ON DUCT FACE

3.000000E-02
34344828€E~-02
3.34482BE-02
3434482802
3.34482BE-02
3.344828F-02
3.344828FE-02
34 344828E-02

3,344828E-02
34 344828F-02
34344828E-02
3.344828E- 02
30 244R28E-02
3.344828E-02
3a344R828E~07
3¢3244828E-02
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Je 99999&E-02
26500C0OCE-C2
Te499999E-02
2+ 300C0O0E~(2

5+ 000000E~-C2
Te4G999GE-C2
Te 459999F-02
Qe 999IGGEE-C2
9e 999G636E-02
1.250000F~C1
14250000F-01
1.250C00E-C1
1.250000F—-01
1.500000F-01

3434482BE~02
34344828E-02
34344 828E-02
Je344828E-02
J3«344828BE-02
3.344R28BE-G2
34344828F-02

Ta493909F-02
S5« 0NCO0DE-02
Te®99999E~07
2.500000E-02

5« 000000F-02
Ta%99999E-02
Tu 499999E-02
9¢999996F-02
94999996F-02
1,25000Q0E-01
1. 250000E-01
1, 250000E~01
1. 500000E-01
1.500000E-01

3.344828F-02
3. 344878F-02
3. 344828BE-02
3. 344828F-02
34344828BE-02
3.34482RE-02
34 344828E-02



VELOCITY ON DUCT FACE

1. CCOO00E QO
1. C0000NCE QO
1. 000000E 0Q
1.CO0C000F Q0
1. CO0O00CE QO
1.000000F QO
1. 000000F QO
1.00000Q0E 00

SOURCE DISTRIBUTION ON DUCY FACE.

~64051150E~02
-9, 074879F~02
~1a427180F-01
-1, 784120F-01
-24527120E-01
-44 85594 0E-01
-1« 101919E 00
~1le684620F-01

0.C
OeC
CeC
OeC
Ou«C
0.0
QeC
C.C

4,396280F~- 02
S5« 1T7T9730E-02
Be1544BBE-02
9, 784919E-02
le 317959E~ 01
24383490E-01
5.209690E- 01
8 127087E-02

1. 000CO0F CO
1 0COCOCE GO
1. 000CO0E CO
1. 000000E 00
1, 000COCE €O
1.00C0C00F CO
1. 0COCOCE 00
1. 00Q000E 00

~-T«070607E-02
~1lel64650F-C1
~-14627780E-C)
-2.06C100E-01
-3433BC90E-CL
-Te459170E-01
-1:360749F 00

9. 232320€ 00

SOURCE DISTRIBUTION ON GQUTER DUCT WALL

~5246289F 01
9. 558000E 00
3.517480E 00
96 675640E-C1
2: 335750F-01
6eS€4985E-02
7T«023187E-03

-146334B0E-Q2

~2e¢134450E-02

~2¢024560E-02
~1le 740920F-02

-1s 392930F~02

-1,101260F-02

~BaBI51TTE-Q3

-7« 33881 8E-03

-6 107438E-03

-5.,0378376-03

-44031010F-03

-2+825960C-03

-1.27398GF-03

2.439519E 01
44440849 Q0
-1.,£05960€ QO
~4e2217RBOE~ Q1
-3.533067E-02
-1+ 116980E-02

le 24469CE~ 02

1¢967140E-02

1.508200E~02
1.£15220€-02
1.280810E-02

9, 159829E-03

e LATTOQOE~-03

34 £30740F-03

1+ 770590£- 03

3.311799E~ 04
—Ta 585809E-04
-1.70169NE~-03
-2E43200E-03
—442683C7E- 03
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30,305650E 00
6430G649E 00
1.942269F 00
445611 T70F-01
1624716CE-0OL
3.09838CE-02
-Re372437E-C3
-2+ 0C6600F-C2
-2.119720E-(2
~1,890140E-02
-1.5704T7CE—-02
-1.236110F-02
~Q4 86TT28F~C3
-8406116TE-D3
~64651519¢F-03
~5.560718E-03
-44531 749E-03
~3.468190E-03
-2.13C03CE-03
3,542 7T0F-C4

Ne 0
0.0
Qe 0
. 0
0. O
0.0
0.0
0.0

4o 862960F-N7
64955105E£-02
9. 0708GRE-C2
14 104569E-01
1+68R750F-01
3,576 789F-01
b6e 385829E-01
—44 292080E 00

~1525479E 0O
-2+90578B9E 0O
-84 739000E-01
~12866000E-01
~3.6T7370E~-02
3,159380F-02
1. 768620E-02
1.987230E-07
1la TT486GE-02
la446720F-02
141010°20£-02
76 506907TE-03
4 627 39E-03
24 6410G50E-03
1. 004170E-03
~2468T299E-04
-1.271280€8-03
~2.148880F-03
~3.23068NE-03
~Be 1883 3TE-03



INTEGRATION FOR BLOCK CENTERED AT THETA= 1.993285E-01 R= 6.250000E-02
DID MNCT CONVERGE
REAL DIFF = 2,205372F-06 IMAG DIFF = 541757B1€£-02

INTEGRATINN FOR PLOCK CENTERED AT THETA= 64CR3843F 00 R= 64.250000E-02
DID NCT CONVERGE
REAL DIFF = 2.32458lE-C6 [IMAG DIFF = 54171204F~02
ANNULAR RING NO 1 RADIAL POSITION 6+250000£-02
LACAL IMPEDANCE B«533759E 01 4.734263F 07
PRESSURE Ba533759E 01 4.734263F 02
VELOCITY 1,000000F 00 0.0

(LI [ I 1

INTEGRATION FOR BLOCK CENTERED AT THETA= 6.083843f 00 R= L.875000E-C1
DID NOT CONVERGE
REAL DIFF = 3,814697E-C6 [MAG DIFF = 1.831055F~0¢
ANNULAR RING NO 2 RADIAL POSITION = 1.875C00£-01
LOCAL IMPEDANCE = B,916052E 01 4.80458661F 07
PRESSURE = Re916052F 01 4,804661E 02
VELDOCITY = 1.0C0000F 00 0.0

ANNULAR RING NO 3 RADTAL POSITION
LOCAL IMPEDANCE

PRESSURE

VELGOCITY

3. 0C0000E~01

9.621284E 01l 4.936169E 02
9.621284F 01 4.936169E 02
1+ 000000E 00 Go0

nmoan

ANNULAR RING NO 4 RADIAL POSTITION
LOCAL [MPEDANCE

PRESSURE

VELOCITY

24874999F-01

1.045224F 02 5,093547F 02
1,045224F 02 54093547E 02
1.000000E 00 0.0

i nu

AMNULAR RING NG 5 RADIAL POSITION
LOCAL IMPFDANCE

44499999E-01
14123271E 02 5¢2434E89F 02

H 1t h

PRESSURE 1,123271F 02 54243489F 02
YELDCITY 1,000002F 00 Q.0
INTEGRATION FOR PLOCK CENTERED AT THETA= 0.0 R= 54124%998E-C}
DID NCT CONVERGE

ANNULAR RING NO o RADIAL POSITION 44874998E-01
LOCAL IMPFDANCE 1e179450E 02 5,352490F 07
PRESSURE 1.179450E 02 5,352490F 02

REAL DIFF = 6,616116E-CAH [MAG DIFF = 1.983643F-0N4
VELOCITY = 1,0000C0F 00 0.0
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INTEGRATION FOR

INTEGRATION FOR

ANNUL AR RING

[INTEGRATION FOR

AMNULAR RING

INTEGRATIOON FOR

INTEGRATION FQOR

ANNULAR RING

INTEGRATION FOR

ANNULAR RING

BLOCK CEMTERED AT THETA=
DID NOT CONVERGE
REAL DIFF 620TSHT5E~

BLOCK CENTERED AT THETA=
CID NOT CONVERGE

REAL DIFF = 54722045k~
NO 7 RADIAL POSITION
LOCAL IMPEDANCE
PRESSURE
VELOCITY

BLOCK CENTERED AT THETA=
010 NCT CONVERGE

REAL CIFF = 14621246E~
NO 8 RADTIAL POSITION
LOCAL IMPEDANCE
PRESSURE
VELOCITY

BLAOCK CENTERED AT THETA=
GID NOY CONVERGE
REAL DIFF lal44409E~

BLOCK CENTERED AT THETA=
DID NCT CDONVERGE

REAL DIFF = 1.811981E-
NGO 9 RADIAL POSITIDN
LOCAL IMPEDANCE
PRE SSURE
VELOCITY

BL OCK CENTERED AT THETA=
DID NOT CONVERGE

REAL DIFF = 14525B79F-
NO 10 RADTAL PUSITION
LUCAL TMPEDANCE
PRESSURE
VELGCITY

a8

0.0 R= 44 874998E-01
C6 IMAG DIFF = 24 746582E-04
0.0 Rz 5,499998E~01
Cé IMAG DIFF = 34356934F-04

5.1249G8F-01
1.221649E 02
1.221649F 02
1.000000F Q0

S«435139E 02
5.435139E 02
0 C

LLIN I I}

0.0 R= 64,624997TE-01
G5 IMAG DIFF = 1.678B46TE-04
=  54499998F~01
= 1.290967E 02 %45T71477E 02
=  ]1,2909¢TE 02 5.571472E 02
= 1.000000E 00 Q.0

0. O R= 55499998E-01
€5 IMAG DIFF = 14220703F-04

s CE3B843F 00 R= 6,.674997E-01

€5 [HaG DIFF
5.999S97E-01L
1.399527E 02
14399527k 02

1.000000E 00

24 136230E-04

5.787158E 02
5. 7TB7T158F 02
0s 0

W onu

64 C83843F 00 R= 64624997E-01

€5 IMAG DIFF
He62499TE-0]
1.565026E 02
1.565026F 02

1.000000E 0O

14983643F~-04

6e119973F 02
6.119973E 02
0.0

na i



INTEGRATION FOR

INTEGRAT [ON FUR

INTEGRATION FOR

INTEGRAT ION FOR

ANNULAR RING

INTEGRATION FOR

INTEGRAT ION FOR

ANNULAR RING

I'NTEGRAT ION FQGR

INTEGRATION FOR

ANNUL AR RING

ELOCK CENTERED AT THETA=
DID NCT CONVERGE
REAL DIFF 1443C511E-

PLOCK CENTERFD AT THETA=
DID NOT CONVERGE
REAL DIFF = 2,574921E-

BLOCK CENTERED AY THETA=
CID NCT CONVERGE
REAL DIFF 2e6T0288E-

BLOCK CENTERED AT THETA=
CID NOT CONVERGE
REAL DIFF = 24384186E-

NO 11 RADJTAL POSITION
LOoCAL TMPEDANCE
PRESSURE

VELOCITY

BLOCK CENTERED AT THETA=
DID NOT CONVERGE
REAL DIFF b«675T720E~

BLOCK CENTERED AT THETA=
CID NCT CONVYERGE

REAL CIFF = 14.049042E-
NO 12 RADIAL POSITION
LOCAL IMPEDANCE
PRESSURE
VELOCITY

BLOCK CENTERED AT THETA=
DID NOT CONVERGE
REAL DIFF lea335144E-

BLOCK CENTERED AT THETA=
CID NCT CONVERGE

REAL DIFF = 1.621246E-
NO 13 RADTIAL POSITION
LOCAL IMPEDANCE
PRE SSURE
VELOCITY

69

a0 R= 6462499T7E~-Q1
C5 [IMAG DIFF = 1,525879E-04
0« C R= Be124996F-01
C5 [IMAG DIFF = 4,272461E-04

6 C83843F 00 R= Ta37T4997£-01

C5 IMAG DIFF = 24,136230E-04

68 C23843E 00 R= Ba4124996E-01

05 IMAG DIFF =
Ta374997F-01
1.830660E 02
1.8306€60E 02
1.0CO0000F 00

2. 288818E-04

e 6621 46F 07
ba662146E 02
0.0

Oa R= B.749994F-01

€6 IMAG DIFF = 24136230F-04

6. CE83IB43E 00 R= Ta374997F-~C1}

35 IMeG DIFF =
Bal24996F-01
2.218B372E 02
2.218372E 02
1.000000E 0O

2.288B18E-04

Ta&46T7739E 02
Te 467T39F 02
0 )

Ca 0 R= Ral24996E-0]

C5 [IMAG DIFF 14 220703E-04

1 9532R5E-01 R= 8,124996E-01

IMAG L(FF =
B, 749486F-01
2«47T36311F N2
2«.736311E Q7
1.0000600E 00

1«983643F~04

B« 5607R&F 02
84 560786E 07

05
= 00



INTEGRATION FOR BLOCK CENTERED AT THETA= Qa0
DID NOT CONVERGE

REAL DIFF = 1.335144E—-C5 [MAG DIFF

INTEGRATION FOR BLOCK CENTERED AT THETA= 0.0
DID NET CONVERGE

REAL TCIFF = 945367T43E~-06 [IMAG DIFF

ANNULAR RING NO 14 RAD IAL POSITION = 9.249995E-01
LOCAL IMPEDANCE = 3.4574808 02

PRESSURE = 3.457480E 02

VELOCITY = 1.,000000F 00

INTEGRATION FOR BLOCK CENTERED AT THETA= 0.0
DID NOT CONVERGE

REAL DIFF = 14144409-C5 IMAG DIFF =

INTEGRATION FOR ELOCK CENTERED AT THETA= 0.0
CID NCT CONVERGE

REAL DIFF = T.629395E~06 IMAG DIFF

ANNULAR RING NO 15 RADTAL POSITION = 94624995E-
LOCAL IMPEDANCE = 444B0442E
PRESSURE = 44480442E
VELOCITY = 1.000000E

IENTEGRAT ION FOR BLOCK CENTERED AT THETA= 0.0
CIND NCT CONVERGE

01
02
02
00

REAL DIFF = 64675720E-C6 IMAG DIFF =

INTEGRATION FOR EBLOCK CENTERED AT THEYA= C.0
DID NOT CONVERGE

REAL DIFF = &44,T768372E-C6 [IMAG NIFF

INTEGRATION FOR BLOCK CENTERED AT THETA= 0.0
DIND NCT CONVERGE

-
=

REAL PIFF = 54722046E-06 IMAG DIFF =

ANNULAR RING NO 16 RADTAL PDSITION = 9.874995E-
LOCAL TMPEDANCE = ©64368638E
PRESSURE = 64368638E
VELOCITY = 1.0000CQF

RESISTANCE RATIO. TAU
REACTANCE RATIOy CHI

0w 51969945E 00
0.19329624E 01

nn
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01
02
02
00

R= Ba749996E-01

1« 831055E~-04

R= 9,624995E-01

24 899170F-04

1. 010026F @3
1, 010026E 03
0.0

R= 94249995F-01

24 186584E-02

R= 94,874995E-01

2 4276T73E-07

1.229231E 03
14229231F 03
0.0

R= 9,624995F-01

24 485657E-02

I=—1+250000E-02

7a092285E~02

I=-3.750000E-02

1.831055E-04

1.635084E 03
le 6350R4E 03
0.0



