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SUMMARY

Utilizing semi-actuator disk theory, a mathematical analysis was developed to predict the
unsteady aerodynamic environment for a cascade of airfoils harmonically oscillating in choked
flow. In the model, a normal shock is located in the blade passage, its position depending on
the time dependent geometry and pressure perturbations of the system. In addition to shock
dynamics, the model includes the effect of compressibility, interblade phase lag, and an
unsteady flow field upstream and downstream of the cascade.

Calculated unsteady aerodynamic forces using the semiactuator disk model were com-
pared to experimental data from isolated airfoil wind tunnel tests. The wind tunnel data
simulate the special cascade condition of 180 deg interblade phase. Agreement between
experimental and theory was reasonable. The semiactuator theory was also evaluated using
compressor airfoil choke flutter data from single-spool tests of the F100 turbofan engine. The
model was incorporated into a flutter prediction program in which calculated aerodynamic
damping is correlated to construct flutter onset boundaries. The calculated flutter boundaries
compared well with the measured flutter boundaries. Based on these evaluations, it was
concluded that a conservative choke flutter design system could be established based on the
semiactuator disk model.



INTRODUCTION

Compressor airfoil flutter remains a continuing problem in the design and development
of advanced aircraft gas turbine engines. Flutter occurs over a wide range of operating condi-
tions, but can be categorized into four regions: (1) subsonic/transonic stall, (2) subsonic/tran-
sonic choke, (3) supersonic unstalled, and (4) supersonic stalled, as shown in Figure 1.
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Figure 1. Possible Flutter Boundaries

The subsonic stall flutter problem has been investigated by a number of authors. Jeffers
(Reference 1) devised a semi-empirical unsteady aerodynamic theory based on combining the
unsteady unstalled aerodynamic forces from Smith’s theory (Reference 2) with correction from
theory and experimental data of isolated airfoils operating at high incidence in incompressi-
ble flows. Sisto (Reference 3) used steady aerodynamic data to treat the unsteady flow prob-
lem in a guasi-steady manner. Perumal (Reference 4) developed an essentially “Helmholtz
flow” model, while Yashima and Tanaka (Reference 5) adapted a rigid wake model to obtain
reasonably good correlation with linear cascade experimental data. Most recently, Chi (Refer-
ence 6) used a small perturbation technique to model flow separation.

The supersonic flow region has also been discussed by a number of authors. For the
unstalled regime, a finite difference method was first used by Verdon (Reference 7) and Brix
and Platzer (Reference 8) to model the unsteady supersonic aerodynamics. Other approaches
by Kurosaka (Reference 9) and Verdon and McCune (Reference 10) extend a velocity potential
method first developed by Miles (References 11 and 12) for simple supersonic cascade
configurations.



Recently, an unsteady actuator disk model was developed by Adamczyk (Reference 13)
with encouraging results for supersonic stall bending flutter. The supersonic stalled region was
also investigated by Goldstein, Braun and Adamczyk (Reference 14) in which the small
perturbation analysis included the presence of a strong in passage shock.

The choke flutter problem that has arisen in advanced gas turbine engines with variable
inlet guide vanes poses a very serious problem and no analytical model exists at present to
predict the unsteady aerodynamic environment. The complex nature of this environment has
thus far resisted rigorous mathematical formulation, but a “simplified” model has been under-
taken herein based on a modified semi-actuator disk approach with one-dimensional channel
flow. The channel flow approach originally used by NASA-NACA to analyze inlet diffusers of
ramjet and turbojet engines was selected because airfoil cascades can exhibit flow characteris-
tics similar to those of inlet diffusers. The flow in an inlet diffuser and a choked blade pas-
sage both contain a shock wave whose position strongly affects the pressure forces on the
channel walls or blade surfaces. The position of the shock depends upon channel geometry
and, therefore, in the case of the airfoil cascade, can be related to the vibratory motion of the
airfoils in flutter. A preliminary analysis was completed in the initial phase of this effort
which produced promising results when used in a stability prediction of a compressor rotor
that experienced choke flutter at off-schedule operating conditions. However, concern for cer-
tain aspects of the preliminary model led to the present approach which includes a modified
semi-actuator disk method to describe the upstream and downstream flow fields.

The section following contains the analytical derivation and definition of the mathemat-
ical model, including a steady-state interblade analysis and a linearized small perturbation
analysis. The next section details the results obtained using this channel flow model. In order
to rid the text of this report of complex, cumbersome, and lengthy mathematical manipula-
tions and assumptions, numerous appendices are included herewith which allow model devel-
opment in a straight forward manner.




ANALYTICAL MODEL
Model Definition

The semi-actuator disk model consists of two solutions: a steady-state intrablade analysis
and an unsteady linearized small perturbation analysis. The steady-state analysis utilizes
steady isentropic one-dimensional relations to define the intrablade conditions. An iterative
procedure, ending in the match of the known static pressure ratio across the blade, locates the
steady-state normal shock position. The procedure appears in Appendix H. The flow entering
and leaving the cascade is defined externally by a streamline analysis. The unsteady solution
consists of three basic flow fields: (1) upstream flow field, (2) intrablade flow analysis, and (3)
a downstream flow field, as shown in Figure 2.
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Figure 2. Unsteady Flow Field Description

Assumptions and Boundary Conditions

Assumptions

The following assumptions were made relative to the flow within the three basic flow
fields of the unsteady solution:

1.  Upstream Flow Field — The flow is assumed to be two-dimensional,
inviscid, irrotational, unsteady, and compressible.



Iniet Flow

Intrablade Flow Analysis — The flow is assumed to be one-dimensional,
inviscid, unsteady, and compressible. Figure 3 details the division of the
flow field into three sections: a subsonic section from blade leading edge
to the blade throat or M = 1, a supersonic section from blade throat to
shock location, and a subsonic section from shock location to blade trail-
ing edge.

Downstream Flow Field — The flow is assumed to be two-dimensional,
rotational, inviscid, compressible, and constructed of the sum of two basic
solutions: an irrotational part similar to the upstream flow field and a
rotational part due to the vortices being shed off the blade trailing edge.

Shock P2 Exit Flow
Location / Angle

'61\ M=1 @

Angle

FD 176260

Figure 3. Intrablade Flow Field

Boundary Conditions

Boundary conditions for the unsteady solutions consist of the following:

1.

2.

The mass flow is continuous at the leading- and trailing-edge lines.

Conservation of mass, energy, and momentum was observed within each
section of the blade channel.

The Kutta condition at the trailing edge is satisfied by specifying the exit
air angle. .




Derivation of the Unsteady Model

Upstream and Downstream irrotational Flow Equations

Continuity Equation

Establishing a coordinate system, as shown in Figure 4 produces the following form for
the continuity equation:
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Figure 4. Cascade Geometry
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Small perturbations of the flow variables are assumed as follows:

p=p+p u=u+u v=9V+ vV

Substituting the above relationships into Equation 1, subtracting out the steady-state equa-
tion, and neglecting higher order terms gives the small perturbation form of the continuity

equation, as follows:

Momentum Equation

In tensor notation, the two-dimensional form of the momentum equation is as follows:

- T = i

ax_‘ at oX;

2 (puyy) + 2 (pwy) _ op

which becomes

x-direction

7] (pu ro U tm\‘ 2 (pu o V xm) 1] (pu :oo) 8p >
= — 3
ox * oy LT ox (3a)

y-direction

7] sV o0}
(pU sV N

2 (pvtoov:oo) 0 (pV Zm) 17, P:iw

Assuming small perturbations of the flow variables in Equations 3a and 3b, neglecting
higher order terms and subtracting out the mean flow equation, gives the small perturbation
forms of the momentum equation, as shown below:

x-direction

arl]/:m - oM 20 o' .o — ( ap' te )
+ Oee o, = . L 4
at Uew 55— T 5 7w\ ox (42)

y-direction

av(:m _ OV’ xeo0 - oV o = ( ap tcn)
_—a’t + .., % + V.o ay = 52& ay (4b)

Nondimensionalized Wave Equation

Flow eptering the cascade is assumed to be irrotational and can therefore be represented
by a.potentlal function as can the irrotational portion of the flow leaving the cascade. The
velocity perturbations can then be represented in the following forms:

6




- . o
T Ve T oy (5)

u
Substituting these relationships into the continuity and momentum equations and combining

these equations gives the small perturbation form of the nondimensionalized wave equation
(after some manipulation), as shown:

_ i o %, o 2,
M, ( ——*—) + ZMNM,H( a——*—) + oM, M,,, ( —a—"’—*—)

ot*? ox*ot* oy*ot*
! a \ / Azg’ \
~ — V¥ 1w — .. (2 4FY)
2MthMy¢w ( M*—) + (M,fi_‘>c -1 k —a—;r) +
- 9, ., )
Mz, - 1) ( By*? =0 (6)

where x and y are nondimensionalized by semichord b, and time is nondimensionalized by
the quantity U/b. The derivation of the wave equation appears in Reference 15.

Because Equation 6 is linear, a solution can be obtained by superposition of fundamental
solutions, taking the following form:

$',., = A,. exp i(Bx + Cy + kt) 7)

where A, B, and C are unknown constants and k represents the reduced frequency based on
semichord k = bw/U. Assuming the blades vibrate with a constant interblade phase angle o,
the tangential wave constant C is controlled by an unsteady periodicity condition. Any
perturbation velocity potential at (x,, y, + s) leads or lags the same potential at (x,, y.) by ¢ at
all times. This may be expressed as follows:

®" (o, Yo + 8, 8) = & (%, Yo, 1) €7 (8)

where s defines the blade gap-to-semichord ratio. Substituting Equation 8 into Equation 7
gives

cC=2
s

Substituting Equation 7 into Equation 6, dividing by A, exp i{Bx + Cx + kt) and solving for
B yields

B - DiE VD: + g D, 9)
1, 2 ‘_ﬁ:

where,



D, = M, M_k + M, M, C

D, = kM, + 2M, M,. Ck — C g
g =1 - M

g =1- M.

Thus, the solution takes the form:

Hyx + A2 eiﬂzx] [en('_\- + kn] (10)

+ o0

(l’l-.n (X, v, l-) = [AI ce ©
The velocity perturbation must approach zero in the far field. Now if the quantity D’ + 3D,
< 0, B, and B, are complex conjugates. In order to satisfy the far field condition, the solution

must take the following form:

¢ (x,y,t) = A, ... exp (iB,x) exp i(Cy + kt) (1)

Now consider the case where D, + 8.2 D2 > 0. Here B, and B. will be real numbers and the
boundedness condition cannot be applied in the far field. This problem can be solved by
representing the flow field as containing a transient part. The assumed solution becomes form

® (x,y,t) = A, exp i [(Bx + Cy + kt) + kit] (12)

Substituting Equation 12 into Equation 6 and dividing by A, expli(Bx + Cy + kt) + Kit]
gives

Dy +VDF + & D (13)
2

Bl, 2 real — ,Bx
and o ) (14)
—I(Myr~C+M*—'°‘k)
Blmﬂg = M

Equation 12 physically implies an unsteady solution under the influence of a slowly divergent,
oscillating source with the earlier emitted wave being stronger than the one following it. Since
a finite period of time is required for a disturbance to propagate to the far field, the amplitude
of the response should decrease with increasing distance from the source. Therefore, the
proper upstream solution can be chosen. By letting k, approach zero, the correct wave solutions
on either side of the harmonically vibrating source can be recovered, as shown in Equation 15.




&, =A, exp i[x (Bi1 + Bimgg) + Cy + kt] (15)

A summary of the correct solutions for the irrotational upstream and downstream flow fields
is presented in Table 1.

Intrablade Flow Equations and Solutions

Periurbation Equations and Solutions for Region 1

FD 176252

Figure 5. Region 1 from Blade Leading-Edge Line to the Channel Throat,
or M =1

The first region, as shown in Figure 5, defines a control volume from the blade leading-
edge line to the channel throat, or M = 1, with the coordinate system aligned with the chord
line. In order to define the unsteady flow field, three unknowns must be obtained: (1) the
complex constant describing the upstream flow field, (2) the density perturbation at the
throat, and (3) the velocity perturbation at the throat. This requires the use of the unsteady
form of the mass, momentum, and energy equations.

Equation 16 expresses the conservation of mass for a control volume (Reference 16):
dm__ff Lfff | (16)
at 0= N pUdA + a2t » pa (vol)

For the contro! volume shown in the above figure, this can be expressed as follows:

a(plvl)
ot

w* — Winen = — (am
Assuming small perturbations on the mean flow variables, neglecting higher order terms
and subtracting out the mean flow equation, the following result is obtained after expanding

Equation 17:



]

TABLE 1. IRROTATIONAL FLOW FIELD SOLUTIONS

Upstream Flow Fields

Di_ + B0 Doy < 0

Do + Bree Dyeey > 0

M_.k + M, ,C<0

Bjp = Dl—m/ﬂx—mz

B" =T \Emz + Bl—mz DZ—cx: /ﬂx2+"°

Dl_m B \/61—002 + 512 D2—oo

Di-w+\b,_ '+ 6D,
2

Bjg = 8, BIR = ﬁxz
-M,_,C+ M__k Y i

By = e B, = TMoCtM.k
Ml—w Mx_m

Downstream Flow Fields

D1+002 + Bx+a)2 D2+m < 0

Dl+oo2 + 6x+w2 D2+m > O

M,k + M,,,C >0 M.k + M, C<0

BlR = Dl+m/ﬂx+m2

Divo + \/61+m2 + B:+ao2 Dy

— E 2
B“ - + l+oc2 + ﬁx+m2 D2+oo /6l+m D \E
Theo *+8.,.D
an = l+ﬂ . + 2+ BQR = ﬂ :
1+ x+o
My C+ My k) —(M,.,, C + M, k)
By = = By = =
Mx+m Mx+oc

Dy.o =, (K M, + 2 M., My,,, Ck
- ﬂytm CH

2 -—
ﬂxim =1- Ml:oo

ﬂyiwz =1- Mytm
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L

[o*A*a* + p*A™*a* + p*A*a™* | — [ pA; (U] sin aen + V' €OS aen) +

,l_J:AI[_J( cos (aen — B8 + /);Ai U( cos (e — B)]

- .oV pi )
= (ﬂn T Vi (18)

The derivation of the small perturbation forms of the mass, momentum, and energy equations
is shown in Appendix A.

The next step involves the derivation of the unsteady control volume form of the
momentum equation. The equation takes the form:

P-d@mU [ yuaa + 2 1T Upa van (19)

Vol

Expanding Equation 19 and assuming small perturbations yields for Region 1:
pA + pA, — prAr - p*’K* = [a*W* + F*w*'] —

[®; (u'; sin e, + V') €05 aen) + Uiw'; cos (aen — 8] +

G p ave - oV’ o WU e
Uﬂvevl —%t— + /)nveUnvp T + pnvvvl T (20)

The next step requires the derivation of the small perturbation form of the energy equation
for as inviscid fluid with no external heat addition. The control volume for Region 1 is there-
fore (Reference 16):

% ”f” ped (Vol) = — ff (pU - n) eds (21)

where, n = Unit vector normal to the surface and,

- L, v
R VA

Substituting the value for e into Equation 21 gives:

o [P'V' (;ﬁ_—ﬁ + UT)]

- L () w2 9]

Expanding Equation 22 by assuming small perturbations and subtracting out the mean flow
equation produces the small perturbation form of the energy equation, as shown below:

11



1

m [ 28,a"w; + aw; ] + _;_[ W, ( 20; cos (aen — ﬁ:)) (u'; sin a,, +

2 — &+ 2 -
Vi COS acn) T Wi (Ul cos (ach — B1) )z]_ '(l—"y—l [ 2a*a*w* + arw™* ]

2y(y - 1)
1 [-2' o0’ == v, Y ]
= — —_ — + 23V, — +
P aw, 2t + pa 5t apV, ot N
_1_[U2V _a_&_ +I-7U2 _Ez.\h_{_QUZ,V .QU_ ] (23)
2 toat at et

Before solving Equations 18, 20, and 23, densities are nondimensionalized by p, pressures by
o U2 velocities by U, lengths by semichord b, time by b/Uy,, areas by A*, and volumes by
A*b. The nondimensionalized form of the equations of motion for Region 1 are as follows:

Continuity Equation

[ p*a* + p*a*A* + p*a* ] — [ A, (0, sin e + v/, €08 acn) +

'd -
A cos (ay — B) + p'A cos (a, — B)]

_| s -@]
_[ P50 TV |,

Momentum Equation

[ P’iAl + pA'T — p* — prA* ] = a* [ 2p*a™ + p*A*a* + p*a* ] —

cos (aen — B81) [ pA; cos (aen — B)  + A’ €08 (aen — B,) + 2A, (U, sin aen +

U,
2t (25)

i = o 9p. R A -
Vi cos a) | + Ui Vu 3t +5 U, a_tl+pi v

12




Energy Equation

[ a} cos® (aen — B;)J [

v -D " 2 p'iA; cos (aen = B1) + A’ cos (aen — B,) +

2A| cos (ach - ﬂ)) éla'i

A, (0 sin @en + V| coS acn) ] +

+
vy — 1

A, cos? (aen — B;) (U Sin aen + V| €OS aen) —

(-7 +2) SK2 [ okEk L =k A KK — ok

2v(y — 1) [a (p*a* +p*A*a* + 3p*a’™) |

S W R ') v YV aasv 2]

7(7—1)La 2t PR T3t S SN Ts

1 [2 o | o, OV aU"

7 LVU o+ eU 5+ 20Vh 5 (26)

In Equations 24, 25, and 26, all quantities are nondimensionalized. The solution to these
equations will next be presented.

After separating the equations into real and imaginary parts, a method of substitution is
used to solve for the unsteady, complex flow field. All flow parameters within the blade
channel are assumed to vary harmonically with time, as follows:

f, — ?,eilu (27)

where f is any flow parameter within the blade channel. The two-dimensional upstream flow
field is converted to a one-dimensional flow field utilizing a technique commonly known in
analyzing the turbulent channel flows (Reference 17):

y
P % 7 ¢ ay (28)

]

The energy equation is utilized to solve for the complex constant (A__) describing the
upstream flowfield. The result is as follows:

Az = EnﬁK'.R + EIT-A—,il + BBt + Egn'* + EzoK'R* + szxlx* +
Ezzélk* + Eznéll* + EHV'” + Ezsv’m : (29)
A= E%A,ik + E27K'u + Euo's* + Egp'* + E:IUA-,R* + E.’HKII* +

Ea%Rz* + E.a'* + E:uvln + E:«svlm (30)

13



The derivations of Equations 29 and 30 are presented in, Appendix B. The E constants in the
above equations are a function of the steady flow parameter and are presented in detail in
Appendix E. Calculation of the steady flow parameters appears in Appendix F. Area and
volume perturbations are a function of the known vibrational mode shapes. The calculation
procedure appears in Appendix G. The two complex unknowns in Equations 29 and 30, 5'* and
a'*, are obtained through the use of the momentum and continuity equations.

Using the momentum equation to solve for the complex density perturbation at the
throat gives:

Pe* = MpA'y + MJA', + MA'W* + MAL* +
Mud'a* + Myd'\* + MV + MV (31)
B = Moy + MJAY + MAR + MAY* +
M-I-IEIR* + Mdsall* + M-lsvlll + M-ﬂvllR (39)
The M constants represent a function of the steady flow parameters. The derivation of

Equations 31 and 32 appear in Appendix B. The final unknown, a*', is obtained through the
use of the continuity Equation (24). The result is:

3 = CuA'm + CoA'y + CeAR* + C A +

CuV'y + CoV'i (33)
At = CuA'n + CoAy + C AW + C A +

C.V'y + CuV'i 50

The C constants also represent functions of the steady flow parameters and are presented in
Appendix E. The derivations of Equations 33 and 34 also appear in Appendix B. This
completes the analysis for Region 1.

Perturbation Equations for Region 2

Region 2 in Figure 6 represents the supersonic region from the blade throat (M=1) to the
steady-state shock position. Since all the inlet flow parameters are known, only two flow
parameters need to be found: (1) perturbation velocity (Uus) and (2) density (p'us) on the
upstream side of the shock. Thus, only the continuity and momentum equations are needed to
solve for the density and velocity perturbations. Dealing first with the continuity equation,
recall that:

o= ff ovaa+ 2 [If sa vy (16)

which becomes for Region 2:

—2pV,

pusUusAs ~ P*A*a* ot

(35)

14
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Assuming small perturbations produces:

(p’usUuaAs + bu.U'u.A-. + l-7unUusA’s) - (P’*A*é* + I-J*A*al* +

FAEY) = — (vz%’ +5 %Yt_) (36)

Following similar lines to the derivation of the momentum equation in Region 1, the
resultant equation becomes:

(—plusAs - f)usA’a + p’*A* + f)*A'*)

= (U.w, + Uw,) — (@*wW* + a*w™*) +
~ . Op _ oV’ _ & oU% (37
UV 50— +2.0. 5 +5. % — 7

These equations are nondimensionalized in the same manner as in Region 1 to yield the
following equations for continuity and momentum:

Continuity Equation
(p'weUusAs + pusU'ueBe + pusUusA’s) — (p*8* + p*a™ + p*A™*a*)
= — (V23£—+pa‘-)e (38)

Momentum Equation
(—p'uBAa - I—)uaAls + p'* + I-)*AI*)
= (Uluav—vus + Uusw'us) - [5*3"*5* + 5* (p’*a* + l_’*A’*é* + /-)*al*)] -+

op'y _ V', _ ou,
— + pU, — + 5V, = .
at oA at P2V 3t (39)

—
1

The momentum equation is used to obtain the expression for the density perturbation
upstream of the shock to yield:

plust = M., A'sn + Ms::A'sl + M.=.4 f)ﬁ + M, F‘)*H' M,

M
M, % + Mg i+ Mo, Vi, + Mg Vi (40)

pusr = M%A'SR +MG7A'SI + Msa pEk +M,p1 + MTOAI;-"( +
M, A% + M,,Uyer + M, Urpgy + M5 8% + Muak +

M,p% + Mups + M,V + My Vg (41)

16




The derivation of Equations 40 and 41 appears in Appendix C. The expressions for the density
perturbations contain one unknown: the complex velocity perturbation upstream of the shock
(U’ys). The continuity equation (37) gives this relationship:
U’USR = Cm A'SR + C74A,sl + C75l—)l;‘t + C7GI-7”.; + C775'§ + C7B 5”.; + C79pl§ +
Cop® + CalAt + CoA% + CuV' + Cu Vg . (42)
U'Um = CssA'sR + C&GA'SI + Cs7l-)”E.; + Ce ph + Ca,, &y +
Cool + Cob'% + Cubt + CuAE + CauAt + CuVry + Co V) (43)
The derivation of Equations 42 and 43 is presented in Appendix C. The M and C coefficients

are found in Appendix E.

This completes the analysis for Region 2. The unsteady shock wave movements are next
defined along with equations describing flow discontinuities across the shock.

Unsteady Shock Movement

For a normal shock wave moving at a velocity, Us with respect to the channel, the pres-
sures on the two sides of the wave relate in the following manner (Reference 18):

Uups
27( My — ﬁ) - (y— 1) :I (44)

us

vy +1

Pds = Pus

Assuming small perturbations and nondimensionalizing Equation 44 yields:

2 I I _ -1 _
Y pusUa = [ pusMus — Pas — ( = ) pugJ a'ye

¥y +1 y+1
2 - -1 _
[ 5 11 ausMun_ U' - ( ; + 1 ) Qus ] p’us +
2 R <
[ ¥ _Z 1 auapuuM us — 8ualP ] (45)

Again, all flow parameters are assumed to vary harmonically with time. The change in
shock position can be related to the shock velocity perturbation by:

. 0. _ 0%, (46)
U, = U, exp ikt T

Integrating Equation 46 gives:

., U'sr 47)
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Substituting Equation 46 into Equation 45, dividing by e™, and solving for I-j’s produces:

. 1 ” - Ui
U = N [ S,8uer + SsPuer + S, = £ ﬁuuf)'dsn]
1 8ys
1 - i, U A
U'51 = S—l- [ Szﬂ usl + Ssp usl + S4 ﬁui —~ 8yusP ds1 ] (48)

where the S coefficients are presented in Appendix E.

The pressure perturbation upstream of the shock can now be related to the density
perturbation in the following manner:

=

P'us = 8%usP'us
and to the speed of sound perturbation as
5 = y—1 ays ‘
fn () (B) w
Thus, there exists only one unknown in Equation 48: §'ss. The downstream pressure perturba-

tion is found by expanding the following equation in small perturbation form. The density
discontinuity across the shock is

pe Ly — 1) N[Us2 + 2] = pys (v +1) MUSZ] (49)

This equation in small perturbation form can be expressed as
IB,GSR = SB U'usR + Sg 5IusR

Plast = Sq Uet + S p'usi (50)

Substituting the relationships of Equation 50 into Equation 48 produces the shock per-
turbation velocity.

The velocity perturbation downstream of the shock is found by satisfying the continuity
across the shock, as noted in the following equation:

pusUusAs = PdsUdsAs (51)

Expanding Equation 51 in small perturbation form and solving for U',, gives

e 1 - S -, T
UdsR = l_7d [,D usk Uus + Pus U usR ~ P dsR Ur‘ls] (52)
_ 1 o - o -
Udal = ﬁ-)T [p usl Uua + Pus Uusl — P asl Uus] (53)

This completes the relationships describing the flow perturbations across the normal
shock.
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Perturbation Equations for Region 3
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Figure 7. Region 3 from the Steady-State Shock Location to the Cascade
Trailing Edge

Region 3 is the subsonic intrablade region from the shock location to the cascade trailing
edge, as shown in Figure 7. The unsteady flow field is derived using the perturbation
relationships for the flow entering the region across the normal shock and exiting the cascade
into the downstream flow field. The unsteady flow field exiting Region 3 is represented as the
sum of two flow fields: (1) the irrotational part derived previously in the section on upstream
and downstream irrotational flow, and (2) a rotational part related to the vorticities being shed
off the trailing edge of the blades due to the unsteady vibratory motion.
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Roiational Downsiream Fiowrfieid

Lacking viscosity, the equation of motion in vorticity form for two-dimensional flow is
(Reference 19):

D¢ _ . Do _ (54)
»p bt O
In small perturbation form this equation becomes
De _¢De (55)
Dt 5 Dt

where, D/Dt represents the substantial derivative.

The vorticity of a nonvicous field remains zero, if at the beginning the vorticity was
equal to zero and the fluid is only subjected to the forces which have a potential associated
with them. A shock wave does not fit into this category. However, according to Crocco’s
Theorem (Reference 20), if the fluid passes through a stationary shock wave, the flow can
conserve its irrotational character only if the entropy rise is uniform across the shock. This is
the case for the normal shock in a one-dimensional channel flow. Thus, the mean flow vorti-
city is zero. Using this fact in Equation 55 produces

Dy .
Dt 0 (56)

A solution to Equation 56 is assumed.

¢ (x,y,t) = Z,, expi(Rx + Cy + kt) (57)

where C is defined in Equation 9 and k is the reduced frequency. Substituting Equation 57
into Equation 56 and solving for R results in

—k+%C) (58)

Ug

R =

The vorticity can be related to the stream function as follows (Reference 21):

vey'= —¢
where,
-
oy
v - N
ox
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A solution for the stream function ¢ exists in the following form:

. Z.a .
Y= ra——e expi (Rx + Cy + kt) (59)

which will give the rotational velocity perturbation at the exit.
Continuity and Momentum Equations for Region 3
Because there are only two unknowns in the downstream flow field, the complex
irrotational and rotational constants, the momentum and continuity equations are all that are
required. The nondimensionalized small perturbation forms of these equations are
Continuity
[(plE AH Ul—: + Z)l-: A’E UH + Z’E Al-: U’H) - (E(Is AﬁUlds +f_)(ls A’s Uds +

I _ v’ - o0
p’ds As Uds)] = [.D _at_ + V at ]_—. (60)

Momentum
(P'as As + Das A's — D' Ay — Pp A = (U, W + I-Jli w'g) —

— - ' - - " _ V;
(Uge T + Uy Wo) + Upe Vo 22 4 5 U, 20

at " Pu T Tt
. 5 2U, (61)
Q3 \A ati
The momentum equation is used to solve for the complex constant A, _ to produce
Aw=2Z. .My, +Z,.. M, + RCM, +ICM, (62)
A+=ol =7, =x M, + Z,. M, +RCM, + IC M,, (63)

The M constants, along with RC and IC, appear in Appendix E.

The continuity equation is used to solve for the complex constant describing the
rotational downstream flow field resulting in

Z...=RCC,, +ICC,, +C,, (64)
Z.,=RCC, +ICC, +C,, (65)

where the C constants are found in Appendix E.
Equations 64 and 65 can then be substituted into Equations 62 and 63 to solve for A,
giving a complete description of the flow field in Region 3. The derivation of Equations 62

through 65 is presented in Appendix D.

Thus, with the solution of the flow field in Region 3, a complete description of the

cascade flow field is obtained. A compilation of the computer code for the semiactuator disk

model is presented in Appendix J.
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RESULTS

The semi-actuator disk theory was evaluated in two ways. The first method consisted of
a comparison with test data presented by Tanida and Saito (Reference 22) for an isolated air-
foil oscillating in choked flow in a wind tunnel. The second method involved a flutter analy-
sis of the F100(3) 6th stage of the high-pressure compressor of the F100(3) turbofan engine,
which encountered choke flutter while operating at off-design conditions in a core engine (no
low rotor) at the Arnold Engineering Development Center (AEDC).

Wind Tunnel Test Data

Tanida and Saito oscillated an airfoil in a wind tunnel at constant amplitude for various
combinations of inlet Mach number, back pressure, reduced frequency twist axis location, and
tunnel wall separation, and recorded both steady and unsteady aerodynamic characteristics.
Because reflections from the tunnel walls create a special case in a cascade in which adjacent
blades are exactly out of phase, the experimental test conditions were simulated with an
interblade phase angle of 180 deg. After calculating unsteady pressures through the blade
channel, the unsteady lift and momentum coefficients were calculated in the manner presented
in Appendix 1.

General agreement was achieved for the imaginary moment due to pitch for back-
pressure ratios less than 0.7, as shown in Figure 8. At higher back-pressure ratios, flow is not
fully transonic during the full cycle of operation; i.e., a weak shock appears and disappears
on the airfoil surface. A basic assumption of the analytical model stipulates that flow is fully
transonic, and a strong normal shock exists in the blade passage throughout the oscillatory
cycle. Because this was not the case at high back-pressure ratios, good correlation was not
anticipated.

Flutter Analysis
Computational Method

Investigations also involved an assessment of the semi-actuator disk unsteady aerody-
namics by combining the model with existing P&WA cyclic work and aerodynamic damping
calculations, and then performing a flutter analysis for the F100(3) sixth compressor stage,
which experienced choke flutter at off-design conditions. The P&WA approach to flutter pre-
diction stems from a cyclic energy method in which total system damping is calculated. The
system becomes unstable when total damping, which is comprised of aerodynamic and
mechanical damping components, is less than zero; i.e.,

bror = (Buaero T Omean) << 0 = flutter
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No method currently exists to determine mechanical damping. Thus, stability predictions
are based on correlations of aerodynamic damping for an assumed level of mechanical damp-
ing. To calculate Su.ro, a2 quasi-three-dimensional analysis is used in which two-dimensional
unsteady aerodynamic work (W) is calculated for strips along the airfoil span. As shown by
Carta (Reference 23), the two-dimensional work can be expressed as

W = prb’U%? {L,h* + @h [(L, — M,g) sin 6 +

(L., +M,) cos ] +M,, &}

where,
L = unsteady lift coefficient
M = unsteady moment coefficient
o = normalized mode shape deflection of maximum twist
h = normalized mode shape deflection of maximum bending

A = phase relationship between « and h.

Numerically integrating the two-dimensional work along the span produces total unsteady
cyclic work for one blade (Wqq.). The logarithmic decrement, or aerodynamic damping, is then
calculated as

s _ Wiy
aero 4KE
where,
n = number of blades in the system
KE = normalized average kinetic energy of the system vibrating in the

normalized mode.

Flutter Prediction Results

A flutter analysis of the F100 sixth stage compressor operating at sea level conditions was
performed, and a summary of the data points, operating conditions and predicted damping
values is presented in Table 2. The model predicted the first bending mode to be least stable,
which is consistent with the results observed by Lubomski (Ref. 24). However, test data
showed Rotor 6 encountered negative incidence flutter in the second coupled mode, with some
secondary first-mode response.

For both the first bending and second coupled modes, the model shows a distinct differ-
ence in damping level between flutter and non-flutter points, with all of the flutter points ana-
lyzed having a negative damping value, indicating an unstable condition as seen in Figure 9
and 10. In general, the model predicts the correct trend with increasing speed, i.e., a decrease
in stability with increasing speed.



TABLE 2. SUMMARY OF LEAST-STABLE NODAL DIAMETERS
AND DAMPING VALUES FOR SEA LEVEL CONDI-

TIONS
Test Data
Rear
Compressor
Variable
Test Vane,

Data Point  Stability %o N, RCVV
F100(3) Rotor 6 Ist Bending Mode

AA02PT3
ACO06PT8
ACO06PT9
ACO06PT10

AC06PT11
ACO06PT12

ACO05PT29
ACO05PT30
ACO05PT31

_ Stability Calculations

Aerodynamic Damping 8,

Least Stable

Semi-Actuator

F100(3) Rotor 6 2nd Coupled Mode

AAQ2PT3
ACO06PTS8
ACO6PT9
ACO6PT10

AC06PT11
AC06PT12

ACO5PT29
ACO05PT30
ACO5PT31

where,

Nodal-Dia. Smith Disk Theory

NF 80.0 —-30.0 2 0.0164 0.0102
NF 88.7 —30.0 2 0.02978 -0.00104
FB 89.75 —33.0 4 0.0558 -0.01394
F 914 —37.2 3 0.04605 —0.0110
FB 90.21 —29.2 3 0.05793 -0.01313
F 92.4 —29.0 3 0.05516 -0.0106
NF 84.76  —20.0 2 0.03718 0.03718
NB 99.68 —20.8 4 0.0795 —0.0356
F 102.00 —21.0 4 0.06492 —0.03990
NF 80.0 -30.0 3 0.000125 0.000101
NF 88.7 -30.0 3 0.000275 0.000097
FB 89.75 —33.0 6 0.01894 —0.00101
F 91.4 -37.2 6 0.01334 —0.00053
FB 90.21 —29.2 6 0.0182 —0.00097
F 92.4 —29.0 4 0.00170 —0.00077
NF 84.76 -20.0 2 0.000354 0.000354
FB 99.68 —20.8 6 0.0299 -0.00130
F 102.0 —-21.0 6 0.0243 -0.00166

NF = No Flutter

FB = Flutter Boundary

F = Flutter
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The slight discrepancy in this trend exhibited by the calculated damping values for flut-
ter data points AC06-10 and -12 may be attributed to inaccuracies in the steady streamline
aerodynamic input. The inaccuracies arise due to the difficulty in predicting the steady aero-
dynamic environment while the compressor is operating well off the design condition in flut-
ter. The model is very sensitive to inlet air angle, relative inlet and exit Mach numbers, and
static pressure ratio across the stage. The inlet Mach number and air angle are used to check
for choked flow in the blade passage, and the static pressure ratio is used to locate the
steady-state shock location. For data points AC06-9 and -11, the static pressure ratio across
the stage was matched within 2 percent, while for AC06-10, the error was as high as 15 per-
cent. This magnitude of discrepancy in matching the stage static pressure ratio could lead to
inaccuracies in locating the steady-state normal shock. In the analysis, the chordwise location
of the shock greatly affects the magnitude and sign of the unsteady aerodynamic coefficients,
thus greatly affecting the damping calculation. It was noted that data points AC06-9 and -11
were calculated to be choked along the entire span, while AC06-10 and -12, operating deeper
into the flutter boundary, were not. This has a large effect on the stability calculation because
if the flow is determined to be unchoked, the unsteady, zero-incidence Smith coefficients (Ref-
erence 2) are used in place of the semi-actuator disk coefficients. The Smith coefficients
always predicted the rotor to be stable.

The magnitude of the inlet and exit Mach numbers proved to be important parameters
in describing the upstream and downstream flow fields. With increasing inlet Mach number,
the unsteady lift due to flap increased in a destabilizing manner and with increasing exit
Mach number. The unsteady moment due to twist showed a similar trend. Data points
ACO05-30 and -31 are approximately double the value of the negative damping of the other
flutter points. This is due in part to the greater inlet and exit Mach numbers. The magnitude
of the inlet air angles are related to the magnitude of the inlet Mach number through the
continuity equation in the steady streamline analysis. It is noted that the streamline analysis
indicated data point AC06-9 was operating above 8_,, at the tip. The air angle is related to
the flow area; therefore, to satisfy continuity the inlet Mach number must decrease at
this station. This is particularly significant because the maximum unsteady work occurs
at the tip. A similar trend was noted at other sections. AC05-30 had similar trends, but
not as severe, giving a more accurate inlet Mach number. It is speculated that a more
accurate representation of AC06-9 would give a larger inlet Mach number and increase
the damping in a negative sense, bringing the flutter points closer to the same damping
level.

By plotting the aerodynamic damping versus corrected speed, as in Figures 9 and 10, or
versus variable inlet guide vane setting, as in Figure 11, a predicted flutter boundary can be
obtained by assuming a value for mechanical damping. As shown in Figure 12, the results of
the flutter analysis prove to be conservative, particularly at higher corrected speeds. This
conservatism is believed to be due to the inlet Mach number and air angle discrepancy
discussed above resulting in two negative damping levels. A summary of the least stable nodal
diameters and damping values is presented in Table 2 for the 1st bending and 2nd coupled
modes of vibration. All the predicted least stable nodal diameters are relatively small because
the model encountered numerical difficulties at large interblade phase angles as shown in
Figure 13.

The General Electric annular cascade data (Reference 25), which was originally to
be analyzed, had to be abandoned because the published data gave an inadequate des-
cription of the steady flow field. No exit data were published and attempts to calculate
aerodynamic damping using exit conditions based on PWA 2-dimensional cascade test
data produced no meaningful results.
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Summary of Resulits

The following is a summarization of the results of the flutter prediction study.

1.

The model showed a distinct difference in damping level between flutter
and non-flutter points indicating the importance of the unsteady shock in
the blade passage.

The model shows the correct trend with increasing corrected engine speed
and vane angle; i.e., with increasing choked conditions, the model predicts
the aerodynamic damping to become less stable.

The model was very sensitive to the steady aerodynamic input. In order to
perform an accurate flutter analysis, an accurate steady aerodynamic de-

scription of the flow field must be obtained.

The model was conservative in predicting the flutter boundary at high
corrected engine speeds.

Due to limitations on interblade phase angle inherent in semiactuator disk
theory, the model is limited to interblade phase angles of +90 deg.
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Conclusions

Based on the results of the F100(3) 6th-stage compressor flutter analysis, it is concluded
that the model is useful as a conservative choke flutter design system. The model is sensitive
to the steady-state aerodynamic input, particularly inlet and exit relative Mach number, inlet
air angle, and static pressure ratio across the stage. In order to perform an accurate flutter
analysis, an accurate description of the steady flowfield must be obtained.
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APPENDIX A

DERIVATION OF THE SMALL PERTURBATION FORM
OF THE EQUATIONS OF MOTION IN REGION 1

CONTINUITY EQUATION

The continuity equation for Region 1 takes the form

- - _ a‘(Plvx)
W5 T Wi T T —a_t_

Mean Flow

(AD)

Assuming small perturbations about the mean flow gives the following expressions for the flow

rates, neglecting higher order terms.
Wintet = Winer + Winier = (31 + p1) (Ay + A} (Upnier + U)
= AU + AU + pA0, + 5AU,
Let U’; be the perturbation velocity aligned with chord line. Then
U, = u’;sin oy, + V', cOs ay,
The inlet velocity is U cos (o, — 8,). The inlet flowrate is then defined as
Wit = Wi T Wi = AT, cos (@ — B) +
ﬁigi (v'; cos o, + U; sin ) + f)iU; cos (g, — B)) A, +
p’i:'i‘iI—Ji cos (a, — B1)
The flowrate at the throat is represented by

WX = W* 4+ W = p*A*E* + p*A*a* +  prAtat + prArat

\%
Next, expand the term —a(g—’t—')—
a(prl) _ aVl dp,
ot~ ~ P e TV

By assuming small perturbations, the following relationships emerge:

av, . I: V., aV'l] -\
par =Bt St ] A

a - al _ a:
vl£=(v,+v',)[ +—”] -0 3

(A2)

(A3)

(Ad)
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The small perturbation form of the continuity equation for Region 1 is then:

[p"*A*a* + p*A*3* + p*A*a™*] — [pA; (U] sin a, + V', cos a,) +

F_)iAlini cos (g — B,) + p,iAi[-ji cos (g, — B))]

- _ - 9V, G o0 (A5)
( I ot + VI ot )

Unsteady Control Volume Form of Momentum Equation

The next step involves the derivation of the unsteady control volume form of the momentum
equation. The equation has the form

P40 1 yeuas 2 [f ] U von (A6)

with

2F = pA —p*A* = (B + p)(A + A) — (5" + p*)A* + A™)
Neglecting higher order terms and subtracting out the mean flow forces gives

2_F = (piA + PA) — (P*A™* +p*A%) (A7)
Now to evaluate the first part of Equation A6,

ffch (pU - dA)
which is essentially

a*w* — U, (cos (aen — 81)) Wi
In terms of small perturbations, this expands to

(a*w* + a*w* + a*w*) — (Uw,; cos (aen — By) + Uw; +

UI cos {aen — B} W)

Subtracting out the mean flow quantities gives

(a*w* + a*w™*) — (U sin aen + V' €05 aen) Wi+ U cos (awn — 8)) W) (A8)

To evaluate the second term of Equation A6
7] 9]
2 [T vee ven = & Guiv)

av, U,
. AV

%)
= UV, __5/3 + 91U1
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Working with the first term and neglecting higher order terms produces

uv, ——aa’;‘ = @OV, + UV, +0V) ( %% + %)E)

op's

lvl at

jan]]

Similarly, for the second and third terms

av, =17 v,
plUl a2t - plUl T

au, -5 au’

st U ! (A9
plvl ot prl 2t )

Combining Equations A7, A8, and A9 gives the small perturbation form of the momentum
equation, as shown in Equation Al0.

pA, + PA, — PrA* — p*A* = [a*W* + Brw*] —
[W, (v, sin «, + v/, cos ) + l_J,w', cos (g — B8] +

T 20 450 Y. 4539 UL
uVv, atl + 75U, 31 + .V, Bt (A10)
Small Perturbation Form of Energy Equation

The next step requires the derivation of the small perturbation form of the energy equation for
an inviscid fluid with no external heat addition. The control volume form for Region 1 is

therefore
aa_t fffvn] ped (Vol) = — ffw(pU - n) eds (A11)

where,
unit vector normal to surface

a? U?
+
iy — 1) 2

=]
n

Substituting this relationship into Equation All produces

‘a‘ta‘ fff vo,p (;Z‘y—az_—i')-i-%z—)d (Vol)

- S wum (ma_i_l)+__21)ds
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which becomes

v Gesn* 9)]
7

. ~N
3
= — * 3*7{72 _LQ)) _ a’ U’
[ v ( 2 = 1) Wi (7(7— D 2 )] (A12)
- 'l - ~~ ~\" -
2 1

Now, in order to expand by assuming small perturbations.

Term 1 (neglecting higher order terms)

2y +
SX Y2 [ gk 4 gatatet + atw | (A13)
2v(y = 1)
Term 2 (neglecting higher order terms)

(W + w'y) I:_éi,y(—-i;%ﬁ)@l_ + % [( Ui cos (ach_ﬂl))z + 2Ui cos (aen — By) -

(U’ sin acy t+ Vi COS acn) I ]

e - e - 1 o
ﬁ [ aiw, + 2aaw, + aiw; ] + 5 [ %, (U, cos (aen — 81) )2 +
2U; cos (aen — B) (U] Sin acn + V| €OS aen) Wi + Wi ( U cos (aen — B))? ] (A14)
Term 3
i[ ( a’, U ):I _ 1 ) .
at prVs 7(7_1)+ 2 Ty - D et (o,Vyau)
N ~" —
a
1 0 )
5 5 (Vi UY)
b
Term 3a

0
1 [ 8(51\7}1'2) N 3’ V) . A V' 4% Za(a’,é,ﬁlvl)J
af +

yiy — 1) ot ot at
-1 [ V,az % + paz oV, + 2apV —a?'] (A15)
vy — 1) T P o¢ apv¥y 3, )
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Term 3b

1 aeVUy L [ o 28 — 9V, - o oU
5 > 5 | WO L 0 Z a0, O ]' (A16)

Combining Equations A13 through A16 and subtracting out the mean flow equation yields the
small perturbation form of the energy equation:

(v 1. 1) [2aa’ W + —aizw’i] + '12' [®; (211 cos (o, — 8)) (W, sin ay +
2
= — v+ S = w2
v', cos ) + Wi (U, cos (ap — B)) ] — %T_ql_l)m [2a*a’*Ww* + a*’w'*]

'

1 Twg 2 o BV geo 08
[aV, 2 + pa e + 2apV, ot 1+

T Yy =D t
1| e 2 o oy OV G- U (A17)
5 [ U*Vv, En + pU atl + 2UsV, 5t 1

In order to nondimensionalize Equations Al4, Al5, and Al7, densitigs will b}e non-
dimensionalized by 5, Dressure by 5.U/, velocities by Ugs, leng!;hs by sgmlchord, time by
b/U, areas by A*, and volumes by A*b. Starting with the continuity equation:

[ (2) a(£) o (2) + 5 (2)a () 0 5) -

o Ax
w8 0] - [2(2) #8) ol gomen
S () (4 0l B
o5 (oen — B + 1 %) a( &) o %) S
C(a(5) (r0 Q) 2o, A, Do)
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Dividing through by 5,A*U; gives

[p'*a* + p*A'*a* + p*a'*] — [I_Xi (u';sin oy, + v; COS ) +

:&i cos (g, — B,) + P'i:&i cos (a,, — B))]

- _ oV, g o ' (A18)
_ [pat“’latl

Consider next the momentum equation (Equation A10). The result is, after dividing by & U? A*
(p’i‘/_\i + pA, — p* — p*A™)
= [a'*p*a* + a* (p*a’™* + p*A™a* + p*a%)] —
[ (U/| sin acn + V5 cos ach) Al Cos (ach - Bl) +

cos (acn — B1) (p'1A; cos (aen — B1) + Aj cos (aen — B) +

A, (0, sin @, + V' cos ay))] + ( I_J\_/', aapl ) +

v !
(/‘)U L) + (,—;v, 5Ut‘> (A19)

Proceeding next to the energy equation (Equation A17):

_:/3% [ 2Al CcOos (ach - ﬁl) éla,l + (P;Al cos (ach - ﬂx) +

Aj cos (oen — By) + Ay (U] sin aen + Vi €Os aen)) & ] +

0 A¥ T .
m—2—1 [ 2A, cos® (aen — By) (U] Sin aen + V] €OS aen) +

c0s? (aen — £1) (piAi cos (aecn — B1) + Aj cos (aen — B1) +

(¥*—-v+2

5, A%08 [ 2a*a™5* +
2v(y -1 ° g

A, (U] sin acn + Vi €OS aen)) | —

%2 (p'*ﬁ* + [;*A'*E_l* +  p*a™®) ]

5 A*U3 . dp v ., oa
- 2 e 2w e 3]
1
o0 [ g 4 pon Y appy, ]
5 \AL 3t + pU T + 2UpV, st
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Dividing the above equation through by 5,A*U} and rearranging the terms yields

|_ — 5%_ + cos” (aren — B‘)-I l- p'iA cos (@en — B1) + A’y €08 (aen — B} +

[3]

oy 1) pA - =

2A| (e ] (Clch - Bl) 513’;

A, (U] sin acy + V' cosacn) ] +

+
¥y = 1)
A, cos? (aecn — Bi) (U sin @ + V', COS @en) —
(VP -r+2r .
J SO S——, 3 2 '*5* +‘*A'*—* + 3-*3'*
20y — 1) [ (o prA™a p*a*) |
— 1 [ X7 =2 ap' -a2 avll ==X7 aa' ]
= 565D Va 2 + pa' + 28pV, 2t . +
1[——2@; NV aU']
5 V.U En + pU 3 + 2UVp a J. (A20)
The nondimensional equations of motion are as follows
Continuity
[p'*3* + p*A™*a* + p*a’*] — [A, (U sin a, + v/, cos a,) +
A,i Cos (ach - ﬁl) + p,iAi Cos (ach - ﬁl)]
I R\ R/
[ st TV ] l (A18)
Momentum
(A, + DAL — Pt = BHA] = B[2ra + FTATEY + pEf] -
cos (e, — B [p',K, cos (, — B) + A, cos (a — 6;) T QK, (u’, sin o, +
, == dp, - oV - U,
v/, cos ay)] + UV, _apt_ + 28U -t Vi e (A19)
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Energy

a2 2 —
[ 7(7“'_ 5+ co (“‘jz" ﬂ‘)] [ oA cos (acn — B1) + A’y cos (aen = B) +

2A, cos (acn — 8) 425

¥y — 1) *

A‘ (u’, sin Qeh + vy cos ach) ]

A, cos? (aen — B8y) (W) sin aen + V' €OS ) —

2 -
Qv 2D [ g (gear +50 A% + 35ta) ]

2v(y — 1)
1 [ L0y . OV aa']
— | V& 2 + par — + 28V, — +
Yo -D LM e P "ot PYr g
O P ' o
5— [V(UZ a— + pU? + 2UVp W] (A20)
1

The small perturbation forms of the equations of motion for Region 2 and 3 are derived

in a similar manner.
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APPENDIX B
SOLUTIONS TO THE EQUATIONS OF MOTION FOR REGION 1

The nondimensionalized linear equations of motion for Region 1 are represented by
Equations 24, 25, and 26, and are solved to obtain the three unknowns: A__ p*', and a*'.
Starting with the inlet flow parameters

| N
T ek Vi T Gyt

The expression for ¢ is given in Equation 11. The inlet velocity perturbations become

' iB A,

u; = BN exp i(B,x + Cy =+ kt) (nondimensional) (B1)
1

, iCA_ . . .

v, = # exp i(Bix + Cy + kt) (nondimensional) (B2)
1

The inlet pressure perturbation can be obtained from Bernoulli’s relationship in the
following manner:

25t ’ ’
w5 e b W oy 2]
ot ot ot ot
- » . Nt e’
1 2 3
or
. *'__ | - au — v
Jov: = = [+ uBn +950 ot (B3)

Substituting for ¢'__, u’, and v';, and integrating produces
p, = —i[A__,expi(Bx + Cy + kt})] [k + 4B, + vC] (B4)

where all quantities are nondimensional. The inlet density perturbation can be related to the
inlet pressure for isentropic flow

1
o0 = S ph (B5)
a
Substituting Equation B4 into Equation B5 gives

L A—

Py =

1....

- [A_, exp iBx + Cy + kt)] [k + §B, + FC] (B6)

)

The speed of sound perturbation at the inlet is related to p; by

a,i=v;1(p_’i) (B7)

pa;
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Substituting Equation B4 into Equation B7 gives

e [A_. exp i(Bx + Cy + kb)] [k + aB; + vC]

The inlet flow parameters represented by a two-dimensional flow field which is converted
to a one-dimensional flow field by a technique commonly used in turbulent channel flows.

Here the relationship holds.
1

P = &7 fx oy dy (B8)
Yi%o

where f is any flow parameter. Starting with the velocities

uix,y) = i BA__ expiBx + Cy + kt}

¥i

@ = ~ [ iBA.expiBx + Cy + ki) dy
Yiva

BIIA_ ODeikx (el(‘_\'ri _ 1) (Bg)
Cy,

- ¥(x=0) =

The following steps are used to evaluate the y component of the velocity:

vi(x,y) = i1 CA_, exp i(Bx + Cy + kt)

#(x=0) = = [ iCA. expi(Bx + Cy + ki) dy
Yi%e
e iCF
= A_e .(e 1) (B10)
yi

Returning to the inlet pressure expression noted in Equation B4, the following results:

(k + GiB_l + vC] [A_, e* (eic)_'i - 1)] (B11)
Cy:

=1

p, = —

Returning to the inlet density expression, the following results:

5= — (k + ﬁi?l_:’ v.C) [A__ e (6% — 0] (B12)

Cya

Finally, the speed of sound expression becomes

&, = - ( 152_1) (615) [A.e" (7 — 1] [k + 3B, + ¥C] (B13)



The next step assumes that all flow parameters within the blade channel are harmonic-

ally varying with time. As such, the following equations apply:
p'* = p'* exp ikt
p'* = p'* exp ikt
a'* = &'* exp ikt
A'* = A'* exp ikt

vV o=V exp ikt

(B14)

In addition to these expressions, the time rate of change of density, velocity, and speed
of sound are also needed. Starting with the velocity at the inlet from Equation B9, the

sequence progresses as follows:

BA_ .,
Cy

o, = eikt (eiCy. -1)

ou, _ 1kBA_ ., eikt (eiCy —1)

ot Cy.
_, A_, eikt (eiCy—1)
v —
Y
v, ikA

2L = =2 ikt iCy, —
3t v, eikt (eiCy —1)

The time rate of change of density at the inlet equals

05" _ —ik (k + OB, + ¥C) et (iCo
——aT = Cy|5.2, [A_, eikt (el y 1)]

and at the throat

op*

T .
3t ikp'* exp ikt

The time rate of change of the speed of sound at the inlet equals

ot 2a; Ci

and at the throat

*
>t = ikd* exp ikt

%4 _ iy (J_;l) ( _1_) [A_. eikt (eiCs, —1)] [k + @B, + ¥.C]

(B9)

(B14)

(B10)

{B15)

(B16)

(B17)

(B18)

(B19)
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Working first with the energy equation, let

E, - [ a3 4 cos® (aen — B,) ]

y(y—1) 2
I  =cos (acnh — B)
E, - a*? (y*—y+2)

2y(y—1)

Inserting Equations B9 through B19 into Equation 26 and dividing through by ¢* produces
the following expression:

E, [ 1A, (W) A_. (eiCs —1) + AT +

Ai(sinach ( Bg;l—m ) (eiCy —1) + (—A)_:Tw) cOSacn(eiCs —1)) ] -

2A11é1 ( Y — 1)( 1 ) _ _ .
v - D\ "2a /\ Gy, / &+ B+ I0A (el —1) +

Allz [ Sinacn ( BEA;,:DO ) (eiCy: —1) + (% ) cOSarch (€iCH: _1)] -

E,[p*a* + p*A*a* + 3p*a’*]

= ‘Y(‘Y—l—ﬁ{ V,zéz[ ik( i — ( M ) A_..(eiC _1)] +

ikpa?V’, + ,35\71[ ik ( ax - ( 72; 1)( %) A_.(eiCy —1)

(k + 4B, + vC) )]} + % { L;V [ k (5* — (k + B, + v0)

( &,—l;zl ) (eiCs: —1) )] + ikpUV', + 5UV1[ ik( a* +

( BCI?",_DO ) (eiC3: —1) sinaen + ( A}_}‘I“ ) (eiC3 —1) cosacn )]}, (B20)

The E, M, and C constants presented in this section are found in Appendix E.

42




The next step requires that Equation 220 be broken down into its real and imaginary
parts. The solution deals first with the four terms containing the unknown complex constant
A__. These are broken into real and imaginary parts as follows:

1. B,A_. (eiCy —1)
B, = B,y + iB,,
AL = A o HiA
eiC¥ = cos (Cy,) + i sin (C§y)
Thus, the real part of the expression is
By oy (c08(C5)) —1) — ByA_,, (cos(C§,) —1) —
B,kA _. sin(Cy;) — B,,A_.; sin(Cy,)
and the imaginary part of the expression is
B A_.; (cos(Cy) —1) + BA_,, {(cos(Cy,) —1) +

B..A_.. sin(Cy,) — B,JA_« sin(Cy¥))

2. A_, (eiCy —1)
The real part of the expression is

A_.x (cos(Cy) —1) — A_. sin(C§))
The imaginary part of the expression is

A_.; (cos(Cy;) —1) + A_.y sin(Cy¥,y)

3. ikB,A_. (eiCy —1)

The real part of the expression is
—k[B,,A_xi (cos(Cy,) —1) + B,,A_.g (cos(Cy) —1) +
B A_.y sin(Cy)) — B, A_., sin(C#)]

The imaginary part of the expression is
K[B,iA _.x (cos(Cy) —1) — By A_., (cos(C§)) —1) —

B.:A_., sin(Cy;) — B, A_.g sin(Cy)]

4. ikA_. (eiCy —1)

The real part of the expression is
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. —k[A_.i (cos(Cy) —1) + A_.g sin(Cy))]
The fmaginary .part of the expression is

k[A_goR (COS(CS’I) _1) - A..ml Sin(CS’l)]

Now let,
g - _ E IK.g-. . _EAsing, _ 2AIG AJl%sing,,
Cs’if-iiZ C.}7, Z'chi C?. (B21)
g - BIAGTIC) | BAcosa,
Cyiéi_ yi
2A1 (k+9C) N AT’cosa,
2vCy, Vi {B22)
g - _ TEVEG __PAVE =1y
§ QY(Y-I)CiﬁiZ 'Y('Y—l) ( 25iCVi )
Uizvlﬁi piUivl sin ay,
4Cya’ 2CT; (B23)
R —h T A S 79 (e S
2vy(y—1)Cya’ 2Cya, y(y—1)
UV, (k+7,C) N 50V, cos a,
4Cya’ 2y, (B24)

Substituting the relationships for the real part of the A, terms, along with Equations B21
through B24 gives

E, [BrA .r (cos(Cy) — 1) — B,A_, (cos(C¥y) — 1) —
B,:A.,sin(CT) — B A__sin(Cy)] +
E, [A_,i(cos(C¥)—1) — A__sin(Cy)] +
EAI— E, (7"8% + p*A'"a™* + 35%5%)

= — kE; [BrA_.i(cos(Cy) — 1) + ByA__glcos(Cy) — 1) +
B:A_e8in(Cy) — B, A__sin(Cy) | +

E, [— k(A _.(cos(Cy) — 1) + A__esin(CF))]
'’V ey = 5a e s 73V
(27(7—1))1 (k7' V”k(*y(*y--l))l k&, (7(7—1)),

- - _ T -
~ kp* ( UTV) -V, ( o ) — k& ( ”UTV) (B25)
1 1 1
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Collecting terms and rearranging Equation B25 produces:

EA ox + BA_, = —EA'I + -

=172 =52
v, (22, 28 ) (B26)
+ E, (@*5'* + FrAE* + 38':*5%)

with

E.

cos (CF) — 1
E. = E, (EB, — B, sin (Cy)) + EE; + Ek (B,E; +
B,. sin (Cy)) + Ek sin (Cy)
E, = —E, (B,E; + B, sin (Cy)) — E,sin (Cy) +
E.k (B,,E. — B, sin (Cy))+EKE;
Equation B26 represents the real component of Equation B20. The imaginary component is
E, [B.A .E;, + B,A E + B,A . sin (C§) —
B,A . sin (Cy)] + E,[A E. + A ,sin (Cy)] +
EA1 — E, [5'\*a* + p*A*a* + 3/*3'*]
= Ek [B,A :E. — B,A _E. — ByA ., sin (Cy) —

BA xsin (Cy)] + Ek[A xE —A _ sin (Cy)] +

&V 09
e (s« B2
e 2y(y — 1) 4 ,
- paVv, AUV, ) (B27)
A (e T
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Again, collecting terms for A_,; and A__;, let
E, = E, [B,E. + By sin (C§)] + E, sin (Cy) —
E)X [BE; — B, sin (Cy)] — EKXE,
E, = E, [BE, — B, sin (Cy)] + EE, +
E.k [B,E, + By sin (Cy))] + Ek sin (Cy)

Substituting the above relationships into Equation B27 gives

EwA o + EA, = —BAI + E, [5*a* + p*A'*a* + 35*a,*] +
_ 20 0y . ;i 50"
ki a4+ =N ) + KV ( 0 __ 4 2 ) +
P ( 2y(y — 1) 4 | " vy — 1) 2/
< paV 50V ’ )
Lz * pav, 50V, ) (B28)
= (-1 2/,

The next step involves the combination of Equation B26 with Equation B28 and solving
for A__; and A__,.. The sequence requires that Equation B26 be divided by E, and Equation

B28 be divided by E,, as shown in Equations B29 and B30.

Awtaa (B) =-Bad (§) + @ + A +
e (g ) —or () - (&) —a (& ) @
At A () = A ()
(5'*5* + *A'*a* + 35*a%) ( glzo ) +
P ()« 0 () e () oo
where,
B (maly + ),
B (5 v 25 ),
b= (20 - ),
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Subtracting Equation B30 from Equation B29 yields

Al Al R - .
A-m.=[—E,I (—AE;R ~%—) +E2[a* (”Ez —y ) +

o K: * KI* _ (é: * 51*
5k AR g * R =1 —
e (- B ) v (- %) ]

m (3 -%)) - [B-E]
B 1o 8 10

Substituting Equation B31 into Equation B29 and solving for A__; produces

A, = _K'm[ ( & + (p'*3* + [_)*1—5;'R*5* + 35*a'y*) (EA —
E, E,
-t El'l X7 E: - EH
e () - (B) cwe (B) A (B) B
Before proceeding further, the following relationships must be given:
~(E _ E,
Em _( Eu Eln )

m
i
—~ —_
Pj’ |
loll=
Y
¢ ~—
—~
olle
=1 ~—

E = _EA ¥ — -é* ] )_( Eles )
" EM EmEu EaEmEls

Bo= - By (ZE )(1) Be ) (&)
® Ea EmEl" Es EaEns Es

5+ (E E EE
= * —= —_— _} — 9114
E33 % ( EB ) (1 EBEI5 > ( EBE,OEM )
EE, ) E. ( E, )
EH * ( E8E15 ) ( EH)

=~ (50) (B)

47

o

=3

1

I
+
w
S
*

N

I
!



Substituting Equation B31 into Equation B32 and using the relationships detailed in
Equation B33 yields

A= (BA% + ELAY) H(EH o + Egp*) +
(EoAW* + E,A') +(Bpay* + Ed%) +
BV + BV (B34)

The nondimensional momentum equation has the form

pLA, + PA, — PrA — p* = a* (25*8* + prArat + prar) —

+
S
<
2|

Inserting the relationships given in Equations B9 through B19 into Equation B25 and dividing
through by e* produces

[ B (k_+GiBV, +ViC)
Cy,

A . (e“‘ -1 )K‘ + 6;&:'_ 5*:&:* _ p'*a*z]

= F* (2;)*5'* + ,T)*K'*é* + p*ar) — 1 {_

(k + aB, + ¥C

- icy -,
CSar ) AJA _ (e )+ AT+

2A, [ (B‘A"” sin n,h> e — 1) +

Cy,
( A)_I'I"" cos ach) " - 1)] } +
A T k + OB, + vC
9 lk 0 - ——@52——
ic%, - 1710 -ﬁlvl gk
A (€7 = 1) } + p0ikT, + P ika* +
& [Bé}/;m € — 1) sin ay + A‘y:iw € — 1) cos ach] } (B35)
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Rearrange the Equation B35 to collect A__ on right side of expression. Assume the following
relationships:

_ _ WA, _ GAP 2A1 .
M=~ %6y ~ oA toog e
_ _ (k+FC0A _ (k+TC)AL 2A I
M, Cy, Cyar T Ty oo
M. = t—ll-\_,l _ [)lvl Sin &,
: 2Cya;’ 2Cy,;
— (k*rIC ::_) _ BV, cosay_ (B36)
M. ( Cya ) ( 2 2§,

Substitute the relationships of Equation B36 into Equation B35.

M, [BA_, € — 1)] + My [A_. 7 — 1] +

M, [ikB,A_. (€ — D] +M, [ikA_, (€7 — 1)]

= (= = M A, + (p* + &1 K+ iy + BEAV
ik5 0.V, + —‘ki‘;iv— + oprara (B37)

The next step in the sequence involves the separation of Equation B37 into real and imaginary
parts. First, assume

M, = —p — I
(B38)
M, = p* + p*a*’
and

I\/I7 = Ml [BIRE7 — Bi, sin (C)—/,)] + M2E7 -

M, [kB,E; — kB sin (CF)] — Mk sin (C7)
M, = —M, [B,E;, + By sin (Cy)] — M, sin (C§) +

kM, [~BE. + B, sin (C3)] — kM.E, (B39)
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Real Part
M, [BrA_:E;, — B,A_LE, — BirA_,, sin (C§) —
B,A .k sin (CF)] + M, [A_:E. — A__, sin (C3)] —
kM, [BrA_E, + BjA_E; + BA_.z sin (C§) ~

ByA__ sin (C3)] — kM, [A__E, + A__z sin (Cy))]

— _ e T
= MA'y + MGA'R* + Zﬁ'n*é*z — _kb_ilj_l\]_l _

—— - =1 %\7
k0T, — KPRTVi | onzug x (B40)

Substituting Equation B39 into Equation B40 yields

MA_.x + M(A_,, = MA', + MAL* + 25.*3* —

PPUNV G, — _1@52'__ T (B41)
Imaginary Part
M, [BRA_LE; + B,A_:E, + B A__q sin (C§i) — B,A__, sin (C§i)] +
M, [A_E;, + A__; sin (C§])] +kM, [B,A_E, — B,A__E, —
BirA_isin (CFi) — ByA_ g sin (CFi)] +kM, [A_E, — A__, sin (C§i)]
= (=5 — D) &, + (B* + 5*a*) A\* +25,*8* + 25*a*a,* +

KOV s T, + K2V (B42)

Assume
M, = M, [B,E; + By sin (Cyi)] + M, sin (C§i) +
kM, [BE;, — B, sin (Cyi)] + M,E.k
M,, = M, [BE; — B, sin (C¥i)] + M,E, —
kM, [B,E; + By sin (C¥i)] — kM, sin (C¥i) (B43)
Substituting the relationships of Equation B43 into Equation B42 yields

MA .. + MpA__, = MA", + MA'* + 25 *3* +

: 'V, (B44)

- %11 \7 — - -
graay + KLU 09, + P

NL:"
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In order to solve for A__, and A__,, make the following assumptions.

_ . / E, \
B, = —1 —
% k EBE15 }

_ _E
Er = E.E.

a*E K

E, = a by + 12
» EBE15 ElDEIS
E = — §*E2 E12
» E10E15 EBEIG

_ PaE,
S o

_ _ p*E*E,

p— _3£E2_ _El‘
Er = “EE, 7 EkE.
E. = — 30*E, _ E.
8 E10E15 EBEL’)

__Eg
Ex =~ EE,

E,

Be = EE, (B45)
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Substitute the relationships of Equation B45 into Equations B41 and B44 to solve for A__,;
and A__, such that - ' ' : ' '

A= EBAR + BAL + Bt + Egp'i* + ExAls* + ExAVY +

Eas* + Ea* +EV, + EV . (B46)

A = Ezszlm + E27K’il + Egp'r* + Eqp'* + EGOK’R* + E:nxll* +

ol
Epi'n* + Egd* +E,Vy + EuVip (B47)
Substitute Equations B46 and B47 into Equation B41 to give |
M, (E A% + E Ay + Egpn® + Egf* + B AR + E,AL +
Ey8* + Eud* +EV, + E,V) + M, (B A, +
E,Ay + Epp'n* + Eup* + E AW + E A + E 8% +
E. a3 + EV, + E V')

—_ —_ - xTT \J
= MA', + MA> + 25 — XUV

kp OV, — —BELTL 4 oprara (B48)

Let;
M, = E:M, + E,M, — 23*

M, = E,M, + EzM, + I‘UTV
= - EM;, — E;M; + M,

w = —E:M; — E;M,

!
|
12
S
!

M

M

M, = -EM;, — E,M, + M,
M E,M,
M

.= —E,M, — E,M, + 25*a*

kg, V,
M, = E,M; — E;M, — pT
M, = - EM, — E.M, — kﬁlﬁl
M, = — EzM; — EnsMs (B49)

Rearrange Equation B48 to collect 5'*; and 5'*, on the left side of the equation and all other
terms on the right side. Substitute the relationships of Equation B49 into Equation B48.

MllﬁlR* +M12 ﬁ,*l = MIJZIiR +M14Z,il + MISKI*R + MIGKI*I +
Ma"*e + M@* + MV, + MoV’ (B50)
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Working with the imaginary part of the momentum equation, substitute Equation B46 and
B47 into Equation B44 to give

M, [EAr + EAY + Egde* + By + EA* + EA Y +
EZZEIR* + El’!-a-,l* + E21v’ll + E%\—”lR] + Mlﬂ [EZGKIiR +
E A, + Egpe* + B + E,A + B A + Byt + Ea* +

BuV'u + ExVin | = MA, + MA® + 2575 + 25, +

-% 1V — — w—=r% \7 R
__kL*E__,l_I_ + kg OV, + kP—laZﬂV_l (B51)
Further, assume the following relationships.
—,V

M, = EIBMB + EM,, — kU{) '
M,, = E,M, + E,M,, — 25
M,, = — E,M, — E;M,, + M;
M, = — E.M, ~ E,M,, + M,
M,, = — E,M, — E,;M,,
M,, = — E,M, — E;M,,
Mz? = - EzzMR - Ensz + kpéVl
M,, = — E,M, — E,M,, + 25*a*
Mzg = - E'_qMQ - E:uMm
M, = — E,M, — E;M,, + k;;IGl (B52)

Substituting the relationships of Equation B52 into Equation B51 and rearranging the
resultant to isolate p'*; and 5',* gives

lel—’,k* + Mazl-’ll* = MZ,K’m + Mz;;:n + MZSK’R* + M%—A-',* +
Mya'* + My + MuV'y + MV (B53)

Solve for p'g* using Equations B50 and B53. First multiply Equation B53 by M ,/M,, to give

M,,M,, -, - M., %
(#) P M—zj [M,:A", +

M,A", + MyA* + MpA ™ +
ZTE’R* + MZBEII* +
MV + MVl
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Next, subtract Equation B53 from Equation B50.

ER’* — {(Mm — M,;M,, ) sz +

M.,
( M, — Mﬁz{"‘ ) A+ (MIS - ‘Mﬁfﬂs )
(Mm _M) x4 (M” _ M]{f[Mﬂ )
22 22
(o~ 58] w e (- M)
Now, let

M, = M, — MMM

M. = (M, - Mela ) -,

M, = ( M, - Mot ) - M,

M, = (M - Mﬁi‘% ) . M,

A

M,, = (M” - M.M, ) M,

M, = (M,B — Mﬁlz\:[“ ) - M,

My = (M- M)

T

Substituting the relationships in Equation B55 into Equation B54 results in the

following:
pR* = MJZK’iR + MJ.‘AZIH + M.u—A-'R* +
M A" + Myas* + M3 * +

MV’ + MV

At +

-
a'p* +

(B54)

(B55)

(B56)




M, — MazMu) .A-’iR + (M, — MsaMu) K'il +
M, — M:uMu) KIR* + (Mls - M:ssMn) KIl* +

(M,; — MneMn) 5’R’k + (an - M:nMu) azt +

M, — MssMn) -\7’11 + (Mzo - MasMu) vlm]

Assume the following relationships:

M,, = M, —MMszMu
12

M, = M., _MM:mMn
12

— Mls - M:uMn
Mo M.,

M“ — MIG '_MM:stn

— Mn — MzmMn
Mu M12

M,, = Mns _MMZITMH

M,, = Mls _MM:KBMII

M" — Mm — M:lQMH

12

Substituting the relationships in Equation B51 into Equation B57 results in the value of
7* in the momentum equation.

5'1* = M-m-A.'iR + M“K'il + MuK’R* +
MA"* + M + Mga* +
M. V' + MV (B59)

Working with the continuity equation, recall that

[p'*a* + p*A'*a* + p*a'*] — [Ki (u’ sin «,, + V', cos ) T+

Al +oAn = =[5 B+ V.20 ] (B26)
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Substituting for the perturbation quantities and dividing through by e™ gives

773 + prArar + prar) — { A [i“—m— € — 1) sin o, +

C§.
—A—y;f’— €% — 1) cos ad,:l + A - (H%%M) RA_I (€7 — 1)}

_ - [ik,.,;,,l+ M (e (BETBENCY , (eic;i_l))] (B60)

Assume the following relationships:

C, = - ;'— cos ay,, + (k%‘?zg Al
G = 225%1,.2
c, = (“—2&—;?) v, (B61)

Substituting the relationships in Equation B61 into Equation B60 and separating the real
parts of the resultant equation yields

C, [BrA_:E;, — BJA_E;, — BRA__, sin (Cy) —
ByA _.q sin (Cy)] + C, [A_:E; — A__, sin (Cy)] +
[P 8 + FARE* + 5 — Al

= —kC, [BrA_E; + BjA_E;, + BjA__; sin (Cy) —
BuA_,; sin (CF)] — kC, [A__E, +A__; sin (C§y)] +
kp, V', + @' (B62)
Again, assume

C, = C,BRE, — C,B, sin (Cy) + CE, +

C,kB,E, + CkB,; sin-(Cy,) + Ck sin (C¥)
C: = — CB,E, — C,B; sin (C§) — C, sin (Cy) +

C,kBE; — C,kB, sin (Cy) + CKkE, (B63)



Substituting the relationships in Equation B63 into Equation B62 yields

5’11* - IA!il) -

kY, _
2

Next, substitute the values for A__; and A__, into Equation B64

kKB V' — 0
CE Ay + ELA + Egin* + Eup)* + E Al* + B, A * +
Edy* + B8 + BV, ExVi)
Combining like terms produces
(C.E, + CE,; —1) A'» + (CE, + CE;) A", +
(CEy + CEy + 8 B'a* + (CE, + CEy — kV,/2) 7,* +
(CE, + CE, + 5*8%) A'w* + (CE, + CE,) A +
(C.E, + C.E, + p%) 3'x* + (C,E, + CEya* +
(C,E, + CE, — k) V' + (CE, + CE,) Vig = 0

Again, assume

C, = CE,; + CE, — I
Cy, = CE, + CEy

C, = C,E, + CE, + a*
Co = GE, + CE, — kV,/2
C, = CE, + C.E, + p*a*
Cy = CE, + CE,

Cy = CE, + CE, + 5*
Ci = CE, + CEy

Ci = CE, + CE, — kz,
Ci = CEy + CEy

Substituting Equation B65 into Equation B64 gives
CAw + CAY + Ce* + Cop't* + Culig* + CLAW +

Cidy* + Ca* + CuViy + CoVig = 0

(B64)

(B65)

(B66)
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Substituting for p's* and 3';* results in

C, (M,A'x + MA", + MyA* + M,A* + M3t + M,a'* +
MV + MuV'a) + Cp (MAy +MAY + MAR* + MA'* +
M«-a’R* + MiSall* + Mﬁv’ll + M47vlm) C7K’m + CBKIH +

CoA%* + CLAY + Cd'y* + Ca@* + CWVy + CV'y = 0

Combining like terms gives

Assume

(CM, + CM, + C) Ay + (CM,, + C,M, + C)) A’y +
(CM,, + CM,, + C,) Ap* + (CMy; + C M, + C,) A +
(CsMus + CwM« + Cm) EIR* + (CQM.’W + C10M45 + Cu) 5'1* +

(CM,, + C,M, + Cip) V' + (CM,, + CM,, + Cpp) Vi = 0 (B67)
Cl7 = CBMHZ + CIUM40 + C7
18 = CQMRII + CIOM-II + CE

19 = CQMZH + C10M42 + Cll

21 - (CQM.’iS + C10M44 + Cl-'.()

C
C
Cy =CM, + CM,; + C,
C
Cp=—(CM,; + C,M,; + C,
C

23 = CQM% + ClO MlG + Cl5

C!l = CQMRQ + ClO M47 + ClG (868)

Substituting the relationships in Equation B68 into Equation B67 and solving for a’y* and a’*

gives

C,a's* + Cua'* =C A + C A, +C AR + CuAh' ) + CpV'y + CoVipg

(B69)

The imaginary part of Equation 24 is

58

(7' *a* + pA'*a* + 5*3*) — IA,+ C, [BLA_E. +

—ool

BiA_:E;: + BrA_ .z sin (CY) — B,A_, sin (Cy)] +

C, [A_LE;, + A__; sin (C')-’.)] —kC, [BzA E, —

- oR

B/A_LE, — BrA_, sin (C§) —B,A__; sin (Cy)] —
k'Y,

KC, [A_ocE: — A_qy sin (CF)] + kp, Vi + =25

=0 (B70)



Again, let
C, = C,[B,E, + Bysin (CF)] +C, sin (CF) — kC, [B,.FE, —
B, sin (C¥)] — kCE,
Cis = C, [BgE, — Bysin (C3)] +CE, + kC, [B,E, +

B, sin (C§)] + kC, sin (Cy) (B71)

Substituting the relationships of Equation B71 into Equation B70 yields
CoA_on + CxA_ +  (F*8* + p*AE* + 5*3%) —IA, + kp, Vi +

k5 "V,
P = (B72)

Substituting for A__, and A__, into Equation B72 gives
Cu [ExA'n + Ex&% + B0 + Eud'* + E A" + EAY +
E.dw* + Ed* + EV, + EV ] + Cy [EA', + BLA, +
Ebw* + Euby* + E AWt + E,AY + B a5t + B30 +
BV, + BV ] 4[58 + 5*A\E* +5430] — 1A, + ko, V' +%5'R* =0
Collecting like terms, as before, produces

(C'ZG EZG + C'Z.’) EIS) K,iR + (CZG E27 + C26 E|7 - I) K’il +
kV, -
(Cx Eiy + C E, +_2_) pa* + (Cyu By + Cp By + 3%)

5%+ (Cy By + Cyp Ey) A'* +(Cy By + Cy E,y + 5* 8%)
A'* 4 (Cy By + Cy Ep) 85* +(Cy By + Cy Eyy + 5%)
A% 4+ (Cp By + Cpu By) Vi + (Cig By + Cy Epy + k 5)Vg = 0 (B73)
Again, assume
Cn = CuxE,; + CyE,

Cy= CuiE, + C,E, — I

,,
<l

Cxw = CuxEy+ CLE, +

[\

13
*

Co= CuEy + CuEy +
Cyh= CiuE, + CiuEy

Co= CuBE, + C E, + .l-’* a*
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Cy = CxEy + CyEy
Cy = CyuEy + Cy By + 7*

Cy = CguEy + Cy E,

Cy = CuBEy + CyEy + k5 (B74)

Substituting the relationships of Equation B74 and the relationships for 3'x* and §'/*, and
collecting terms gives

(CuM,, + CoMy + Cp) Al + (CeMy, + CM,, + C) A%y +
(CuM,, + CuM,, + Cy) A'w* + (CuM,, + CuM,, + Cp) A% +
(CuM, + CuM,, + Cy) 8'%* + (CuMy + CoM,, + Cy) 8, +
(CuM,y + CuMg + Co) Vi, + (CoaMyy + CoMy, + Co) Vi = 0 (B75)
Further, assume
C, = CoM,, + CM,, + Cy
w = CuM,, + CeM,, + Gy

38 = C29M34 + CﬂOM-ﬂ + Ci}l

4 - (C29M3B + C:wMu + Cna)

il

42 - (Cstm =+ C30M45 + C:u)

f

C
C
Cp = CM,, + C,;M,; + Cy,
C
C
C

43 = CZ‘JM% + CE.’!Mlﬁ + C.’(S
C4~l = CZQM.'H + C.’ROM47 + C36 (B76)
Substituting the relationships of Equation B76 into Equation B75 gives

C,a%* + C,a'* =Cy K!iR + Cy K’il +

CoA* + CA, + Cu Vi + Cu Vg (B77)
Recall that
CoB'e* + Cui'* = CuA'm + CAly + CuAL* +
CQOK’,* + CZRV’,, + Cu-\7’lR (B69)




Multiplying Equation B78 by C,,/C,, and subtracting the resultant from Equation B77 yields

ag* = [(C:n - %ﬁh) K’m + (Cns - Cb—acm") X’n +

22 22

(C39 — LQQQ_)K/R* + (C40 —_ CESC“) X';* +

22

(Co— Gl ) Vit (Cu— Go) v,m}
o= ]
Further, assure
S
om (o - )
um (o 5)
o enm 5E)
c, = CI“, (C“ - Céiu ) (B78)
Thus,
= B* = Ceh'n + CoA + CAW* + C A +
CuV'u + CoV'i (B79)

Substituting Equation B79 into Equation B77 and solving for a’* and then combining like
terms gives

1
- _
a’,

- C [(C:n - Cucw) K’m + (Csa - C"C‘.,) K‘u +

(C:n - Cucm) K'n* +(C4o - C“C‘,) K’l* +
(Cu - Cucw) -‘7’11 =+ (Cu - Cqul) Vlm]
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Further, assume

C; = (C; — C,C) = C,
Cs = (Cy — C,Cu) ~ C,,
Cy = (Cy — CyCh) + C,
Cy, = (Cp — CiCp) + C,
Cys = (Cy; — C,.Cyq) = C,
Cy, = (C,, — C,Cy) + C, (B80)

Substituting the relationships of Equation 136 into the relationship for a’,* gives
=a* = Cszxm -+ Csaxlil + Cscxln* + Cs,r,K'l* +
Cssv'u + Cs7v-’m (B81)

This compietes the analysis for Region 1.
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APPENDIX C
SOLUTIONS TO THE EQUATIONS OF MOTION FOR REGION 2

The nondimensionalized equations of motion are represented by Equations 38 and 39.
Only two equations are needed because all the inlet parameters to Region 2 are known. This
leaves two unknowns: the density and velocity perturbations just upstream of the shock. To
obtain a solution to these equations, again make the assumption that all flow parameters vary
Harmonically in time. Thus,

P'us = D'us €xp ikt
A, = A, exp ikt
P'us = p'us €Xp ikt

Uye = Uy exp ikt

(C1)
making these substitutions into the momentum equation (39) and dividing by e* gives
(f’*A’* + I_)'* - pusA’us - f’,usAa)
= [U’us‘i’uu + Uus (b'usUusAe + l_)uaU'usAs + busUusA'a)] -
[b*ﬁf*ﬁ* + ﬁ* (pntﬁ* +I-)*Az*ﬁ* + ,3*5*)] +
ik0,V . FAY _
G ) DT ik P (@r 4 O (c2)
Making the substitution p’ = a’p’ and collecting terms produces
(f)*A'* + b - p UsA's - I-”USASQZUS)
= (2UIUSWUS + ﬁ'UsUZUSAs + /—)USUZUSAIS) — (2p*a*a* + p*a*? + I_J*A’*ﬁ*z) +
ikO,V, _ . - -
= @ R+ k0T, + kT, @+ Uye) (C3)
Real Part
PR+ I-)*A'; - b’USRASﬁzus - i)USA’SR
) K5’ us U, V. k5, 0y V
= P'UanzusAs - # + ZU'USHV-VUS - "L;Sl—z -
ey wy — kA kp7"0,V, o
25*a %t — 2' P ppaw — Stz 22 — — x50,V +
EUSUZUSA’SR - I-J*A'?tﬁ*z (C4)
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Rearranging terms produces

(—8uRs — U%5sAs) Fusk +( kU,V, \ s
AY U -] U 14 usn \ 2 , ¥ UdlL
= (I_JUSUZUS + Pus) Alsa - 2p% — (p* + p*a*y) A’§ + ZU'USRWUS
kp,0" V. k5 *0,V, R kpa'*V,
2 2USI 2 _ 12 22 kpZUZV - 27)*5,*R-§*_ 2 21 2 (05)
Next, assume
M4s = (—azus - I_JZUS) AS
kU,V.
M‘S = 2v2
(C6)
M, = Pus t l_’USI_PUS
M =D* + 5*5*2
Substituting Equation C6 into Equation C5 gives
Mep'use + Mup'vsr = Mso;ﬂlsn - 2p'R* + MsOAA'R* -+ QI—J'L,SIWUS ~ (C7
kp,U'valV kz 50,V - — e —. kp,a*v
. 2\ = - 12 = k,7)2U2 P 29*3,*}23*— 0221 2
Imaginary Part
Mp'vsi — Myp'usn = Msnzlsx i M.’»UAA'I* + 26’1*51"_%3 +
o o - (C8)
- ’ % sk
kszzusRVz + kP R;szz + kﬁzﬁzvlm _ 2/_),*5,*15* I MRV_Q

2




Multiply Equation C8 by M,,/M,, and add to Equation C7 to produce

: A A =1
(NI49 + %{L ) Plus = MupAlye + ( —MK/IMM ) Ay — 2™ — 2 (
49

49

M, A'p* + ( % ) A+ 20U s + 2 ( —MK/[WUS ) U

® 49

LU/ A 2 (M) _ k109, |, k5309, (
M, ) -
2 2 »

2.U kp,0, V" M«a
= kp, U, V', + % ( T ) —

kpa"*V, n kp, a5V, ( &)
2 2

49

ust

(C9)



Assume the following relationships

M;,

M52

M 2
- Mo+ W,

M,
MSI

M4B MSO

M, M,
-2
MSl

—2 Mw

MJB MS]

M50A

MS]

MIS MSOA

M49 M5l

- kﬁzvz ( Mas) -

[ 2Wys + 5 M, M.,

1 ( 2wy M, kvz—z )
MSI M49 2

1 ( _ _a*2p* M, kp,V,
M51 M49 2
1 omnme s _ KBV, My )
M., (- 2+ M,

1 ( ~kU,V, )
M., 2

1 ( kU,V, M,, )
MSl M49

MSI

- T Mw

kG O (3, v )

(C10)




Substituting these values into Equation 3.7 and solving for p' g gives
Pus = MoA'se + MyA'q + Myf'e* + Mip'* + MAR* +
MA"* + MgU'ysn + MU'y + Med'* + Moa's* +
Mep'* + Map'n* + Me Vi + MV (C11)

Substituting the relationships of Equation C11 into C7 and solving for p'ys gives

plus = N}m [(MW - M,M,,) Ag + M — MM, K’Sl +
(— 2 — M49M54) bln* + (- M49M55) r)’l* +
(Mgn — Msts) A'g* + (_M49M57) K’l* + 2wy — MteMas) [—J’USR +
(Y ma, ) O + (=Y — MM, e +

kU, V )

(— 27)* - MJBMGI) éln* +( — g 22— Mstz ﬁll* + (_ M49Mss) l-)lR* +

(— kp,U, — M,;M,) V'), + (— M,M,,) \'f'm] (C12)

Further, let

- My - MM,
Mee M.,
— M, M,
My, M,
_ —2- MM,
MGB M‘8
- M49 Mss
M,, M.,
M, = (Mg — M, M) /M,
Mﬂ = - M49 M57/M4s
M, = 2%y — M, Mg)/M,,
M, = (=% kﬁzvz - M, M59)/M4s
M74 =(—% kﬁzvz - M49 Meo)/M48
M, = (— 2p*a* — M, M)/ M,
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M, = (—%k0,V, — MMy,)/M,
M, = — M,, M/M,
M, = (— k(0), — M, M))/M,,
M, = — M, M,/M,, C13)
Substituting Equation C13 into Equation C12 gives
Puse = MuAlsn + MpA'y + MP*, + MyP'*, + MpA'*, + M,A™, +
MuU'use + MgU'vs + M@'*, + Mga'*y + Mgp'™*, + Mgp's* +
Mg Vs + MgV'p (C14)

Next, the continuity equation is used to solve for the velocity perturbation upstream of the
shock. Separating Equation 38 into real and imaginary parts gives

Real Part

ﬁl'SUll'SRAs - _(l_)'USR[—JUSRi + busUusA_‘ISR) + (I-)'R*é* + b*ﬁlﬂ* + 5*;&,:&*5*) +
k [__ (/—”1* + blum) + /_)2\7'21] (C15)

Imaginary Part

ﬁllsUlumAs = - (ﬁ’UsII—JUSAS + 511501152"51) + {p’)*a* + pr*a* + E*KII*E*) -

\a -
k [? (B'x* + Plos) + ,,v} (C16)

Substituting for 5'usx and 5’y in Equation C15 produces
:EUSUIUSRKS = _UUSAS (MGGAISR + Mﬁ'i;&'S] + MGBI_)IR* + Mesf)lR* + M70AIR* +
_lAll* MTZDIU.\'R + MT:!U,USI + MT4§II* + MTSEIR* + M765,|* + M775’R* +

+
w t M‘:‘S\_]I'.ZR) - bUSUUSAISR Hp'r*a* + p*a'y* + Z’*Aln*él*) +

k‘y: P k;/z (M.SEAISR + Msn;"m + Mp'e* + Myp'\* + MssAIR* +

57A,R* + MERDIUSR + MSQiJlllSl +M60§,|* + Mﬁlél* + MG‘.’I_)II* + MG.’!ﬁ’R* +

=

Mﬁ«l\-/lil + Mesvlm) + kﬁzvlzl




Next, combine like terms and rearrange so that (U'ys; and U'ys) is on the left-hand side of the
equation and let: '

- k¥,

My = BusAs + UusAsMi, — 5 My

M, = U, AM,;, — E;:I—M

M,, = — UuAMg ~ BusUus + kg ~M,,
My = — OpAM, + ey,

M, = — UuAM, + 3* + k;_"* M,
M, = — U AM, + ~k~;7iM62

My = — U AM,, + %_ILM,H

My, = — UAsM, + -kg—M

M,, = — UyiAM,, + p*a* + k;-/* M,
My, = — Ui AM, + kg'z M;,

M,, = — UnAM,, + % o

M, = — U, AM, + p* + ka M,,
My, = — UyAsM,, + kgz M., + k7,
M,, = — UiAsM,, + %M (€17)
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Using these relationships, the real part becomes

Dealing next with the imaginary part, substituting for 5’y and p'ys gives

70

MuUO'uer + MaU'us = MuA'sp + MA's + My's* + Mip't* + Mub's*

PusU'vsiAs =

M,5'* + MgAs* + MuA* + Mya* + Mya'e* + MV, + M Viy

- EUSI-JUSAS] =+

(7'*a3* + p*a7* + p*AaY) —

+

(C18)

\Y — _— T A A A = =
k (TZP PRl A m) — UpAs M A’ + M A’y + Myp's* + Mp'* +

MA'W* + MpA* + MU'y + MU'ue + M@ * + Mga's* +
Ms2l—7’1* + Mgp'e* + MSAV,ZI + M55\7'2R) -

MyD'n* + MgP'* + MpA* + MA + MU'y + MUy + M, a'* +

Ma's* + Myd't* + Mpp

kV,
9

MV, + MViy)

- o kV,
= pusBs + UyAsM; + 2. M,
o kV,
= UusAsMss + 2 M72
_ kV,
= —UgiAM,, + 5 M,
- kV,
= - ﬂ’usU UisAsM,, — 9 Ms7
Lo kV,
= - UUSASM53 - 5 1+ M)
o kV.
= a* — UyAsMg 22 M,
S kV
= UysAysMe, — 22 M,
=p* — Ijusl&sMﬁo - Tz M.,
B kV,
= — UysAsMs, 9 M,
_ k¥,
= — UysAsM;; 5 M,

(MSGK’SR + MG7K’SI +



Cu = — UpAMy — —5= My
Ce = p*a* — UyAM,, — —15;:71 M,
Co = — UuAsMy — kZ 2 (26,+ M)

Substituting these relationships into the imaginary part of the continuity equation yields
CﬁSG’USR + Cssﬁlum = Cso;"sn + Csl‘K‘ISI + Cszﬁln* + CGJﬁ,l* +C645’R* + Css—a-’l* +
Cub'n* + Caf'* + CoA's*  + CuA'* + CuV'u + CV'm (C20)

Multiplying Equation C18_by C./M, and subtracting the resultant from Equation C20
produces, after solving for U’ygg:

Uysn = CmA_'sn + C74Klsl +  Cuo'r* + Cveﬁll* + Cqay* + Ca'*r +

CoD'n* + Cyb'* + CoAy* + CuA'* + CuV'y + CuV'n (C21)
where,
C,:M
C72 = Css - 15\843130

CssMy,

CSBMBS
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Substituting Equation C21 into C20 and solving for U’y produces

where,

72

Ce,

Ijlusn = C%A'SR + lez"sx +  Capp® + Cui™ + Cyae* + Cua* +

-t

ke

—

0o

1

72

@]

CSII.)R*' + CS?P_)I*' + C93—AR*’ + CSNA]*. + CBSVZI' + CQGVZRI

aul (C7l

Co = =,

( C71 _ C58M92

- Cssc7a)

- Csacu)

- Cssc75)

- Csscve)

- Csscn)

- C59C7s)

- Cssc79)

- Csscso)

- Csscal)

- Csecaz)

- Csscas)

- Csscs«)

CosM,,

M,

( C69 — CSSMBQ
( CSBMSC!

M,

M,,

)
)
)

)

(C22)

(C23)



The value for the velocity perturbation upstream of the shock given in Equations C21
and C22 can then be inserted into Equations C11 and C14, given the density perturbation
upstream of the shock, for a complete description of the flowfield in Region 2.
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APPENDIX D
SOLUTION TO THE EQUATIONS OF MOTION FOR REGION 3

The nondimensionalized equations of motion appear as Equations 60 and 61. Again, only
the momentum and continuity equations are needed because these are only two unknowns,
A, and Z,.. These parameters describe the irrotational and rotational flowfields.

Exit flow perturbations are defined first. The velocity is represented as the sum of the
rotational and irrotational fields, while pressure is a function of the irrotational flowfield only'.
Conversion of the two-dimensional flowfield into a one-dimensional field proceeds as follows:

L l ve o d
Pe Ve Yo pPE Ay
which produces
, [ k+ 0B, +9C
pe = — PE[ LC;E E :I [A+m eikt (eicy. — 1):' (D1)

The density perturbation can be related through isentropic form relationships to the pressure
perturbations as

- _ _ k+ﬁEB2+vEC] [ ]
Pe= — 7D 2 — - eikt (eiCs: — 1
’ E[ Cye @ A ot feion = 1) (D2)
The expressions for the velocity component are listed below:
Irrotational Field in the x-direction
- B, A,
o BiAe (D3)
Uig C3s eikt (eiCy. — 1)
Vg = —== eikt(eiCs. — 1
1E 7. ¥ ) (D4)
Rotational Field
Ugg = S eikt (eics, — 1) (D5)
(R* + C*) 3¢
., -RZ,. _ o
VRE C®+ 097, eikt (eicye — 1) (D6)

Next, expressions for the time derivatives of the exit density and velocity perturbations are
obtained in the following manner:

Density

3, -[ik(k+ @B, + 7, C o

'Goldstein, M. E., Aeroacoustics, pp. 220, 221.
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Velocity

Irrotational Component

auw’ ikB, A, .
atlE = (_—C;TL) eikt (eics. — 1) (D8)
v ikA,- '
e ( = ) eikt (ics, — 1) (D9)

Rotational Component

ad ikZ,,
e [ WG o (e - 1)] (D10)
v -ikRZ,.

;’:E - I: RS LA R:)yg eikt (giCy. — 1):| (D11)

Assuming the flow parameters vary harmonically with time, substituting the relationships
of Equations D3 through D11 into the momentum equation, and dividing through by e*

produces

f)'dsAs + pdsA’g +7’F.[( k + UECB;E+ v.C ) A1.1A+w (eitn — 1) :l - f)HA',.;

_ {':( B,A,. " Z,w ) (eics. — 1) sin a., +

Cy. (R* + C)ye
( A;‘: - Sw o, ) = 1) cos } W +
User €08 (aten — B3) [—E;( k + %Sfizé;r VEC) AA,, (eits —
1) cos (aen — Bs) U + brBi (( Bé‘;:" + T E+E)2)9H) (ei%. ~ 1) sin @e +
( 1:7):: - C(RFE+EZ)5IE ) (eiC% — 1) co8 aen ) +

bEUEA’E cos (aen — ﬁz) ]} - U,ds V-Vd. + Uds‘;”da } +

[UAY s Ve -
32 3 {ik,l—fdu — ik pe ( k_%%_v&) A“{_ (ele}; - 1) } +
© g

ikpaYs {( BA, + Zix ) (eiC¥: — 1) sin qen +

. -—\7, .
+ ik UV, + 2 s, ® +C9 3,

( Aiw - C (R?%:Ez) v ) (€iC¥x — 1) cos aen + U’ds} (D12)
E E
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The next step requires that Equation D12 be divided into its real and imaginary parts..
The momentum equation is used to solve for Z, 5, Z,.; and the continuity equation is used to
solve for A, ., A .- Combine like terms and make the following assumptions:

Msu = ﬁE.AEﬁE - _V-VE Sl_n Hch
Cye Cye

I: Ugper, €08 (aten — B2) ]2[ Ues Pe :I _

pEUzRELAE )

(sin acn) ] cos (acn — B2)

+ ¢ We COS are
M, = De (E_—_ﬂ)AE__w‘*'
Cye Ye

[ Usrer €08 (aten — B2) ]2[( ﬂ) AEEF;I -

pe Upe. Ag €08 acn €05 (aen — B)

.p3V3 Sin acn

M, = eV _
* 2Cyea2 2C¥e
- k+ 9:0) Tj;‘vu Vs cos Olch
M,, = P& pp— - -
2Cyza2 AL

M. = [ We Sin aen _ Rw, COS aen ] n
% RR+C)y: CR: + CY)y,

[ I-)EUzRELAE cos (a@enh — fB2) ] [ . R cos aen :l
— SIn e, — T~

(R + C¥)3. C
- __l—’ava— ( . R cos aen )
Mo “S@® 09y, \ RO TG

M,, =cos (Cyg) —1 (D13)
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Substituting these relationships into equation D12 and extracting the real part yields
M. [ BuAsocMus — ByA,.Muw — BuA,. sin (CFa) — ' '

Bu o sin (CFo) 1 Mg [ Asue Muo — Aus sin (C5p) ] —

kMg [ BprA oM + B,XA_,”,‘,,,,M“,'J + .BmAJ,mR sin (Cyg) —

B,A,. sin (Cyz) ] —kM,, [ A,,m,M,oo + A, .r sin (C¥g) ]
= —kMg [ Z. oM + Z,. sin (Cyg) ] + Mg [_Z+ml M,,.—

Z..nsin (Cyg) | — —ﬁ’d.ng- - ﬁhglm + [ Pe + Pr (U cos (g — 132))2 1 K’ER -

—_ — - TI\7 — - T7 'v
U,anWd- — UpWar — —ﬁlﬂzgay—s" - kﬁaUaV’al_ % (D14)
Collect like terms in the following manner and let
M, =M, (M;Bx — B, sin (C¥g)) + MM,
—kM,, (BuM,, + By sin (C¥:)) — kM,, sin (C¥yg)
M,, = —M, M,y B; + By sin (C¥e)) — M, sin (C¥y)
— kM, (M, B.x — By sin (C3:)) — kMM,
M,; = — kM, sin (C§g) + MM,
M, = — kMg, M,,, — M, sin (Cyg) (D15)
Substituting Equation D15 into D14 yields
MigAior T MipA o = MygZiion + M Z. o + RC (D16)
where,
RC = —5,d:RKS - l_)d:AISR + [pe + pe (Upg cos (ay, — Bz))z] K’ER -
T = 7 = k ’-ﬁv -TT \J/ k_al—J,,{,
Ulsela — Uap — — 2520 — T,V — —Poghina (D17)
with
Wk = (l_)ld-R[_Jd.XS +I7d.—0-’d.n;*s + ﬁd;I—JdJZ’SR) : (D18)
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The imaginary part of the momentum equation is expressed as

MuAior + MigAii = Mg Z,or + MZ,y + IC (D19)
where, .
M, =M, |[BM, + By sin (Cyy)] + M, sin (Cyg)
+ kM, [B;xM,w — By sin (Cyg) | + kMM,
M, = M., [ BxM,, — By sin (Cyp)] + MM,
— kM, [BuM,, + By sin (C§g) ] —kM,ysin (Cyg)
M,, = M, sin (C¥z) + kMM,
M, = M, M,, — kM,, sin (Cyg) (D20)
and
IC = —Pu Ay = PasB'si + [ Be + pe(Usner €08 (aen = 82))2 ] A'gy —
hor iy — Vgl + 2em il E Vo k00 + 2V U2V (D21)
with

V;’d_q = (l-),dslUdsAs + /_)dsUldslAs + I-stUdsAs’l)

In order to solve for A,.; multiply Equation D16 by M,,/M,, and subtract the resultant from
Equation D19 to produce

Arr = MyZoor + M2 + M,,IC + M ,RC (D22)
where,

M, = My — MM/My,

M,, = (Mg — MuMie/Mg)/ M

M,, = (Mys — MuMye/M;,)/M,

M, = 1/Mj

M,, = —M/ MMy

Substitute Equation D22 into Equation D19 and solve for A, to give

A+cal = Mll4Z+wR + Mll5Z+c=|l + MIlGRC + Mll7IC (D23)
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where,
M. = My, — M;;M,,0)/ Mg
My, = My — M;sMi)/Mige
My = — MMua/Mig
My, = (1 = MM;)/ Mg (D24)

The continuity equation is used to obtain Z,. The equation takes the following form
ikt

after substituting Equation D2 through D7 into Equation 38 and dividing through by e™.

_{ k+ 0B, + ¥C \ - e

[—pg( 1&?’1:2525 - ) UcAeA . (eiC9: — 1) cos (acn — B2) ] +
BA,. n Z,.
Cye (R?* + C*) ¢

5EUEA'E + ﬁEAE (elcyh — 1) [( ) sin aen T

(4 - o) e - 5
5.  C(R T C9yg/ @ I7 Ve

e ikV, [ _( k+ a.B +\7-C) .
= ipVs - o l: _pE( 65’;525 : Ao (eiCFe — 1) + plos (D25)

The following steps separate out and solve for the real and imaginary components of
Am and Z+m. First, make the assumptions noted in Equation D26 below.

pi Ug UgppLAe cos (acn — B2) i peAg sin acn

Cyza%e Cye

e(k + 95C) Upner Ag co0s (aen — Bs) peAg COS aen

Css = - T a2 + G
Cygat Ve
Ce = ——ﬁé—— ( sinaen — E cos )
99 (Rz T CZ)S’E ch C Qch

WV, P

Cuw = 2C§gazy
k + ¥:C)V, 7

Co = (____V_E__)__3 Pe (D26)

2Cyza%
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Substituting Equation D26 into Equation D25 and rearranging term yields
CiAior + CiAior T CioZsar + CisZica = CR ' (D27)
where,
Ciz = CaBixM,y, — CyBy, sin (Cyg) +CoM,i
+kCo (BaM,p + By sin (Cyg)) + kC,q sin (C¥e)
Cis = —Cq (BuMyyy + By sin (CFz)) — Cy sin (CFe)

kC,(BrM,y — By sin (C§;)) + kC,o M,

Cie = CoeMigo

Cips = —C,, sin (C¥g) (D28)
and

CR = — P A5Us + Wan + 5:kV'y + %KV F 4 (D29)

Substituting Equation D22 and D23 into Equation D27 and combining the terms gives
CiZiwg + CitZivy + Cis RC + Cip IC = CR (D30)
where,
Cuw = CuM,, + CuzM, + Cy,
Co = CpM,,, + CuMy; + Cios
Cow = CpM,; + CiMy,
Cw = CpM,, + CyM,,; (D31)
Next, the imaginary part of the continuity equation is dealt with. Let,
Cio = Co [ BaM,w + By sin (CF)l + Cy sin CFe) —
kCy [BwM,w — By sin (CFe)] — k CuMiyy
Cu = Co [BxrMyw — By sin (CFg)] + CeMyy +
kCio [BaMiw + By sin (Cyg)] + k C,y sin (C¥e)
C,. = Cg sin (Cyg)

C = CouMiw (D32)




This yields

CoBion + CoBuy + CiiZowg + CigZawy = CI (D33)
where, o
CI = — PeUsmes €08 (@ — B A’y + W'ay
- 1 G
—p.kV'pp — 3 kVp' s (D34)

Next, substitute the relationships for A, presented in Equations D22 and D23 into D33. Let,
Cn= CiM, + C;,M,, + C,,
Cy = CM, + C,M,;;, + C,
Ci = C,M,, + C\i M,
C. = C,M,, + Cc;;,M,y, (D35)
This produces
CZ.ow + CuZ..n + C;c RC + C; IC = CI (D36)

Now, multiply Equation D30 by C,,,/C,; and subtract the resultant from Equation D30.

Let,

Cu = Cu — CiilCie/Cicn

Ciwo = — (Chs = C5Cios/Ci)/Ciia

Cw = — (Cy — C;Ci/Cior}/Ciys

C, = (CI — C,,; CR/C,)/C,1s (D37)
This gives

Z..a =Cu RC + C,, IC + C,,, (D38)

Substituting Equation D38 into Equation D36 and solving for Z, ; gives

Z.wt = CnRC + C IC + C,y (D39)
where,

Cp= (= Cy — CulCi)/Cys

Caxn= (—Cp — CuilCi0)/Cis

Cu = (CI — C,C)/Cys (D40)
The relationships given for Z, . in Equations D38 and D39 are then substituted into Equations

D22 and D23 to yield A,.. This, then, produces a complete description of the flowfield for
Region 3.

81



APPENDIX E
STEADY-STATE FLOW COEFFICIENTS FOR REGIONS 1, 2, AND 3

REGION 1
Energy
-2 2
E, — &' . cos’ (an — B) ]
[ Yy — 1) 2
E,=5*2(72_7+2)
’ 2ty — 1)
—EIAq, EA sina, _ 2Aly Al sin o,
E, Cyar T Cy, 2vCy, C3,
B —~EIA (k + vC) + _BAcosay, _ 2Al(k + vC) N Al cos o,
! CS’iaiZ Vi 2vCy, 7
— —.3—12\7‘65 _ !;Ia_xvxﬁn y— 1 _ U12\71l;i
E, 2y (y — 1) Cﬁiﬁf Yyl — 1) ( 2a,Cy, 4Cy 3, +
'p’ll-jlv1 sin «a,
2Cy,
-3V, (k + ¥0) —_ ( vy —1 k + vC
wo SR A (ed) (525)
%y (v — D) Cya; PV 2Cya, y&y — 1 +

UV, (k + v0) + ;7,[7,_\—71 cos a,
4Cya’ 2§,

E. = cos (Cy)) — 1

E;, = E, (EBz; — B, sin (Cy)) + EE, + Ek (B,E, +
B sin (C3)) + Egk sin (C¥)

E, = —E, (B,E; + By sin (C3)) — E, sin (Cy) +
Ek (B:E, — B, sin (C¥)) + EKE,

E, = E, [B,E, + By sin (C§)] + E, sin (C§) —
Ek [B:E, — B, sin (C§)] — E&kE,

E, = E, [BRE;, — B;sin (C§)] + EE; +

Ek [B,E, + By sin (C¥)] + Eck sin (Cy)
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a
2v(y — 1)

(
(

Em =

k

16}
2

pa‘’k
Yoy — D

E, =

\2
2

)
vy = 1)

(

EIOEI‘»

+

_ E,
E,

+ 35*

Ey
E,

E10E15

a*E,
EBEIS

E B,

ElOElS



Ba = “EE,
_ _ _p*a*E,
E.‘!l El0E15
35*E, E
E. = 2 4 14
i EsEls EIDEl5
g - - 3B _  E,
3 EIUE15 EBE15
E
B, = — T
=04 EBEIS
— El:i
Momentum
- - 72 e
M, = — ‘é’; - (‘;9512 + QC‘A‘; sin e,
_ k +3C) A  (k+vC)AP 2A1
M, c3, Cval T T3 C®%
M — [_J]v, _ 51\_/1 sin ach
8 2Cya’ 2Cy;
M. — (k+v_;C) (U,\'fl)_ 5V, cos a,,
* Cya’ 2 2y
M; = —p — r

M. = M, [BRE; — B, sin (C§)] + M,E;, —
M, [kB,E;, — kBy; sin (Cy))] — M,k sin (C§)
M, = —M, [B,E, + By sin (Cy)] — M, sin (Cy) +
kM, [—BE; + B, sin (Cy)] — kM,E;
M, = M, [B,E. + B sin (C§)] + M, sin (Cy) +
kM, [B:E, — B, sin (Cy)] + M\Ek
M, = M, [BRE;. — B, sin (Cy)] + M,E;, —
kM, [B,E; + By sin (Cy)] — kM, sin (C§)

M, = E.M. + E.M, — 25*



M, =

EM, + E,M, + —k%—‘i—

—EM, — E,M, + M,
—E.M, — E,M,

—EM, — E;M, + M,
—E,M, — E,M,

—E,M, — E,M, + 25*a*

kp,V,

E23M7 - EnaMa - 2

_E24M7 - E.’MMB - kﬁIUl

_E25M7 - Ensz

ElaMs + E29Mm - kIJ21Vl

E.M, + E,M,, — 2a**
—EM, — E;M;, + M,
—EM, — E;M,, + M,
—EM, — E M,

—-E.M, - E;M,
_E!ZMS - Essz + _2—_

_E-z:st) - E:mMm + 2[-)*5*
—E.M, — E,M,

—EZFAMS - E35Mm + k/-)|U1

MM,
M,, M,
IZM 3
(Mm - _M_—DIHZ ) = M,
M, .M.,
( M, — M, : ) = M,




MM
M, = ( M, — ﬁzzm )
Mas = ( M17 - Mﬁl:;lw )
M, = (M]B - Mﬁzlu ) -
M
M, = (M19 - 1{/211::[29 )
Mng = ( Mzo - M]{Z/}::Im )
Mm — Mm _MMazMu
12
M, = Mu _ M.'mMn
12
M42 — Mm _ M34M1|
12
M,, = MIG _MMnsMn
12
M,, -~ M, M
M. = 1 361V111
14 M]2
M, = Mla _MM:nMn
M, = M, —MM:an
12
M,, — M,,M
M, = 0 39Vl
‘ M,
Continuity
__ & gAl
C, = - C—g’. Sin «,, + Ciiﬁf
- _ _A k +3C
A
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C, = CBRE, — CB, sin (Cy) + CE, +
CkB,E, + CkBy; sin (C¥) + Ck sin (Cy)

Cy, = C,B,E, — CBy sin (Cy) — C, sin (Cy) +
C.kBiE, — CkB, sin (Cy,) + CKkE,

= CE, + CEy — 1

-~

= CE,; + CE,

= CE, + CE, + a*

o

= CE, + CE, — kV,/2

*g*

= CE,, + CE, +

h~1)

= CE, + CE,

5

= CSEZZ + CGEEZ + b*

=

00 00 00 a0 o0

=

= CE,; + CE,;

= C,E, + CE; — kj,

=

= CE; + CEy

=

- CsMaz + Clon + C7

= CQMas + CloMu + Cs

3

00O 0 o o
|

>

= CM,, + C,M,; + Cu_

= CM,; + C .M, + Cy,

N
5]

= — (CM,; + CIOMM + C)

3

= — (CM,; + CM,, + C,)

o)
=S

- CeMas + Cloqu + st

N
&

= CM,; + CM,; + Cy

N
=

QO O a0 0 O O
|

8

Bll sin (Cyn)] - kC4E7

Cyx = C, [BRE;, —B, sin (C§)] + CE; + kC, [B,E, +

B,; sin (C¥)] + kC, sin (CF)
C,; = CyxEyx + CuE;

Cy = CxE, + C,E,; — 1

= C, [B,E, + By sin (Cy)] + C,sin (Cy) — kC, [BE, —
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@)
b

209 £ 0

$

3 =3 o 3
2 3 & &

e
-3

® >
8 =

N
@

00 0 0 o0 00000

~
=

o)

ke

= CuE, + CxE, +

e

= CyxEyp + C,E, + a*
= CyxE; + CyuE,

= CxE,; + C,E, + p*a*
= CxE, + C,E,

= CyEy + CiE, + p*

= CZGE34 + CZSE21
= CyuBy + CiE,; + kg,
= Cstaz + CaoMm + Cz7

= CxM,;, + C;:M,, + C,

= C M, + CoM, + C,
— CM, + CyM, + C,,
= — (CaM, + CoM, + Cy)
= — (CaM,, + CM, + Cu)
= C.M, + CuM, + Cy,

= CpMy, + C,;)M,, + Cy

C,C
=C, 2142
C22
_ 1 _ GGy
C45 C37 C22

Cis
= (Cy — CuC4s) + C,



Ca = (Cyy — CuCy) + Ca
Cu = (Cy — CuCu) + Cq
Cy = (Co — CuCu) + Ca
Cys = (C;, — CuCy) + C,y -
C

s = (Cy — C,Cy) ~ Cp,

REGION 2

Momentum

M, = (—-a-zus - Uzus) Ks

kU, V,

M-ISI = 2

M, = DPys + 5USU2US

My, = B* + 5*5*

M, = M, + —1\_&%

M, — xw

Mo = MM

MM - _5l

Mo = oyt

M =

M, = N

M, = l:zv—ws + kﬁé\'/z 11:/1/1,, ):l
M, = 1v11 ( 2%2’1‘3 kﬁé‘\'g )

= M,
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2

£

FFEE

£

£

£

=2
)

M,,

— 1 ( _ 5*21’ M48 —
M,, ©®
1 e kp,V,M
= —2p*a* —faa
M;, ( P 2M,

_ Msts
M,

(Myn —~ M Mg)/M
= "M49M57/ M48
= (2Wl,s - ngMSS)/M

= (_ Yo kaz - M49M59)/Mt8

48

48

= (— Vzkﬂ'zvz - M49Mso)/M48

= (—2p*a* — M, M,)/M,,

= (—W kﬁzvz - M49M62)/M¢8

= - M‘QMG:‘/ M4a

= (‘k(ﬁﬁ)z - MnMu/Mca

= - MnMss/ Mds

= PusAs T+ 17USASM72 -

kV,
= U AM,, — *2—2

M.,




M, = "UUSXSMW + &% + 3 M,
M, = ~D~US-A-SM7G + _Tz M,

M, = "Uusxs o T kV, M;,

2
M, = ~T,AM, + —‘iz?— M,
My = ~U,AM,, + 7*5¢ + 33;1 M,
M, = ~U,AM, + 1‘21 M,,
M, = ~U,AM,, + —‘-‘5‘1 M,,
Moy = —U.AM, + 5* + %‘1 M,
M, = -U,AM,, + %z M, + k7,
M, = ~U,AM, + «%‘1 M,

Continuity

Co = EUSKS + U—USKSMEQ + J%Yz_ M,,

Cyp = UUSKSMSE + _1(4 M,
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~UysAusM,
p* — UysAMs
~ TushAsM,,
— UuAM,,
— UAM, —
7*a* — Uyehs
— UuAsMs
— UuAM,, —
Co — C;Ilfw
& (o
o (¢
o (o
& (G
e (G
o (G
e (G
o (c
& (G

7~ Ms

kzvz M,

kzl'z M,
kQVz M,

k2V.2 M.,
%—V—f (27, + M)
k2\7.2 M,

2
<4
£



C., M,,
- 1 CauM,,

G o (& )
1

Cas = C"8 (Cso - ngcm)
1

Cy = C., (Coy — CuCi)

Cp= ——— (Cq — CuCi)

87 Ce 62 5975

1

Ce = C. (Cos — CisCi)
1

Cse = C—r.s (Cm - Cs9c77)
1

Cu = C (Cos — CseCi)
1

C, = c (Ces — CuCi)
1

Cp = C.. (Coy — CiCy)
1

Cy, = C.. (Ces — CsCol)
1

Cy = C (Ceo — CiCq)
1

Co = C. (Cso — CyuCu)
1

Co = C. (Co, — CiCal)

REGION 3
Momentum

TigA, We sin «

M, = uE—E _ E R
C¥: Cy:

{User, cos (g, — .32)]2 [C«ﬁz I ]

,:( fﬁ%ﬁ;@:ﬁ ) (sin ach):l cos (ay, — f,)
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MQS

M, =

MlOl

M102

k + 7.C

- < _ W cos ay
= Pe ( CYE ) Ag — Ve -+

2 + —_2_ A
[Uspsr, c0s (e, — B)] [( kCYE;EEC ) A

pEUERELKE COS @ €08 (o — B

= = ﬁj—uv-x PV, sin ay,
Pe T3CY.E, 2C¥.
- (k + v.C) E,@ p,Va cos a,
F 2Cyea, 2Ye
Wy sin o, _ RWg cos ay "

R+ C ¥, CR +C)7e

5:UeiAg cos (a0, — B;) . _ Recos a,
[ ®+ O S e C

- ng;. sin . — R cos o
2R+ OV, o C
cos (Cyg) — 1

)

= M,, M,;;Bx — By sin (Cyg)) + MM, —

kM (ByM, + By sin (C¥z)) — kM, sin (C¥g)

= M94 (Mloole + B sin (Cy}_)) - Mss sin (CS-/E) -

kMg (MoBor — B, sin (Cye)) — kMM,
= —kM,, sin (Cy) + MM,

= —kMuM,, — My sin (Cys)

= My, [BxMiw + Bu sin (Cyg)] + M,; sin (C¥;) +

kM, [BrM,x, — B, sin (CFs) + kM M,y

= M, [BxM,, — By sin (C3y)] + MM, —

kM, [ByM,, + Bi sin (C§p)] — kM, sin (C¥)

= M, sin (Cys) + kMM,
= MM, — kM, sin (Cyg)
= M,;; — MuM,x/M,

= (M — MisMioe/M0)/Moo-
= (M — M,;M,o/M,,)/ Mo

= 1/M,e



= —Mnoe/szMms

M, = (M,; — M;;;M,,.)/M,,,

M,; = (Mys — M;;;M,0)/M,,

Mis = My M,y/M,

M,; = 01 — M;;M,,)/M,,

Continuity
C, — — BlUunAscos (@ — 8) | FAssina,
CVetie Cys:
C, — — Balk + TC) U e cos (ww = B) , _Pehs cos ay
Cy:ae Ve
Cp = & iEKéz) - (Sin Oy — % cos at,,>
c, = Ut TC) Vi
2C¥, 8,

Ciz = CuBMyy — CgBy sin (Cyg) + CoeMyg +
kC,y (BuM,w + By sin (C§)) + kC,, sin (C¥e)

Cos = —Cq (BuM,ye + By sin (CFy)) — Cy sin (C¥p) +
KCyp (BixMype — By sin (C3g)) + kC,Myg

Cios = CouMy0

Cis = — Co sin (CF)

Cis = CioMyo + CisM,,, + Cio,

Cir = CioMyy + CiMyys + Cogs

Cus = CixMyz + CiosM,y6

Cuwo = CioMy2 + CisM,;

Cio = Co [BuM,y + By sin (Cy)] + Cy sin (CFe) —
kC [BxMiyy — By sin (C¥)] — kCipiMye0

Ciy = Cy [BsM,w — By sin (CFe)] + CeMye +

kcwo [BuM,, + By sin (Cyg)] + kC,g, sin (C¥e)
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i

I

Cy, sin (C¥)
CouM
CLoMyi0
C, M,
CiMii

ClIOMHZ

+ ClllMlH + Cl12
+ CIHMHS + C]'I3
+ ClllMllG

+ ClllMll7

Cm - Cnsclos/clm

_(Cns - Cn.scloe/cm)/cns

- (CIIT - Cnscloe/clm)/cns

(CI - CnﬁCR/Cm)/Cus

(—Cns - Cmcns)/cns

( _Cn? - CINCIZO)/CHS

(CI — CI‘_’ICIH)/CH.’:

-1 =
Y 1 Pw
vy — 1) =
v+ 1 v

9

2y —
’Y + 1 l)llﬂ

9 —_—

% - =
T+ 1 PeMu = B

D) —_ —

2y
T+ 1 M.
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2y - =
s S
G- DM+ 2
(2 = 2y) pye + 2y + 2) 7,
(v + DM,

S./(a,8,

S:/8,



Miscellaneous

RC = —P'usBs — DuA'ss + [P + 0 (Une cos (a0 ~ 8))" ] A'ez —
Uao, — U Waw — —"P—“g& ~ K5OV, — ﬁ%e&
with
o = (FanUnAs + PaU'aurAs + PuUuA'se)
IC = —puhs — Puh's + [P + P (Uanmw 08 (@ — ) 1 Ay —
Ul — Ouiae + KaliVa 1555, + oDl
with

CR = —3. A" {]. + w 4+ 2LV 1+ 1Ly
e VESY ERVYE F Woasr ' P3RY g 3 JLRV gl gl

&= _ -, T -
CI = —peUse cos (ay, B Ay + Wy —pkV'g Y2 kVp 4
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APPENDIX F
CALCULATION OF MEAN FLOW AERODYNAMICS

Pressure jump across the shock (steady state)

e 9 )
%‘1—=1+-‘3’—:‘Y—1(M"§8— 1) (F1)

Steady-state pressure as a function of chordwise location

(=)
p(x) = Pror l:l + Y ; L (M2) :| . (F2)

Steady-state density as a function of chordwise location

(=)
- - y— 1 o y-1
p(%) = pror 1+ 2 (M2, (F3)
where,
_ Pior
proT RTTOT

Steady-state temperature as a function of chordwise position

-1

T(x) = Tror [ 1+ X1 (MZ(x»] (F4)

2

Local steady-state speed of sound as a function of chordwise position.

YRT oy ‘
- [ ]
1 +-—— Mx) (F5)

Total pressure, temperature, and density downstream of the shock

Proty, = Pror,, [1 + v+ 1 (M

(Fe)
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Mach number across the shock

Mz, (y — 1) + 2

Mda B 27M1_25 - (“/ - 1)
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APPENDIX G

DEFINITION OF AREA PERTURBATIONS

Bending Mode Perturbations

Figure G1 describes the inlet area to be considered. The blades will be considered to
vibrate harmonically with a constant interblade phase lag o. Assuming this, then the de-

flections can be represented as follows:
h = he" (reference blade)

h' = he* e (blade adjacent to reference blade)

FD 176255

Figure G1. Bending Mode Area Perturbations

Thus, the aréa perturbation can be represented as shown below:

Ay = (W—h) —SRB_
! sin a,
_ ('}‘lim & —h &™) sin 3,
sin a,,

where all quantities are nondimensional. Simplifying this expression yields

A, =he“ (" —1) 25 B,
sin ay,
Dividing through be e™ gives
Ai=he -1 26
sin a,,

Separating the expression into its real and imaginary components produces

sin S,

A = h(coseg — 1) sin a

sin «a,

A, =Thsines (——ﬂ%)
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Similarly, the other area perturbations for the bending mode will be
A’*R =h (cos ¢ — 1)
A* = Thsino

Ag = h(cos o — 1)

I\’S, =hsino

sin 8,

h(coso — 1) sin o,

>
3
I

sin ay,

K’EI = F sin ¢ ( ———Sin B, )

Torsional Mode Area Perturbations

o
Elastic Axi_s_/
Position

Figure G2. Torsional Mode Area Perturbation

FD 176256

(G8)
(G
(G8)

(G9)

(G10j

(G1y)

In the torsional mode area perturbations, the airfoils will be assumed to be undergoing
rigid body torsional deflections about an arbitrary elastic axis position a. Consider first a
cascade of flat plate airfoils oscillating out of phase, as shown in Figure G2. The area

perturbation can be represented by

Ax) = ¢ (Z——z—)(a’—a)

where,

b(1 + a)
c

(G12)

a = Elastic axis position referenced to midchord and nondimensionalized by b.
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At the blade leading edge

, sin
A, =Zc (o — ) —i
sin ayg,
Next, assume
o = « eikl

v — ik "
o = we" ¢
Thus,

L = T\ e.lu (em . 1)

Dividing this by e*

A, = cZale” — 1) (~Si“ 8, )

sin «,

Separating this expression into its real and imaginary components yields

K’m = c¢Zi(cos ¢ — 1) ( M)

sin

K’i, = cZ« sin ¢ (_M_)

sin «,

Similarly, the other area perturbations will be

At the shock wave, the area perturbations will be

_A'SR = ( Z — )é‘ ) ci (cos o — 1)
K’\, ( z— = ) ca sin ¢
¢
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and substituting the resultant into Equation G13 gives

(G13)

(G14)

(G15)

(G16)

(G17)

(G18)

(G19)
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At the exit, the area perturbations will be

K’ER =(Z— 1) (coso — 1) ca (%) o
Mom @ Derung (A )

DEFINITION OF THE VOLUME PERTURBATIONS
Bending Mode Perturbations

Figure (33 defines and divides the volumes into three sections. Each section is dealt with
separately in this Appendix.

Ai

£

FD 1768257

Figure 3. Bending Mode and Torsional Mode Volume Perturbations

Section 1
For ease of determination, Section 1 is divided into three subsections, such that
V,=V,+ V, + V. (G22)
Subsection 1a

- A2l
2 cotan (90 — B,)

Vi, =

Expanding this expression in small perturbations and neglecting higher order terms gives

(A% + 2AA) (G23)
2 cotan (90 — 43,)

Vla =
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which produces for the perturbation volume in terms of real and imaginery components

7 A A
iR cotan (30 — 8)
and
;7'1.1 A Ay (G24)

cotan (90 — 8)

where R'm and /;",, are given in Equations A4 and A5, respectively, in Appendix A.

Subsection 1b

Vi = (6 cos ;) (8 sin ay,)

e | —

where & represents the gap between the blades. Expanding this expression in small per-
turbations gives

Vi, = (3 + 2 56') sin ay cos ay,

DO |~

or

sin oy,

V, = ;S. (—h;h—- ) sin «, €OS

Breaking this expression down into its real and imaginary components gives

V' = 0h (cos ¢ — 1) cos a, (G25)

Vi = oh sin o cos ay, (G26)
Subsection 1c

V.= A* (x* — 6 cos ay)
Expanding this expression in small perturbations and neglecting higher order terms produces

Vi = (A* — A%) x* — (3 A* + 8 A™* + & A*) cos a,,
or

= A'* (x* — § cos a,) + 8'A* cos ag (G27)

ic

or

Vig = ¥1 (x* — 5 cos a) (cos ¢ — 1) + -1_\* 1—1 (cos ¢ — 1) cot ay

Via = h (x* — 3 sin ay) sin ¢ + A* h sin o cot g (G28)
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Thus, the real and imaginary components for Section 1 represent a summation of the
three subsections, as shown in Equation G29, '

Vie = Vi + Vi + Vi
{/’,, = -\_I’l,, + V’“,, + V’,c. (G29)
Section 2
Since this section represents supersonic flow, downstream disturbances cannot propagate

upstream. Therefore, the volume perturbation can be represented as being bounded on the
downstream side by a steady-state shock location, as shown in Equation G30.

V= (A% + A) & — x*) (G30)
Expanding in small perturbations produces

Vi, = (A + A (% — x*) (G31)
Breaking the expression into its real and imaginary components gives

Ve =h (cos ¢ — 1) (X — x*)

Vy = hsing (X — x*) (G32)
Section 3

Section 3 also has been divided into three subsections. Each subsection is dealt with

separately with the volume perturbations of Section 3 equal to the summation of the
subsections.

Subsection 3a

Va= A+ A, ) x)

Vi— A+ A -V —%) - A +A, )xi]

c

V’m ="h (cos ¢ — 1)(c — %) —% s (As + A =) (G33)
v’snl = _l-l sin (¢ — Xg) _%'xlm (Ks + KL - (G34)

c
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Subsection 3b
1 .
Vap = -5 (6 cos au)(d sin a,)

V', = 88" cos a, sin ag,

Vi = % T (cos ¢ — 1)(5 sin 2a) (G35)

Vi = —;— h sin ¢ (6 sin 2a,,) (G386)
Subsection 3¢

.

V., = Az h (cosSizrr1 ;thl) cos 8, (G3)

v = Ak ::: Zchcos & (G38)

As stated, the real and imaginary components of Section 3 represent a summation of the three
subsections, as shown below:

\_/I:m =V T Vs T V'

' = {]I:!ul + —\;lﬂbl + V’3:] (G39)

Ril

<

Torsional Mode Perturbations

As before, the individual sections will be dealt with separately in the following para-
graphs.

Section 1

Section 1 is again divided into three subsections for ease of determination.
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Subsection 1a

v — A A
s cotan (90 — B,)
= A cZw(cosa — 1) sin 8,
Vie = sin a,, cotan (90 — 8,) (G40)
-, A, ¢ Z a sin ¢ sin 8,
1l gin « cotan (90 — B,) (G4
Subsection 1b
1 -, .
Vi, = 5 66’ sin (2 ag)
Vi = cZa 6 (cos 0 — 1) cos ag, (G42)
V' = cZab sin g cos a,, (G43)
Section 1c
ok X
V= A'(x)dx A'(x)= ¢ (Z ——)(a' — @)
, f'ENT ¢
_ clx* — (3 cos ) ot — |
=cZ (x* — s cosq,) (0~ a) — -—— 5
2¢
= = _ x* — (3 cos )’
V'ik = c (cos ¢ — 1)[Z (x* 6 oS o) 5 } (G44)
V.o o= . [Z «_3 B x** — (3 cos o)’
W = Ca sin ¢ (x Ccos ) % (G45)

The summation of the real and imaginary components of the subsections is shown in Equation

G46.
Vie = Viar + Vi + View
Vi = Vi + Vin + Vier
Section 2

v, = fx

A’(x)dx

N<\l
[
[e]

R

R

R

Vi, =c'sina[Z(xs—x*)—(

& (cos ¢ — 1)[Z(x,, — x*) —(

(G46)
x2 — x*?
T):I (G47)
’E___W)] (G48)
2c
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Section 3
As before, Section 3 will be divided into three subsections.

Subsection 3a
V,, = f:h A(x)dx — A, ¥/,

=c¢c (¢ — a) [Z(XE—XE)— (’.“‘fz;cxﬂz)] _Asx's

, _ ¢ — 2 _
Vier = Cafcos g — 1| Z (¢ — %X} —\ —5— — AR

. 2__2

Subsection 3b
N G 58 si
Vo = 5 (8° + 26 &) sin aen €08 e

Vo = 8 & sin acn €OS acen

where,

5 = c(Z-1(a—a)
sin Qch

Vig = € & (Z — 1) (cos ¢ — 1) cos acy, -d
Vier = ¢ & (Z — 1) sin ¢ ¢OS acn -6

Subsection 3¢

_ A2
Vee = 2 tan G,
,_ A A
Ve = tan B,
v :AEC6:(Z—1)(cos:;—1)cos;62
acH sin (en
v _Agc 4 (Z — 1) sin ¢ cos B,
scl

sin aen
The resulting summations for Section 3 are given in Equation G55.
VQR = V:;aR + Vébn + Vier
Vo = Viar + Vi + Vier
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APPENDIX H
CALCULATION OF THE STEADY-STATE SHOCK
LOCATION AND TEST FOR CHOKED FLOW

The first step in the analysis requires checking for choked flow. Equation H1 is obtained
from the isentropic flow relationships.

() [ (e ryne)] 7
A/ — Mz Ly +1 2 ¢ (H1)

Rearranging this relationship and solving for A, gives
(3 o ozt )] 7
A = W y + 1 1 + 2 Mt A (H2)

For a choked flow condition, A* will be equal to or greater than the minimum area between
the blades (A,.). Thus, for choked flow Equation H2 becomes

A>{1[2( v -1 )(zfi)l
<=l Lysgp \L+——5— M A* (H3)

During steady-state conditions

A, = 6 sin B, (H4)
and

A = (6 sin o) + y. %* — y. x,* (H5)
Substituting the relationships of Equations H4 and H5 into Equation H3 and solving for 8,

yields
y+1

o 1 1 2 -1 ( —1)1"'
8, = sin~! ’73_{M?[7+1(1+72 M?)-‘ Y } § sin aen +

yu(x*,) — yu(x*,)} ] (He6)

Thus, the flow will be choked if the input 8, is equal to or greater than the 8, calculated in
Equation H6. If the flow is choked, the areas at various cross-sections will be calculated along
with the exit area, as shown.

A, = 8 sin B, (H7)

The next step in the analysis requires that the supersonic Mach numbers downstream of the
throat be calculated by solving the following equation for M at the specific chordwise locations:.

A 1 2 1 ( y+1 ) Ly
x - 2 -1 -
Ariﬂ)n - {M’(x) [ vy +1 ( 1+ X 2 M (x)] ! } (H8)
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Once the area relationships and Mach numbers as a function of x have been determined,
the analysis proceeds with the calculation of the steady-state shock position. The derivation
requires only the Mach numbers downstream of the throat since it can be shown that the
shock position is stable only in a diverging channel. With the pressure ratio across the stage
(PR) input, the capture Mach number fixes the pressure at the entrance, as shown in Equation
H9.

2 (H9)

The pressure ratio from the throat to the exit can be defined as

PRL‘DH’ = _Pc__

i 2
B

2 +1
)’ PR

v+1 (H10)

The use of an iteration procedure finds the shock location by first assuming the shock is
located at the throat and then incrementally moving downstream until the obtainable pressure
ratio (PR,,,) at the specific shock location matches the PR, within some tolerance e. PR, is
calculated in the following manner:

1. Calculate the ratio of pressure entering the shock to the pressure at the
throat as

Py
P*

;7_) (H11)

9. Calculate the pressure rise across the throat as
Pas _ 2y
B, —1+7+1(M§—1) (H12)

3. Calculate the Mach number exiting the shock to determine the nature of
the flow (subsonic or supersonic) as

Més=1+721M&s (H13)
'YM&S _‘Y_;_l_
where,
M, = M,
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Knowing the nature of the flow, M,,, can be calculated from the area relationship in
Equation H8. Knowing M,,, the pressure ratio from the shock location to the exit can be
calculated by '

Y~ T
1+ M2
Pex exit
it 2 ) (H14)

Pds ’)""1 2
1+ 5

From this point, PR, can be defined from Equations H11, H12, and H18 as

Pra = (2 )( 3o )( Z) Gl

Equation H14 is valid for all values for M, less than or equal to 1.1. If M, > 1.1, there will
be a loss in total pressure. Calculate total pressure in this situation in the following manner:

s =[1+ o (M:f,—l)](?ll)[wﬂ](—‘r%)

Pioterse v+ 1 (v ¥+ 1) Mz (H16)

Then, Equation H15 becomes
Pus )( Pds )( Pexn. )( Ptotex"_ )
PROM B ( p* Pus Pds Plolc (H17)

The shock will be located at the point where

l PRcorr - PR obtl <e€ (H].S)
If this relationship is not valid, move to the next discrete section downstream and repeat the

calculations. If the shock position is not located in this manner before reaching the end of the
channel, the shock location is downstream of the blades. ~
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APPENDIX |
LIFT AND MOMENT COEFFICIENT CALCULATION

With pressure perturbations known at the inlet and outlet of each section, the mean
section pressure perturbations can be defined as follows:

Section 1

Pw = (B'w + D) + 2 Pu= @+ p%) 2 (I-1)
Section 2

P = (P*s + Plusw) + 2 Pa = (B% + Pus) * 2 (I-2)
Section 3

P = (Plar + P'wa) T 2 Pa = (Pag + Ped 2 (I-3)

Equations [-1 through I-3 give the unsteady pressure distribution on the reference airfoil
suction surface. The pressure perturbation for the “channel” below the reference channel can
be described in the following manner:

pL = p,exp (—i o) (I-4)
where, L denotes the lower airfoil surface and U denotes the upper airfoil surface,
or

Pwr + ipu = (P + ipw) (cos ¢ — isin o) (1-5)

which gives

DPik = Dugr COS ¢ + Dy, sin o
Pu = Pui €COS ¢ — Dy Sin ¢ (I-6)

Then, the pressure perturbations for each section can be calculated as follows:

Section 1

P = Dy c08 ¢ + Py sin o (1-7)
P = Puw cos ¢ — Py Sin o

Section 2

Pw. = Py €0S 6 + Py sin e (1-8)
P'a = P'av €OS 0 — Py Sin 0

Section 3

P = D'y €OS ¢ + Py sin o (1-9)
P'ar = Paw €OS ¢ — Py Sin 0
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Il

With the unsteady pressures defined on the suction and pressure sides of the airfoil, the
unsteady lift and moment coefficients can be defined as follows for each mode. The real part of
the unsteady lift coefficient is

Cir = Cur + Cun (I-10)
where,
Cun = —(Piow * + Par X —%*) + Pum (c—x)) + b (I-11)
Cun = +(Pur x*—6 cos a) + Plan (,—x*) +
Pan (c—%, + dcos ) + b (I-12)
The imaginary part of the unsteady lift coefficient is
Cu = Cuu + Cu (I-13)

where, C.; and C,,, are defined in the same manner as in Equations I-11 and I-12 with the

imaginary pressure perturbations used. The real part of the moment coefficient can be defined
for each mode as

105D galil JIIVAT as

Cur = Cuur T Cuir (I-14)
where,
Cuwr = — [T)’lUR x* ( Zc — % ) + Pon (x, + x%) ( Ze — —(X* ;_ %) ) +
Bion (o) (Zo— L2 ) | (1-15)
Cur = + [5’1LR (x*—0 cos ag) (ZC (m)) +

Par X, —x*) (Ze— 2 (x,+x*—25 cos a,)) +

Doz (c—x,+6 cos a,) (Ze—% (¢ +

X,—6 COS ach))] +~ b (I-16)
The imaginary part of the moment coefficient for each mode is

Cw = Cyur + Cuu (I-17)

where, Cy, and C,,, are defined as in Equations I-15 and I-16 with the imaginary pressure
perturbations used.
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SYSTEM/370 FORTRAN H EXTENDED (ENHANCED}

DATE 80.353/15.02.47

PAGE

2

IS 0698 80 FORMAT(20A4) 00200560
ISy €009 READ(5,85) MP,N2,IKAVE ,NSECT 00000570
It o010 85 FCIAT(4I5) . e e .. 002005850
1St 0011 READ(5,86) ALPCH,BETAL,BETA2,C,DELTA,E,EPS,GAM,MI,M1,0MEGA,PR,PT, 00000590

? “TT,V,DIAM, TOLHIT,ALPBAR,HBAI 06002600

154 0012 86 FORNMAT(GBF16.01 03300510
__ ISH 0613 _ READI5,806) (XIM(I)},I=1,HP) __ 00000520
B ETIRA B READ(5,85) (YLIN(I),I=1,RP) 09020630
ISH 6515 READ(5,86) (YUIN(I),I=1,NP) 00000640
154 0016 IF (EPS .EQ. 0.) EPS = .05 00600650
__ Isyonis IF (GAM __ .EQ. 0.) GAM __ = 1.6 ____ 00000660
ISH 0620 IF (i1 LEQ. 0.) M1 = HI 60303670
ISH €022 IF (RG4S  .EQ. 0.) RGAS = 1716.26 B0GC0530
IS Ce24 IF (YOLMIT .EQ. 0.) TOLMIT = .00001 00500690
___ISH €026 _ TAU = DELTA o 6u000700
Ish oca7 PHIIC3 = 6.2332 * DIAH/MS 00000710
ISN 0028 IF(IVAVE.LT.0) PHIIBB = -1.0 % PHIISB 00000720
ISN 0039 PHIIBT = PHIIZ3 002060730
c o 00000740

c PRINT INPUT 02C00750

[ 00030760

ISN 60351 WRITE(6,5) TITLE, 0C000770
Y ___ ALFC2R,ALPCH,BETA1,RETA2,C,DELTA,DIAM,E,EPS,GAM,HBAR, 0000CTE0
? ILAVE,NI,HL,05,HP, HSECT, HTINE ,CHEGA, PHIIES, FHIIBT, PR, V00000790

ISk 0032 5 FORMAT(*1CH!MUEL FLCW CHCUE FLUTTER ANALYSIS DECK 9066'// 20A&4// 000C0S00
1' ALFBAR',F10.5,5X, "HEAN TGPSIOMAL DEFLECTICH THRU CYCLE (DEG.)'/ 0000CSL0

2' ALFCH ',F10.3,5X, 'STAGZER ANGLE OF BLADE ROW (DEG.)'/ 00000320

3* PETAL *4F10.3,5%, 'INLET AIR ANSLE (DE5G.)*/ 0000C330

4' RETA2 ',F10.3,5X%,'EXIT AIP ANSLE (DEG.}'/ 0CCee340

5' C *yF10.5,5X, 'CHCED (IN.)'/ 00033550

6' DELTA *,F10.5,5X,'GAP BET!ZEN BLADES (IN.}'/ 00609260

7' BIAM *,F10.3,5X, 'HCDAL DIANZTER'/ 00600870

8t 'yF10.6,5X, 'ELASTIC AXIS LOCATICH REF. TO MIDSPAN'/ 0000058

9' EPS  ',F10.5,5X, 'TOLEPANCE FCR FRESSURE RATIO'/ 00000890

X' GAM __',F10.5,5X,'SPECIFIC KEAT RATIO'/ 00000900

1' HBAR '»F10.6,5X%, 'NEZAN FLASPING DEFLECTION OF BLADE (IN.)'/ 00000510

2' IMAVE ',I10 ,5X%,'HAVE HOTICH'/ 69000920
3 MI *yF10.5,5%, 'IMLET HACH HUMBER'/ 00000930
4' M1 *,F10.5,5X,'L. E. MCH } Ry, 00020958

5 h3 *yI10 5%, 'HUI3ES BLADES'/ 00000950

6' NP ', 110 AIRFOIL COORDINATES'/ 00000550

7' N3ECT *,I10 ,6X,'KUN2IR CF SICHISHTS FRCM L.E. TO T.E.'/ 00C00570

&' NTINE '»I10 ,5X,'NUS3LR CF TINE IMCREHENTS'/ o 00000930

9 CHIGA '4F10.2,5X, 'FREQUENCY OF VICPATION (CYCLES. / SEC.)'/ 0000C550

X* FHIIED',F10.4,5%, BPENDILS NMCDE INTEFOLADE PHASE ANGLE (RAD.)'/ 00001000

1¢ BHIIBT',F10.4,5%, 'TCRSICHAL NCDE INTERBLADE PHASE ANGLE (RAD.)'/00001010

2* FR  ',F10.5,5X,'STATIC FRESSURE RATIO ACROS5 STAGE'/ 00601020

3''v 77 7' ,F10.3,5%, "RELATIVE INLET VELGCITY (FT/SEC)') 00001030

ERRC? DETECTED - SCAN POINTER = ©

ISH 6033 LRITE (6,6) PT,R3AS,TAU,TOLMIT,TT ¢ccc1040
ISH 0534 6 FCRUAT(' PT 'vF19.4,5X, ' TOTAL FRESSUNE ENTERING STAGE (PSI)'/_ 00501050
1* RGAS ',F10.2,5X, 'GAS CONSTAHT (FT¥%2 /(SECN%2 DEG. R ) )'/ 60001050

2' TAU  *,F10.5,5X, 'GAP BETWZIEH AIRFOILS WHILE OSCILLATING (IN.)*/C0001070

3' TOLMIT',F10.6,5X,'TOLERAMCE FOR MACH NUNZER ITERATION'/ 00091050

. . 4' TT _ ',F10.2,5X,'TOTAL TEMPERATURE ENTERING STAGE (DEG. R)'}__ 00001050
1SN 6035 KRITE {6,7) (XIN(I),YLIN(I),YUIN(I),I=1,NP) 00001100
ISH 6036 7 FCRMAT('OATRFOIL COORDINATES (IN.)'//10X,'X Y LOMER Y URPER'/ 00001110
1{1X,3F10.5)) 60001120

c 90001130




: ®VERSICH 1.3.0 (C1 MAY 00) MAIN SYSTEM/370 FORTRAN H EXTENDED (ENHANCED) DATE 60.353/15.02.47 PAGE 3
. ISH ce3? COR = B7.26577631n¢ 00001140

: = 1S €038 ALFSAR = ALTOAR / DOR 00301150
i > __ISNGO3F. CALPCH = ALFCK / DCR . . 60001160 -

: St C040 PETAL = 2STAL / DOR CCUG1170

: ISH 6341 BETAZ = ESTA2 / DOR 00001130

i c 00001150

i o ._____C____DEFINE QUANTITIES USED FREQUENTLY_IN CALCULATIONS __ 006301200

| 00801210

: ISH 6C42 00001220

. ISH 0643 00001230

! It e244 00001240

IS 0345 09001250

ISH QS4 00001260

c 2001270

___ 1SN 0047 _ B = .5 . 06001260

ISN €048 RINE = 000601290

I5H 0249 S51FE = 00Ce1300

. c 66001310

___ISN 2050 6CC01320

! 124 251 00001330

H c 00001340

IS4 052 00001750

__ ISH 0853 00001350

ISH 6034 03001370

IS ¢CY5 00001320

IS £054 30001390

. Iz co57_ . £00C1400

: IZH 0353 00001410

| v59 00001420

9350 00601430

IS 0951 00001540

ISH 6as2 00001450

: IS 0063 06001460

; [ 00001470

: ISN 604 ) ASSE = TAU * SIN32 L 00001480

! [ X INCREMENT FCR CHAMMEL AREA, MACH NUMBER, ETC. 00001490

ISM 0065 DXIP = {C - TSLAM} / FLOAT(HSECT) 00001500

: c cCCO01510

i c CALCULATE STELDY STATE_AREAS THRU_CHANNEL_&_ LOCATE_THROAT, 0001520

\ c 00001530

i ISN €056 ASTAR = 1.E20 00001540

. ISN €067 00 20 NS = 1, HSECT1 08001530

' L [ X CCORDINATE OF REFERENCE BLADE 03001560

H ISt 068 XIPLHS) = FLOAT(HNS-1) % OXLP + TSLAM 00001570

i c X COCHDINATE OF B2LADE ABOVE REFERENCE BLADE 00001580

i ISH 0069 X2P = XIP(HS) - TSLAM 00C01590

i —_ i c Y CCCROINATE OF UPPZR SURFACE OF REFERENCE BLADE 00001600

i isii 0070 CALL LIHE (1P, XIN, YUIN, XIF(N3), YU, DUM, IDUM) 00001610

H c Y CCOFDINATE OF LC.ZR SUFACE CF UPPER BLADE 00001620

i IsM 0271 CALL LINZ (HP, XIN, YLIM, ¥2P, YL, DUM, IDUM) 00001630

| c ARRAY OF STEADY STATE AREAS THRU CHANNEL ABOVE_REFERENCE_BLADE 60001640

| T 1sfiTgo7e - ASS(NS) = TiU * COSLAM - YU + YL 00001650

; ISH 0073 MRITE(6,16) N5,ASS(KS) 00001660

' ISN 0074 16  FORMAT(2X,I2,4X,E15.6) 00001670

! - __1Isi co7s IF (ASS(NS) ,GT. ASTAR) GO_TO 20 00001680

- T ¢ THRCAT AREA - 00001690

| ISN €077 ASTAR = A35(NS) 60001700

: c CISTANCE FRGM REFERENCE BLADE L.E. TO THROAT 05001710

ISt 0078 XSTAR = X1P(NS) 00001720
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®VERSION 1.3.6 (01 MAY 80) MAIN SYSTEM/370 FORTRAN H EXTENDED (ENHANCED) DATE 80.353/15.02.47
ISH 0079 YUSTAR = YU 00001730
ICN 0080 YLSTAR = YL 00001740
e c SUBSCRIPT OF _THROAT_LOCATION 00001750
ISy 0051 IT = HS 00201760
ISH 0082 20 CCHTINUE 00001770
c 0CC01780
c CALCULATE SUPERSONIC MACH NUMRERS, FROM_THROAT_TO_EXIT, 08001790
c £C201600
ISH 0083 ALL ZERO (MSS(1}, MSS(NSECTL), 1.} 00001310
ISH 0S5 DO 30 HS = 1, NSECT1 00001820
____ISN_ 0085 IF (X1F(HS) .LT. XSTAR) €O TO_30 00001830
c RATIO CF ARSA TO THROAT APEA 00001840
ISH GCa7 ADAMIN = ASS(NS) / ASTAR 00001850
ISH cces 1SS = 1 00001850
ISt cea9 CALL MACHIT (ACAMIN, MSS(NS), GAM, TOLMIT, ISS, KILL) 00001370
3 IF (KILL .ME. 0) WRITE (4,25) AGAMIH, X1P(NS) 000012350
ISH 0090 25 FORMAT('OAZASTAR = ',1PE13.5,' X = *,E13.5) 00001850
ISH 0091 30 COMTINUE 00001900
C e I 00001910
c TEST FOR CHCKED FLOM AND LOCATE STEADY STATE SHOCK 00001920
¢ 00001930
ISH 0092 BETAIC = ARSIN(SCRT(({THOSP1 % F1OF(M1))¥¥GP1GML) / Ml¥x2) / TAU %00001540
1 (TAU % CCSLAM + YLSTAR - YUSTAR)) 00901550
IS €093 IF (BETAl .GE. BETAICY GO TO 41 00001550
IZH 03855 WRITE (6,40) 00001976
ISH 0C%s 40 FCRUAT(' ¥x*#% FLOW IS NOT CHOXED') £0001930
____ISH £097 ICKOKE = 0 . . ... 0001950
IS 0093 ASTAR = TAUXSINSINMI®(2./(G/M+1.) % (1,+(GAM-1.)/2. # MI¥®2)) %% 00002000
? (-(CAM+1,)/(2.%(GAN-1.1)) 09002010
ISH 0099 XSTAR = DELTA * COSACH + 0.1 00002020
151 0100 IF(C-CELTA*COSACH .GT. 0.1) GOTO_330 00002030
IS4 0102 MSTAR = C - DELTANCOSACH 06002040
c HRITE(6,360) XSTAR 00002050
ISH 0103 340 FCRMAT(//* %%% XSTAR RESET TO',E15.6) 00002060
___IsH 0104 330 X0 = XSTAR +_0.15 _ 00C02070
IsH 0105 IF(C-X0 .GT. 0.) GOTO 61 00002020
IS 0107 X0 = XSTAR + 0.05 00002090
c VRITE(6,360) X0 60002100
___1I5H 0103 360 FORHAT(//' %% X0 RESET_T0',E15.6) _ 00002110
ISH C1e9 GO 70 61 00002120
c INLET STATIC TO TOTAL PRESSURE RATIO 00902130
ISM 0110 41 AC = TAU % SINB1 00002140
___Istcliy AQAMIN =_AC /_ASTAR 00002150
IsH 6112 1SS = 0 66202160
ISH 0113 IF (MI ,6T. 1.) IS5 =1 00002170
ISY 0115 CALL MACHIT (AOQAMIM, MC, GAM, TOLMIT, ISS, KILL) 00002150
IS 0116 PIPT = F10F(MC)%%GOING 00002190
T1si 0117 BETAI = EBETALC 00002200
IsH 0lis BETAPR = BZTAL * DCR 00002210
1sy 0119 RITE(6,117) BETAFR1 000082220
ISH 0120 117 FORMAT(//' BETAL'/E15.6) 00002230
“T1sH 0121 T ICHCKE =1 00002240
c EXIT AREA 0C602250
ISH 0122 AE = DELTA % SINS2 00002260
c RATIO OF EXIT AREA TO_THROAT AREA 00002270
TSN 0123 KOAMIN = AE / ASTAR 00002280
ISH 0124 1SS = 0 80002290
ISN 0125 IF (AE .LT. ASTAR) ISS =1 000023C0
ISH 0127 CALL MACHIT (AOAMIN, ME, GAM, TOLMIT, IS5, KILL) 00002310
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®VERSION 1.3.0 (01 MAY 50 MAIN SYSTEM/370 FORTRAH H EXTENDED (ENHANCED) DATE 80.353/15.02.647

1Z4 0129

ISH 0123

15t 0134

o

45

1
2

154 0137_

ISH 0136

ISH 0133
.

ISH 0139

ISHN 0140

ISH 6142

ISH 0143

ISh 014%

ISH C145
104 C147
124 0148
I8 0159
I8 0151
_Isi 152
1% 0153
IS4 P14
Icy cits
IS 0L

]

ISH 0161

B0

IS 0157

IZH 2158

I3 3165

ISN 0166

TSH 0167
15N 0158
ICH 0169
ISH 0171

IF (KILL .ME. 0) WRITE (6,45) ADAMIN, X1P(NS) 0000232
FONATE'DAE/ASTAR = ',1PE13.5,' X = ',E13.5) 00002330
BC 65 HS = IT, MSECTL _ . ___ 09202740
SHOCK MACH HUM3ER 60C02350
KS = NSSING) 06002250
IF(M0.GT.0.995 AN, MO.LT.1.001) 10=1.01 00002370
TOTAL INLET TO EXIT PRESSURE RATIO 0CCO2I30
PTIPTE = 1. 00002370
IF (M9 .GT. 1.1) PTIPTE = 600C2400
(1. + GAM % TUCGPL % (MO¥%2 - 1.))%%(1, / (GAM = 1.)) % 00072410
L. (2. % FIOF(MO) / ((GAM + 1.)_% MO¥*2))#%(~GOIMG)____ 00002420
STATIC PRESIURE RATIO ACRCSS STAGE 00022430
FEPI = FR % PTIPTE 6CC02440
THPOAT TO EXIT FRTSSURE RATIO 00002450
FPCCRR = PIFT % THOGP1#»GOIMG % PR €0002460
SHOCK IMLET 1ACH NUNQZIR 05002470
HOI = 13 00002480
EXIT MACH MUMI3ER 00602450
STPT(FIOF(IMOTY / (GAM * MOI%%2 - (GAM - 1.) * ,5)) 03602500
€HOTK INLET TO TEROAT STATIC FRESSURE RATIO 00002510
POIPTH = FLOF(NMOI¥HCOLN'S 7/ ((GAM + 1.) % .5)%%GOLMG 00002520
SHOCK EXIT TO INLET STATIC FRESSURE RATIO 00002530
PCIPOI = 1. + GAM % TIOGPL % (MO»*2 - 1.). 00002540
ST#TE EXIT TO SMOCK EXIT STATIC FRESSURE RATIO 00022550
FEPCE = (FICF(KE) / FICFEI0E) )#%GOING / PTIPTE 0C502550
CSTAINAELE FRESSURE RISE (STAGE EXIT TO THROAT STATIC PRESS. RAT.)000C2570
FRCOT = POIPTH % POEPOY % PEPOE . __ . 00002550
IF (AS3(FRCURR/PRO3T-1.).6T. EFS) 63 TO 60 68002530
DISTANZE FRCM REFERENCE BLADE L.E. TO STEADY STATE SHOCK 00002600
¥8 = XIF(H3) 66602610
RXS=X0 e 06602620
TF(XSTLR.HE.X0) GOTO 71 00022630
VITZ(6,75) 60002640
FCTLAT(® ', 'THE SHOCK IS LCCATED AT THE THROAT') 00002659
©OT0 500 _ 00002660
KEP = X0 - TSLAM 00002570
CALL LIME (MNP, XIN, YUIN, X0, YUS, YUOXS, IDUM) 00002¢90
CALL LINE {(HP, XIN, YLIM, X2P, YLO, YLOX0, IDUM) 00002660
E3 = ZP -X0 / C 00002700
STEFDY STATE SHOCK AREA 60802710
£0 = ASSUHS) 0cec2720
FO = F1CF(MJ)I##3ZD1M5 * PT 00002730
_CUZICRIPT OF SHOCK_LOCATION 0CCORT40
IS = N3 0£002750
23 TO 65 00002760
i CCHTINUE 00002770
s=ec 80902760
TERITE (6,62) 03002760
FOMMAT(* *w%¥% STEADY STATE SHOCK POSITION NOT FGUND') 08002390
GO 70 5¢0 00002310
i o . 00002820
CALCULATE CAPTURE HACH HUNMBER 03602330
00902340
AC = TAU * SIN(BETALC) £0002850
RATIO OF CAPTURE AREA TO THROAT AREA 00062860
AOANIN = AC / ASTAR 00002870
135 = ¢ 000¢2880
IF (MI .6T. 1.) ISS =1 60002690

CALL MACHIT (AOAMIN, MC, GAM, TOLMIT, ISS, KILL) 00002900

PAGE
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#VERSION 1.3.0 (Ol MAY 80)

MAIN SYSTEM/370 FORTRAN H EXTENDED (ENHANCED) DATE 80.353/15.02.47

c IF (KILL .NE. 0) WRITE (6,65} AOAMIN 00002910

ISH 0172 66 FORMAT('OAC/ASTAR = ',1PE13.5) 0002920

c 3 o ) 00002930

c CALCULATE STEADY STATE PRESSURES 00002940

c 00002950

ISH 0173 PCPT = F1OF(MC)#¥COLNG £C02950
IS 0174 PC = FCPT % PT o 00002970
1S4 0175 IF(ICKCKXE.ZQ.1) GOTO 370 00002330
151 0177 CALL LINE (NP,XIN,YUIN,XSTAR,YU,DUM,IDUM) 09002590

ISH 0173 CALL LINE (}P,XIM,YLIN,NSTAR-TSLAM,YL,DUM,IDUM) 00003000
___IsN 0179 AREA = TAU % COSLAM = YU + YL 0003010
IS 0139 AOLMIN = AREA / ASTAR 60033620
IS4 0101 CALL NACHIT (ADAMIM,YHS,GAM,TOLMIT,ISS,KILL) ¢C003630
IS4 0182 PT = FLOF(XNS) =% COLMG 00203040
L KRITE(6,201) XSTAR,TSLAM,YU,YL,AREA,ACAMIN,XMS,PA1PT 00203950
Isii 0183 201 FCRMAT(/' XSTAR,TSLAM,YU,YL,AREA,AOAMIN,XNS,PH1PT' /8E15.6) 062030530

IS4 0184 GOTO 3£0 0C003070
15! 01235 370 FMIPT = ((GAM + 1.} % _5)%%CO1MG €0003060

_ ISy oles 380__FHL = FHIPT % PT 00003690
IS 0137 PIPT = FICF(MO)¥XGO1MG 00003100

SH 0iC3 FENT = FIPT % PT 00003110

ISH 0139 PCEPL = 1. + GAM * THOGPL % (MO®%2 - 1.} 00003120
e [+ N o ] 00003130
155 0199 IF(ICKCKE.EQ.1)  COTO 375 05003140

ISH e192 CALL LINE (HP,XIN,YUIN,X0,YU,DUM,IDUN) 00C03150
184 0193 CALL LINE (KP,XIN,YLIN,XO~TSLAM,YL,DU,IDUM) 00063150
ISH 0194 AREA = TAU % COSLAM -~ YU + YL 00003170
164 0195 ACAMIN = ARZA /7 ASTAR 000031580
134 0196 CALL MACHIT (AQAMIM,XHG,CAM,TOLMIT,ISS,KILL) 0Ce03190
ISH 0157 PAS = F10F(XH0) %% GOIMG *PT 00003200
L C _ LRITE(6,202) XO,TSLAM,YU,YL,AREA, ACAMIN,XMO,POE __ 00003216
1870198 202 FCFHAT(/* X0,TSLAN,YU,YL,AREA,AOAMIN,XMO,POE'/8E15.6) 00003220
IS 0199 GCTO 355 00003230
ISN 0200 375 PCE = PCEPI * PENT 00003240
1S4 0201 385 PIPT = F1OF (ME)%#GOLMS 00003250
TTIsH 0z02 'PE = PEPT * PT 00003260
IS4 0293 PISS = (Fifl + FC) * .5 00003270
ISH 0204 P2sS = (FEHT + FH1l) ¥ .5 0003230
ISN 0205 IF(ICHCKE.EQ.0) P2SS=(POE+PMl) # 0.5 00003290
18% ‘0zo7 P3ISS = (POE + PE) * .5 09093300

c . ' 00003310

c CALCULATE STEADY STATE MOMEHT 00003320

[ o o 00003330

ISH 0208 MUSS = -P1SS ¥ XSTAR * (BlPE - XSTAR ¥ .5) - P25S ¥ (X0 - XSTAR) ¥00003340

1 (B1FE = (NSTAR + (X0 - XSTAR) % ,5)) - P35S % (C - X0) * 00303350

2 (BIPZ - (X0 + (C - X0) % .5)) GC0C3350

ISN 0209 DCACH = CELTA % cO3aCH_ 96603373
~T1sHT0210 HLSS 'S P1SS # (XSTAR - DCACH) % (B1PE - (XSTAR - DCACH) # 00003380
1 .5) + P2sS % (X0 - XSTAR) * (BLPE - (XSTAR - 03003390

2 DCACH + (X0 - XSTAR) ¥ .5)) + P35S % (C = (X0 = 00003400

3 CCACH)) % (BIPE = (C_+ (X0 - DCACH)) % 6003410

4 .5) ’ 00003420

ISN 0211 MOSS =(MUSS + HLSS)/12. 0C003430

' c 60003440

c CALCULATE STEADY STATE LIFT 00003450

[+ - T T 00003460

ISH n212 LUSS = -P1SS % XSTAR - P25S % (X0 - XSTAR) - P35S #* (C - X0) 60003470
ISN 6213 LLSS = P1SS # (XSTAR - DCACH) + P2SS % (X0 - XSTAR) + P3SS % (C - 00003480

1 (X0 - DCACH)) 60003490

PAGE
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*VERSICY 1.3.0 (01 MAY 80) MAIH SYSTEM/370 FORTRAN H EXTENDED (ZNHANCED) DATE 80.353/15.02.47 PAGE 7
—_ IS4 0214 LSS ={LUSS + LLSS)/12. 00003500
1o ISH 0215 WTITE (6,100) P13S,P255,P355,M255,LSS 0303510
< ___IsM 0216 100 _FCRHMAT(//' STEADY STATE VALUES'//11X,'P1',10X,'P2',10X,'P3',6X, _ 00003520
1'MOMERT ' ,8Xy 'LIFT'//1X,3F12.4,F12.5,F12.6) 00003530
c 00003540
ISH 217 BUM = PROAT/PRCORR 0€203C50
__ISH ¢218 __ KRITE(6,2003 XSTAR,X0,ASTAR,MO,DUM,PTIPTE. 00603560
131 0219 200 FORMAT( /T5, 'XSTZR',T22,'X0' T35, ASTAR', 152, 10" ,T63, 00003570
? 'FACB/PRIORR', T80, ' PRLOSS ' /6E15.6) 00003580
IS 0220 VRITE(6,600) NM3S 00003596
___ISH ©Z21 600 _FORMAT(//' MSS'/(6E15.6)) 00003600
[ 00003610
C DEFINE STEADY STATE VOLUMES 00003620
c 00003530
_IsN o222 AT = DELTA%SINACH 00003540
IS5 0223 AE = DELTAXSINACH 006063550
ISH 224 viAa = 0.0 06003660
1T c2es XEMT =  CELTAXCOSACH 0C203670
___CALL LINE (NP, XIN, YUIN, XENT, YUENT, DUM, IDUM) _ 00003630
TTVIB = T 0.5¥DELTANX2¥COSACH®SINACH-.5XDELTAXCOSACH*YUENT 00503590
X2 = ¢ 00003700
CALL LIME (NP, XIN, YLIN, X2P, YLENT, DUM, IDUM) 60063710
VIC__ =  (DELTASZINACH-{YUSTAR+YUENT)/2.0+(YLSTAR+YLENT)/2.0)% 00903720
? (XSTAR-XENTY 60003736
VOLL = V1AsV13+VIC 00003740
: 3 VOLZ =  (DELTAXSINACH-(YUG+YUSTAR)/2.0+(YLO+YLSTAR)/2.0)% 00003750
! L 2 _(X3-NSTARI__ 00093760
I IS 0233 YUE = YUTH(HD) 00003770
ISM 0234 V3A = (DPELTA*SINACH-(YUE+YUD)/2.0+(YLO+YL}/2.0)% 00003760
? (C-X0) 00003790
__Isde235 _ XCD =  C-DELTAXCOSACH _ L 00003300
I cezs CALL LIME (HP, XIM, YLIM ,XCD, YLW, DUM, IDUM) 00003310
TSH 623 Vi3 = 0.5%DELTAX¥2%SINACH¥COSACH-.5*DELTA%COSACH®YLW 00003320
1 0233 vic = 0.0 00003330
ISH 0239 VOL3 = V3A+V33+V3C 60003840
13 0248 LIITE(6,605) 00003350
IS G241 605 FCRHAT(' *,T3,'V1A‘',T15,'V1B',T27, 'V1C",T39, "YUENT',T51, 'YUSTAR', 00003860
? T63, 'YLSTAR®,T75, 'YLENT') 00003870
ISN €242 KRITE(6,610) V1A,V1B,VIC,YUENT,YUSTAR, YLSTAR, YLEMNT 00003330
T 1 0L43 610 FeRnAT( ', 8(ELL.4,1X)) 06003350
; c 00003900
: ISHN 0244 CALL UNST 00003910
ISH 0245 500 STOP 00003920
TTTishie24sT T T END 00003930

*#%x%F O R TR AN CROSS REFERENCE LISTIN GHexkx
INTERHAL STATEMENT KWUMGERS

03377 0C43 7 0047
ac82 0011 0031 0047 0051 0C65 0100 0102 0105 0156 0208 0208 0210 0210 0212 0213 0234 0235

w
=<
4
w
o
-

0013 0013 0013 0014 O00l4 0614 0015 0015 0015 0035 0035 0035 0035 0035

3
C
€ 0032 0011 0031 o0c48 0049
I
v

0022709117 0031

, AC 6C22 0110 0111 0166 0167 0222
: AS 0¢02 0122 0123 0125 0223
A0 0002 0157
-EQ 0136
1S 0159 0152
IT 0081 0129

MC 0003 0115 0116 0171 0173




121

%VERSION 1.3.0 (01 MAY 80) MAIN SYSTEM/370 FORTRAN H EXTENDED (ENHANCED) DATE 80.353,/15.02.47 PAGE 8
*xx%F OR TR AN CROSS REFERENCE LISTINGessu®

_SYMBOL__INTERHAL STATEMINT HUMBERS SO

ME 0923 0127 0142 0201

NI 0362 0003 0Cll 0C20 0031 6098 0093 0113 0189

40 0202 0293 0130 0131 0131 013X 013% 013% 0134 0134 0138 0140 0141 0158 0187 0189 0218

m 0C23 9211 _ 0€20__0020__0031_ 0092_ 0092 ___ ; . .

n 0209 0027 €031

hp 0009 €013 €014 0015 0031 0035 0070 G071 0154 0155 0177 0l78 0192 0193 0226 0229 0233 0236

NS 6C57 0C58 0058 0059 0073 0G72 0073 0673 €075 0077 0078 0081 0064 0085 0087 0089 0129 0130 0146

0157 0159 _

PC 6174 0203

FE 0202 0207

PI €042 €044 0052

R €011 0031 0136 0137 _ e

PY €002 €011 0033 0053 0158 0174 0185 0188 0197 0202

PO 0458

T 0002 08011 0033 0050

Xs 0032067 . .

X6 0104 0105 0107 0146 0147 0148 0153 0154 0156 0192 0193 0208 0208 0208 0208 0208 0210 0210 0210
0210 0212 0212 0213 0213 0218 0232 0234

YL €071 0072 0030 06178 0179 0153 03154 023%

YU 0572 €072 0379_0177__0179 0192 0194

i 0051 T 0156

225 0144

A3S 0504 0072 0973 0075 0077 0037 0157

€S 0C53 €059 o062

folote] €237 T 00337 0237 40 0C5L 0113

Ut €070 €071 0177 0178 C1S2 0193 0217 0218 0226 0229 023%

EPS 0011 0014 0016 0031 0144

GAIt 0035 0011 3018 0018 0031 0054 0056 G057 _ 0057 _ 0053 006%_ 0098_ 0093 0098 0098 0115 0127 0134 0134

6134 013% 0139 €140 0141 C171 013l

0l1e5 0189 0196

AREA 0179 0180 0194 0195
ASSE 0064

188 0033 G0O9 0ll2 0113 0115 0124 0125 0127 0168 0169 0171 0181 0196
Lss €C23 0214 0215
Hss 0003 0004 0CE3 0083 0089 0130 0220
“HIE 0002 70003701397 6142
noI 0622 0003 0133 0139 0139
Fill 0186 0203 0204 C205
POE 0177 0200 €205 0207 3
TBIHTT 0034 0050 0C6L T 0063 0leé
TAU 0026 0033 0CS5 0064 0072 0092 0092 0098 0110 0166 0179 0194
V1A 6224 0231 0242
V1B 6227 0231 0242
vic 0220 2317 0242
v3A 023% 0239
via 0237 0239
vic 0233 0239
XCO 92357 0236
X1 0004 0G13 0035 0070 0071 0154 0155 0177 0178 0192 0193 0226 0229 0236
X5 0181 0182
o] 0196 0197
X1P 00047 Q058 0069~ 0070 0078 0085 0146
X2p 0c59 0071 0153 0155 0228 0229
YL 0236 0237
Yo 0155 0232 0234
-YUZT 02337 0234
YUs 0154 0232 0234




o

*VERSICH 1.3.0 (01 MAY 80)

SYM30L_ IMTERMAL STATEMENT MUMBERS _

B1NE 0248
B1FE 6249
[} X3} 0011
CX1P ___ 0285
F10F 0235
ESAR €202
10U €070
KILL 0289
LIBE 0370
LLSS 0303
LUSS 0203
HLS3 0003
[Hakel €323
Huss cno3
s 3
FCPT 0173
TFENT T ele3
FEPI 0135
FIPT 02901
PIPT 0116
‘prssTT oooe
F235 ©coz
P355 0co2
R3S €205
RUDT T CCEo
ST 0052
UN3T 0264
VoLl 62
‘vate'T 0222
VCL3 0cu2
XINT co2s5
YLIN 0024
YUTH 0C0%
Zen0 0233
ALFCH 0092
ARSIN  3L%2
TASTARTT TR022
EETAL  6C22

6202

652

6299

0se2

237

ACH 00ch
FLOAT 0055
3 0054

VE 2

T 229
70331

L 0002

FJE 0142

_FIIPT 0132

«FRCBTT 0143
FOEPLI 0189
SINBL 0861
SINS2

0051
0027
€253
8952
0011
0971
‘c971
£213
0212
0210 _
211
0203

0174

Toroo

0202

MAIN

SYSTEM/370 FORTRAN H EXTENDED (ENHANCED)

¥#¥%%F O R TR AN

0208
0031

0116 0134 0139 0140 0142 0142 0158 0173 0182 0187 0197 0201

0031

0208

CROSS

DATE 80.353/15.02.47 PAGE 9

REFERENCE LISTTIN GHeM#X

0208 0210 0210

0154 0155 0177 0178 0192

154
c2l4
0214
0211
e215
0211

0115 0127 _0171_018)Y_0196 __ __ . . . __ .. .
0155 0177 0178 0192 01%3 0226 0229 0236

0210

0193

0226 022% 0236

02Cq

0137 0187_0188

" 0203
0204
0207

0022 0022__

0139

0231

0z2¢cs
G205
€208

0210

0212 0213 0215

0208 0210 0212 0213 0215
0212 0213 0215

0210

0033_ 0050

0232
0239
cce

001¢

0011

T0066 T0075 0077 0687 0093 01ll” 0123 0125 0167 0180

1011
0011

7702107 c2l0” €210 02107 6210 0213 0213

6011

0015

0239

0035 _0071_0155_ 0178

0035

0031

0031
€031

0026

0070 0154 0177 0192 0206 0233

0193 0229__ 0236

0039 0039 0052 0059 0060

€040
0041

0840
€041

0C61
0cs2

0031 0099 0100

0093
Coe3

0102

0117

0155~ 6213
0118

0122

0209 0222 0223 0225 0227

0227 0230 0232 0234 0235 0237

70068
0116
caz8
0C31

0143
0165

0144

0200
0093

0134 0137 0140

Q031

0l8é

0045 0065
0046 T 7°
€011 0031 0043 0044 0044

0140

0142

0158

0173 0182 0185 0187 0197

0201

0217

0110

0063 0064 0122




g€a1

*VERSION 1.3.0 (01 MAY 80) MAIN SYSTEM/370 FORTRAN H EXTENDED (ENHANCED) DATE £0.353/15.02.47 PAGE 10

®¥%exF OR TR AN CROSS REFERENCE LIS TIN Grkwuss
SYNBOL_ _INTERNAL STATEMINT HUMBERS ___

TITLE €804 CO007 o©C3l

TSLAM 0055 0065 0053 0€69 0153 0178 0193

XCH - 0094

XSTAR___0202 0078 _CO035 0099 _0102 _0104_ 0107 _0148 0177 _0178__0208__0208_02038__ 0208 _ 6208__0210__0210__0210__0210

TTg210 0212 To0212 0213 G213 0218 0230 0232
YLENT 0229 0230 0242
YLOX0 0155
1ICH 0094

TruziT T 0226 T 6127 0230 0242
YUDX0 0154

ALFDAR 0002 0011 0031 0038 0038

ADAMIN_ 0037 0CS? 0111 0115_ 0123 0127 0167 0171 0180 0181 0195_ 0196

UBETAYR 0118 0119
85TAIC 0992 0093 0117 0166
COZACH €839 0099 0100 0102 0209 0225 0227 0227 0235 0237 0237
COSLAN_ €053 0072 _0092_ 0179_ 0194

TBPAGMLT 0057 0352

ICHCKE 0097 0121 €175 €190 0205
LAH2ZA 0003 0052 CC53  0CE4G
HACHIT _C029 01150127 _0171_ 0181 _ 0196

THSECT1T 00457 6067 0083 0084 0129
NTIHEL CC46

FHIIDD 0202 0027 0028 0028 €030 0031
PHIIBT €002 0930 001

“FACCRR T 0137 T0l44 0217
PTIPTE 0133 0136 9136 0142 0218
SEFCT 0141 0i63

POXPTH 0140 0143

"SINACH T 0050 T 02227 02237 0227 02307 0232 0234 0237
SINLAM €654 0055

TOLMIT 0011 (€924 6C2% 0033 0089 0115 0127 0171 0181 0166
THISPL__ 0053 0692__0134_ 0137 _0141 0189

“YLSTART 00807 6992 €230 02327 0242
YUSTAR 0079 0092 0239 0232 0242

¥ix¥XF O R TR A N CROSS REFERENCE LISTTN GaNwn

TUABEL OEFIMED™ REFEREMCES

5 0532 0031
6 6034 0033
7 €036 0935
107 T coo7 ’
16 €074 0073
20 cts2 0867 0075
23 0092
TT367T €991 0384 0085
40 0355 0095
41 0110 0093
45 0128
TB0TT 0140
60 0151 0129 0144
61 0162 0105 0109
62 0164 0163
Te5T 0166 0160
66 0172
71 0153 0148

75 0151 0150




el

®VERSICON 1.3.0 (01 MAY 80) MAIN SYSTEM/376 FORTRAN H EXTENDED (ENHANCED) DATE 80.353/15.062.47 PAGE 11
¥2#¥%F O R TR A N CROSS REFERENCE LISTTIN Greuws
_LABEL__ DEFINED___ REFERENCES _
co 0023 0207
e5 0510 0C09
56 0012 0011 0013 - 0014 0015
150 0z2l% 0215
117 c120 0119
200 €219 0218
201 133
202 ___ 0193
330 0104 01¢C0
340 0103
350 0123
__373__ 0185 0175
375 caco 0159
120 21¢5 0134
325 3271 0197
__E30__ 0245 0307_ 01520165
A 2o21 0223
605 czal 0240
610 0243 242
/ MAIN /7 SIZE OF PROGRAM 00247C HEXADECIMAL BYTES
TA5  TYPE 4%D. NAME TAG TYPE ADD. NAHE TAG  TYPE ADD. NANME TAG TYPE ADD.
sF R#4 __ 0C2B58 € SF__C__PR¥ __ 003244 _E SF _ C__R¥4 __ 000014 I F I%4 __ 000B5C
SFTCT RG €0037% AC SF C R#4 KE SF € R*4  £0D0OC AG S C R¥4 00001C
s F¥4  0CCT50 Is S I#4 IT SF I%4  00CELS MC SFA R¥¢  00CBSC
SFA F+4  00C37 MI SF C  Rw&4 1i0 SFA C  R¥G 000020 M1 SFA R¥4 000276
SF ; NP SFA I=4___ C02S7C M3 SFA I¥G___ 00025 PC_SF R¥4__ 000234
SF PI SF R*&  0G024C FR SF R¥4 0002450 PT SF C R*G  00004C
S YT SF € R%4  ooceac XS S € R»% 000030 X0 SFA R%6 000898
SFA YU €54 RX4 00000 Zp SF R#%  00CBAG ASS SF R%¥4  00OCFO
Fo DCR SF R#& _ GOCTAS3 DUM SFA R¥4__ 00CBAC EPS SF R¥4__ 060TB0
SFA 1SS SFA I¥4  CCCI23 LSS SF R¥4 00038 1SS SFA R*4  000D2C
SFA MOI SFA € R=4 000023 PML S R#4  00CTCO POE SF R*4  00CBC4
F TAU SFA Rs4  CCCIC3 V1A SF R®*4  0032CC V1B SF R%4  0002DO
<F VIA SF R¥%G 003333 _ V33 SF R¥4__ 0060DC V3C SF R¥4__ 00OBEG
SFAT XIN CFA R¥4%  000£SS XI'S SF R¥4%  CQOTES KO SFA R%4  0GOBEC
SFA X2P SFA R¥G  0CQTFO YL SFA R¥4  OO0OEF4 YLO SFA R¥4  UDOCEFS
SF YUD SFA R¥%  CCICO0 APEA SF R¥6&  000C0% ASSE S R¥4 000008
S BLFE SF ___ R¥4__ GCOCLO DILM SF R%4 __ 000CL4 DX1P SF R*4__ 000C18
EASF FLAR SF € R¥4 000044 1L SFA I¥4 093ClC KILL SFA I®4  000C20
SFXF 00C000 LL33 SF R#G  000C2% LUSS SF R*4  000C23 MLSS SF R%¥¢  000CZC
SF R¥4 022030 13535 SF R*4  C0{C3% 01IG S R¥%  CO0C38 FCPT SF R¥G¢  00JC3C
<F R:G FEPI & R4 000C4% PEPT SF______ R%4__ 000C4S PIPT SF R¥4 __ 000C4C
SF T CT Re4 ’ PCSS SF € R%4  G0J53C B335 SE° € R#4  0CCQ40 RGAS SF R¥*G  000CE50
s R#% 002034 SCRT FA XF R4 0€CO00 ULST SF XF 0C0C00 VoLl S C R%  00C000
) C Rs& 002034 voL3 § C  R¥& 00300 NEHT SFA R%4  00CCSS8 YLIN SFA R¥4  00101C
SFA R#4 001084 2570 SE XF ¢2C009 ALFCH SFA__ € R+4__ CU0CS8 ARSIN_ F__XF__ R¥4__ 000000
SF & R¥®4T 000019 BETAL SFA € R4 00050 BETAZ SFA™ € R=4 000054 cos32's R%4  000CSC
sF R#4  0CCT40 DELTA SF C R#4  0C2063 R4 MR G015 SF R¥4  000C64
SF I¥4  000C58 NIZECT SFA 156 C02CHT I#4  000C70 OMZCGA SF C  R¥4  0CO06C
SF R#6  COOC76 Fi1PT SF R#4__ 0COCT Rx&4__ GCOC7C POEPI SF _R¥4__000C89
SF R#4~ 000CEY SIN32 SF R#%  000CE3 TITLE SF R¥4  QO011AC TSLAM SFA R%4  00GTSC
R*G KR XSTAR SFA C  R*4 000034 YLENT SFA R*4  £J0CS0 YLOXO SFA R¥4  00CC9%
YHACH R¥G 1R YUEMT SFA R¥4  020CSS YUDNO SFA R%4  0COCSC FRXFR$# XF  R¥4  C00000
ALPBAR SF C R%4 000070 AOSMIN SFA R¥4  000CAQ BETAPR SF  R#4__ 000CA4 __ BETALC SFA R¥4% __ D0OCAS




gal

¥VERSICH 1.3.0 (01 MAY &8) MAIN SYSTEN/370 FCRTRAN H EXTENDED (LHHAHCED) DATE €0.353/15.02.47 PAGE 12

SF R#4 00CCAC COSLAM SFA R%4 C00CED GP1GN1 SFA R%g 000CB% I3CoMT F XF I%4 ogsoceo

s I#6 €00CC3 LAVTDA SEA R34 0CoCET MACHIT SF XF 0c3000 HZECTL SFA Ix4 ooeced

S I#®3_ 000CC4 __ PHIISS SF  C_ R¥G__00005C __ PHIIBT SF __ C _ R«4 __ 000060 ___ FRCORR SFA____ R#4 __00CCCS _
PTIPTE SF R*& o6oocce PCEFCI SF R¥4 000C2C POIPTH SF R*4G 0ocChD4 SINACH SF R¥4 ooocce
SILLAM SF R#%  000CDC TOLHMIT SFA R#¥% 00J3CED THCSP1 SFA R¥4 000CE4 YLSTAR SFA R%4 0GCCES
YUSTAR SFA R#6 00CCEC

axkax  COMUON INFCRMATION  wowws

__ NAME OF COMMGN BLOCK _ % % SIZE OF BLCCK _ 000078_HEXADECIMAL BYTES_____

VAR. HANE TYFc REL. ADDR. VAR. HiME TYFE REL. ADDR. VAR. NAME TYPE REL. ADDR. VAR. NAME TYPE REL. ADDR.

VoLl R¥4 000000 VOoL2  RE4  000C04 VOLZ R4 C0C093 AE  R*4  00000C

ASTAR __R#4 __ 000010 _____  E__R%4 __ 00CO14, _ AC __ R¥G___ 000018 _ AD __R*4___00001C

2 T Rwa T 000020 ros T R#G T 000024 A0 T R¥6 . 000028 TT  R*6  00392C

X5 R#4  0C030 XSTAR R4 003034 185  R¥4 000038 P2SS  R¥G  00003C

PISS  R¥4 000040 C PR%6  000C44 M R*4 000048 PT  F#&  008C4C

__ _EETAL__ R%4___ 000050 _BETA2 _ R%4___ 600054 _ _ALPCH _ R¥4___ 000058 ______ PHIIE3__ R¥4____00005C

FHIIBT  Rs4 000060 HBAR ~ R4 000054 DELTA  R%4 000068 OHEGA  R¥6  00006C
ALF3AR  R%4 000070 vV R*& 000074

VRACE_STATEMENT LABELS
A

LoIsid LAREL ISN Ao LABSL ACDR LABEL ISH  ADOR
7 0012683 MR 20 82 00lca 30 601924 330 106 0C1A42
1 110 00164 50 140 C€OICCO MR 71 153 0C1DSO 60 161 00IEQC
61 162 _001E6 65 _166__001E33 370 _185_CO1F32 _380__186__ 001F5%
375 200 072026 335 201 06G2T42 500 265  0J244C
COMFILER GEil
ABEL ISH 220R LASEL ISM  aPOR LASEL ISN  ADDR LABSL ISN  ACCR
106003 1 00123% 102201 _ 7 _00124C 2000€1 _ 17 __00142C . 100003 __ 17001436
106335 18 00143E 10001¢ 19 001448 100011 20 001450 100012 21 00145A
165613 22 €01452 100616 23 001¢6C 100015 24 G0l476 100016 25 0C147E
160617 26 001425 100018 29 00144 162219 I0 0C14C4 100620 35 O0015FE
103021 35_ 00161A 100022 65 Cl17F4 169023 ___ 77 _001859 130224 __63__0016SC
TTT1¢%0257 @5 e21eFe 100026 87 001ufE 190027 92 001528 100023  ©5 01945
100029 12 GO1A3E 100930 107 001434 100031 114 001428 1C0032 115 GGIARC
105033 125 00INIE 100034 127 0ClB22 10035 130 OOQICOE 200002 132 OQITTE
10C935 132 001EF6 100037 133 CCITFE 100338 _ 135 _ 001C12 169339 136 _ 0CiC76
TTT1¢30497 1467 001D52 100641 150  €01D76 100043 170 001E6b 100044 171 O00lEGA
108053 177 COLEES 1000%6 192 001FE6 160047 206 002042 100048 207 002082
20C0C3 217 0C21F3 2000C4 235 OQCI37E
FCRMAT STATIMENT LACELS - . o o
LASEL "1™ anoy T LABELT ISH A2DR LASEL IS~ ADDR LABEL ISH  ADDR
€0 8 oaccze 85 10 000CR2E 86 12 000036 5 32 000038
6 36 00043F 7 35 o032y 16 74 0005C3 25 90 000536 NR
- 49 65 OCO5F% 340 103 00511 NR__ 360 _108 _ 000620 KR 117_ 120__00G646
T 7437123 7000656 HR T 757 1517000675 62 164  0005GE 66 172 00C5CE NR
2C1 133 0004E3 NR 202 193 000716 NR 100 216 000744 200 219 000793
600 221 000703 605 241 0007E6 610 243 000326
FCRTRAN H EXTENDED ERRCR HESSAGES
IFEC29I  8(E) IsH 0032 THE NUM3ERP OF CCHTINUATION CARDS EXCEEDS 19. COMPILER PPOCESSING OF THE
. STATEMENT CCHTINUES. o S
LIFE2261 8(ED IsH 0119 THE STATEMZNT HAS A VARIADLE WITH MOPE THAN SIX CHARACTERS.

THE RIGHTHOST CHARACTERS ARE TRUHCATED,
*0PTICNS IN EFFECT¥NAME(MAIN) OPTIMIZE(2) LINECOUNT(60) SIZE(MAX) AUTCOBLONGNE)
¥OPTIGNS IN EFFECTH#SOURCE EBCDIC NOLIST MODECK 03JECT MAP NOFORMAT GOSTHT XREF NOALC NOANSF TERM IBM FLAG(I)




9l

_sixk¥e CHD OF CCHPILATICH s

#VERSICH 1.3.0 (01 MAY 80) MAIN SYSTEM/370 FORTRAN H EXTERDED (ENHANCED)
*STATISTICS# SCURCE STATEMENTS = 265, PRCERAM SIZE = 9340, SUSPROGRAM NAME = MAIN
¥STATISTICS* 2 DIAGNOSTICS GENERATED, HIGHEST SEVERITY CCOE IS 8

ot Y i, ... BCSK BYTES OF CORE NOT USED

DATE £€0.353/15.02.47

PAGE 13




#VERSICH 1.3.0 (01 MAY 80) SYSTEM/37C FCRTRAN H EXTENDED (EKRHANCED)
REQUESTED COPTICHS: EBCDIC,MAP,NOLIST,NCDECK,XTEF,QPT=2
OPTICH3 IN EFFECT: NAME(MAIN) CFTIMIZZ(2) LINECCUNT(60) SIZE{MAX) AUTODEL(NOME}

SCURCE EBTDIC NOLIST MODECK Q3JECT MAP HOFCQRMAT GOSTHT XREF NOALC NOAHSF TERM IBM FLAG(I)

DATA SET SS6GUMST AT LEVIL 002 AS OF €8/15/80

DATA SZT So¢ell AT LEVLL CJ1 AS OF 07/30/€8

i . DATA SET 9U56UNST_ AT LEVEL 001 AS OF 04/21/806__
ISN 0992 SUSRCUTINE UNST

o0

DECK 9066 CHAHNEL FLCH CHOXE FLUTTER UNSTEADY AERODYNAMIC MODEL

BATE 80.353/15.02.49

00000000
06022210
o 8006En20

PAGE

1

s0iC30
0CC0C050
C0CICO5D
02007960

ANALYST J. F. sinzsen
DATE ANUARY, 1580
EXT 4315
__MAIL LOC _  R-47, ELD5 32, PEG

000202370
0C00C020
0Ccro00=0
00000109

- --DESCRIPTIONS--~ ainbeiedeinid

00000110
03000120

----- 03000140

CHZRO OF THE AIRFOIL
SITY AT THE IHLET

o
=]
el

-000C2150
0000160
¢COCS170
0003T130

©D _ DENSITY DC'H.STRPEAN
DTOT ™ TOTAL CEIIITY

cu DERSITY UFSTREAN

E ELASTIC #%IS F2SITION REFERENCED TO MIDCHORD

0Cc0CI159
0000C2Co
cacoczlo
00060220

_FLON___ S.S FLCM PATS ENTEPTHNS THE SHOCK
S.S FLO'I RITE AT THE EXIT

SFICIFIC VIAT P4/I0

MACH T AT THD EXIT

MiCH

06GC23

€Co5C250
00800250
000C0C50

0CCCC2C70
000C2250
00009250
00000300

0C0C20310
0C00C320
00230330
002032350

PiOT ~ TOTAL FoToolmE
FRISILmE UN3TREAM
P2AS GAS €Ol

CHMAB  BENSING ICDC INMTENILATE PHASE ANGLE

00GCTIS

05GCIZ60
¢Ce053570
€2l303580

TTSIGHIAT TCTSICHA
€0I3S  SFELD COF

S§G3E
__ssI

SUTICTREAN
AT THZ EXIT
CTHE INLET

00200390
00C0Cs2D
cccecslo

ClCo4a2

SST :
SSU

TDS MSTREAM
THE EXIT

CCS00430
0CC0C440
00C3C4L0
CC200450

THE INLET
AT THE EXIT
VE TANZINTIAL VELOCITY AT THE EXIT

GColls70
CCOCCaaD
03252470
6CaCo500

vy VELCCITY UPSTREAM

! f
OO0 O00O0NON0O0N0N0000GO00NNN0N00000000000Na000000000
i . | .

ISH €003 DIMENSION FE(35), FM(47), FC(57), FM2(18), M(28), _

60000510
0300052
03C60530
05000540




821

#VERSION 1.3.0 (01 MAY 80) UNST SYSTEM/370 FCRTRAN H EXTENDED (ENHANCED) DATE £0.353/15.02.49 PAGE 2
2

? CL(39), S(9), LM(26), LC(28), AAR(2), 00200550

? AAL(2}, BAR(2), BAI(2), AHR(2), AHI(2), 000025460

2 BHR(2),_ BHI(2) ____ e ... __csOD0570

c 00092530

ISN 0004 REAL K» Ic, LC, LH, MY, 10, 00109550

? 1S, MUS, Mo, MNU, 1YD, MYU, 00205600

? IMAR, _  IVDP,_ InPP, _ INSP, ___IRFF, __ ISSP,__ 00000610

? IL0s, IVED, 1CPT, MIRE, MeRE, IMAPI, 00000620

? INAPT,  IMDFU,  IMPPU,  IMVPY, ISCSU, MEXIT, 00000630

? HSII0CK, MT, MI, ., M, I, IACE, 00000640

2 IVPY, ____IDDS,__ IFDS, _  MXSTAR, . . .. __ . _ 00000650

? MY, 1YD, INFPI, IMOPI, INSSPI, IITVPI, 00000560

? ITAVPI, IMFPE, INGFE,  IMSSPE, IIAVPE, IITVFE, 00000670

? IRAVPE, IRTVPE, IP1Y, ircy, P2y, IP1L, 00020630

? IP2L, __ IP3L, _ _ICLU, _ _ICLL,___ ICL,_ ICHU,__ 0000066

? IcHL, IcH ©2060700

¢ 00000710

ISN 0095 COMMON voLl, voLz, VoL3, ACE, ASTAR, E, 00000720

? AC, A0, MSHOCK,__ tDS, _ HMUS, _____TTOT, 00000730

? XS, XSTAR,  FRESl, FRES2, PRES3, G, 00300740

? MIRE, PTOT, BETAL, BETA2, 00000750

? ALFCH,  SIGHAB, SIGMAT, H, DELTA, 03630760

? CMEGA,__ ALPBAR, ULIRE £0000770

[» £Co0CT30

ISN 0505 READ(5,1000) M2RE 000075
ISH 0027 MEXIT = H2RE#COS(ALPCH - BETA2) 0000¢500
ISH 0008 1000 FORMAT(F10.0) 00000310
—_— ¢ 0000002
c 060002830

ISN 0009 8 = c/2.0 000005%
- C 206000850
7 UNDIMENSIONALIZE TAU €0500250
ISH 0010 AU = DELTA 00009370
ISK €911 TAU = TAU/B 0c08028
_ c_ e o 006200390
C " DEFINT QUANTITIES USED FREQUENTLY IN CALCULATUIONS 00000900
c 0C009910
ISH 0012 PI = 3,141592653589ED0 00000920
10 9913 MT = 1.0 060000930
TTTICH cols HI =7 HIRE 00300260
I €915 GAMMA = 1.4 00060950
%M ¢516 HXGTAR = 1.0 00005560
ISH 5017 Z = BMI4EI/C 05000970
TTUIRG 01 RCAS =~ 1716.26 00000580
ISH 5019 DTOT =  PTOT/(RGAS*TTOT)*144.0 00500950
ISM 0020 1 = COS(ALFIH-DETAL) 00001000
ISH c921 K = C/2¥CHMEGA/ULIREZ12.0 00001010
Iz 0022 ~ PRITE(6,95) K i 00001020
151 0023 95 FCRMAT(//' K'/E15.6) 06001030
I5H 0224 FU = PTOT®(1+(GAMMA-1)/2%HTHOCK*#Z ) %% ( -GAMMA/ (GAMMA-1)) 0001040
IcH 6223 PT = PTOT*{1+(GANIMA-1)/2XHT*5#2 ) %%{ -GANMA/ (GANMA~1) ) 00C01050
Tl o 6028T  PIN = PTOTH(1+(GANIA-1)/2X1I*2 ) #¥( ~GANMA/ (GAMMA-1) ) 00001060
IsH 0c27 TIN = TTOT/Z(1+(GANMA-1)/24MI#*2) 00001070
1SN 0028 DI = PIN/(RGASHTIN)*144 00001060

. _ 1sH 0029 PD = PU(1+2%GAMMA/(GAMMA+L)®(MUS*¥2-1)) 006001090
= T I28700397 TDS. = TTOT/(1+(GAMMA-1)/2%MDS%#2) 00C01100
ISH 0031 09 = PD/(RGAS*TDS )1%144 00001110
ISN 0032 oy = DTOT*(1+{GAMMA-1)/2KMSHOCK*#2 ) ¥#{-1/(GAMIA-1)) 00001120

c 00001130
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#VERSION 1.3.0 (01 MAY 80)

ISN
__1Isy
1sH
ISH
IsH

1St
st
I5H
154
ISH
154
I3H
IsH
___IsH
ISH

I5H
__IeH
IsH
154
ISH
15t
TIsH
ict
IsH
___IsN
ISH
1sH
IsH
___IsN
1sH

ISh

ISH
s
ISH
IsH
154

I &4
s
1SN
ISH
TTIsM
Isn
134
1S54

g H|
Ist
154

s
ISH
IsH
IsH

TTISN
54
ISN
ISN

0033
0034
0035
0036
G037
€033
0039
0c40
0041
0042
0043
004%
0345
0045 _
0047

0043
€049
cesl
(oot
0053
0054
0055
€055
0057
cess
0C59
05l
0cs62
0053
0C64%
0065

0066

6257

6C69
0070

0071

0072
0073
0074
0075
0076
ca77
0979
6290
cosl
8982
0953

6024
0325
00E%
0087
ocss
0089
€090
0091

c

[

—gg—

UNST SYSTEM/370 FORTRAN H EXTENDED {ENHANCED) DATE 80.353/15.02.49 PAGE 3
00001140
co = SIGMAB/TAU 60001150
MD = HoNEXCOS{ALPCH-BETA2) 00001160
M = MIREXCCS{ALFCH-BETAL) 00001170
14D = M2RE®COS(ALPCH-BETAZ2 }*SIM(ALFCH) £0001180
MAU = MIRENCCI(ALPCH-BETAL)*SIN(ALFCH) 06001190
MYD __=__ M2RE“COS(ALPCH-BETAZ)%COS(ALPCH) 00001200
MYy s MIRE*COS{ALPCH-BETA2)#COS(ALPCH) 00C01210
BXU = 1-NXUsH2 00001220
EXD = 1-NMD%#2 00001230
BYY = l-Mvuss2 00001240
BYD = 1-NYD%x2 00001250
D1U = HXUBMURK+MXUSMYUSCO 00001269
D1D = MXD*HDEK+MNDSMYD*CO £0001270
D2U___ = K¥X2shU#24Z¥MUXMYUXCO*K~COX*2RBYU 031001280
D20 = KMZRELD®% 2+ 2NHDMMYDRCORK-CO%%2¥BYD 00001290
00001300
GUANT =  DlU»*2+BXU¥D2U 00001310
IF(QUANT.GT.0) GOTC 80 00001320
KRITE(6,71) 00001330
71 FCRMAT (' ', °*UPSTREAM SOLUTION KUMBER 1°) 000€1340
B1I = -SRRT(-(DIU¥*2+BXUND2U) }/BXU 00001350
BIR _ = _ Dlu/exu 00001360
GCTO 90 00001370
80 MRITE(6,75) 00001380
75 FORMAT(' ','UPSTREAM SOLUTION NUMBER 2') 00001390
QUANT = _ MUSK$MYUXCO 00001400
IF(QUANT.GT.0) GOTO 8% 00001410
BIR = (DIU-SCRT(DIU**2+BXU%D2U) )/BXU 00091420
B1I = (MYUXCO+MU®K)/HMXU 60001430
__GOTO 90 ) L 00001440
BIR = (DIU+SORT(D1U*2+BXUXD2U) 3/BXU 00001450
811 = ~(MYURCO+HUK ) /MXU 00001460
00001470
90_ GUANT = _ D1D®=2+BYD¥D2D 00001480
IF(QUANT.GT.0) GOTO 91 00001490
WIITE(6,76) 00001500
76 FCRMAT(' *,'DCi™MSTREAM SOLUTICN NUMBER 1') 00001510
B2I = SGRT(-(D1D**2+BXD*D2D) )/BXD 09001520
BzR =" D1D/BXD 00001530
G0TO 99 00001540
91 QUANT = MD#K+MYDXCO 00601550
__UNITE(6,78) L 00001550
767 FCRMAT(' ', 'DCIMSTREAM SOLUTION NUMBER 2') 00001570
IF(QUANT.GT.0) CITO 94 00001580
B2R = (D1D+SORT(DIDX**2+5Y0#D2D ) }/BXD 00001599
B21 = —(NYDXCO+MDSKI/MYD 00001600
GOTO 99 — o 00001610
9 BCR = (D1D-SGRT(D1D*¥2+BXD*020) )/BXD 00001620
B2I = (NMYDNCO+MD¥K)/HXD 00051630
00001640
K’ K w12 00001650
PE = PTOTH#{14(GANMA-1)/2%MEXTTH%2 )%#( ~GAMMA/( GANMA-1)) 00001660
TE T TTOT/(1+{GANMA-1)/2¥MEXIT#%2) 00001670
DE = PE/{RGASHTE )#144 A o L 00001630
SOSEX™ 7 SQRT(GALIANRGASHTTOT/(1+( GANMA-1)/73¥MEXTTH#R2) ) 00001690
REV = M2RE * SOSEX 00001700
VE = REV*COS(ALPCH-BETA2)%¥COS(ALPCH) 00001710
UE = REVXCOS(ALPCH-BETA2)*SIN(ALPCH) 00001720




#VERSICN 1.3.0 (01 MAY 80)

0¢T

I3
i
ICH
It
Isi
pacH]
I
1ed
IcH
IS
Isk
IcH
I
IH
i
ICH
ic
i

pRo]

ISN 011

I

ISH
1en
IsH
18t

s

IsH
Iz

Il
IH
Isi
Isu
pie]]

IS

ISN
ISh
S
ISH
ISH
ISN

_C113

0119

€652
€033
05,
€335
00ss
€057
233
€059
¢100
s
0162
€103
0104
01¢s
c105 _
clo7
cioe
0109
0115

Cill

2

0114
0115
0115
0117
J118

Cl20

c122
o123
cleg
0125
2125
ci27
0108’
0129

0130
0131
‘0132
0133
0134
0135

105 FCAMAT('0', 'MACH NU3ER',T32,614.7,747,F14.7,T62,F14.7,T77,F14.7, 00C0C010

UNST  SYSTEM/370 FORTRAN H EXTENCED (EMHANCED)  DATE 80.353/15,02.49 PAGE &
UZIRE =  REV 00C01730
uUs = 0.0 0C0D1740
S3I__ =__ SORT{GAMMANRGAS¥TTOT/(1+(GAMMA-1)/2¥HI*%2)) __ ___ 00001750
SST = STIT(GANMASRGASNTTCT/(L+(GANMA-1)/2XMXSTARN*2)) 00001760
SO50S = SART(CAUIA*RGASKTTOT/(L+{ GAMIIA-1)/2KNDSH¥2)) 00001779
ssU = TIARNGASYTTOT/( 1+ ( GAHMA-1)/2%HUS#%2 ) ) 00291730
VU = MUSSSU 00001790
v =7 nn5wssIs 00001800
WDS = VDHAQYON/(DIXULIRENASTAR) 00001310
AVGS0S = (S5I+S5T1/2.0 00001820
DT =_ DTOT®{1+(GAMMA-1)/2*MXSTAR%X2)¥#(=1/{ GAMMA-1)) 00001830
AVGDL =~ (DI+DT)/2.0 030015840
AVGD2 = (DT+DU)/2.0 00001850
AVED3 = (DD¥DE}/2.0 00001850
AVGVL = (ULIRE*CCS(ALPCH-BETAL)+SST)/2.0 00091870
AVGVZ T=T (S5T+\VU)/2.0 00601330
AVGV3 =  (VD+REV-COS(ALFCH-DETA2}1/2.0 00201850
REV =  REV/ULIRE 0C2e1500
VELAX _ = _ ULINE=COS{ALPCH-BETAL)#SIN(ALPCH) 0001910
VEL = ULIRE¥COS(ALFCH-BETAL)*COS(ALPCH) 0001520

c 00001930
HRITE(6,200) 05001550

100 FORMATC('1',T37, 'THLET',TS1, ' THROAT',T66, 'UPSTREAM',T81, 050061950
? DO ISTEAN' , T96, 'EXIT') 00061550
KRITE(6,1C5) MI,HT,MU3, M35, HEXTT 00001970
WRITE(6,115) PIif,PT,FU,FD,FE 0001530
WRITE(6,110} DI,OT,CU,00,08 00801950
VRITE(6,120) SSI,SST,SSU,335D5,80SEX £00C2000

PTOT*144.0/(DIXULIREX¥2)

? T92,F14.7) 06002020
110  FCRMAT('0’, 'DEN3ITY',T32,F16.7,747,F14.7,762,F14.7,T77,F14.7, 06002030
T2 © O T92,Fl4.7) 09002040
115 FORMAT('0','FRESSURE',T32,F14.7,T50,F14.7,T62,F14.7,T77,F14.7, 00002050
? T92,F14.7) 00002060
120 FORMAT('0®,'SFEED CF SOUND',T32,F14.7,747,F14.7,762,F14.7,T77, 00002070
] ? F14.7,752,F14.7}) 00002080
c 0002290
€ NCHDIMEHSIONALIZE ALL QUANTITIES 00002100
[ e 06002110
CT DYIVIDE ALL THE DEhSITIES BY THE INUET DENSITY 00002120
c 00002130
i} = DU.DI 00002140
no Co/0I 00002150
DE = CE/DI 00002160

DT = DT/DI 00002170

DTOT = DTCT/BI 02092180

AVGDL = AVEDL/DI 00002190

AVED2 T T aNGDR/DI 00002200

AV3D3 = AVGD3/DI £0002210

c ocoo222
C_ PUT FRESSURE IN P-S-F UNITS AMD DIVIDE BY (INLET DENSITY®INLET 00002230
€T VEwCCITY) T T T ot ot ormmmmmm e e 00002240
c 60002250
PIN = PIN®144,0/(DI¥ULIRE*¥%2) 00002260

Py = PU%144.0/(DIXULIRE=%2) 0002270

] = PO¥146.0/(DI®ULIL 00002250

PE = PE¥144.0/(DIXULI 06002290

PT = PT#144.0/(DI¥ULIREw%2) 00002300

PTOT = 00002310
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®VERSICN 1.3,0 (01 MAY 80)

UNST = SYSTEM/370 FCRTRAN H EXTENDED (ENHANCED)

DATE 80.353/15.02.49

ISH 0136 PRES1 =  FRES1¥144,0/(DI*ULIRE*#2}
1S4 0137 FRESZ =  PRESC¥164.0/(DIXULIRE®%2)
ISH 0138 PRES3__=_ PRES3%144.0/(DI%ULLRE*¥2) .
[
C DIVIDE ALL VELCCITIES AND THE SPEED OF SCUNDS BY THE INLEY VELOCITY
[
ISH 0139 SSI ___=__ SSI/ULIRE
TTTI5H 0150 SST = §ST/ULITE
1Sy 0141 SOSEX =  SOSEX/ULIRE
154 0142 80508 = SCEIS/ULIRE
ISH 0163 SSU = SSU/ULIRE
ISH 014% AVGSOS = AVGECS/ULIRE
IS4 2145 VE = VE/ULTRE
151 066 Uz = UEALIRE
1SH 0147 VU = VU/ULIRE _
o 0143 VD =7 VD/ULIRE
ISH 0169 AVGV1 = AVGVI/ULIRE
ISN 0150 AVGVZ = AVGY2/ULIRE
154 0151 AV3V3 _=_ AVGV3/ULIRE
I3N €152 VELAX ~ =7 VELAX/ULIRE
ISH 0153 VEL = VEL/ULIRE
ISH C154 UZIRE = U2IRT/ULIIRE
c
¢ UNDINMENSICHALIZE THE VOLUMES
c
ISN 0155 voLl = VOL1/(ASTARXB)
ISH 0156 VOL2 = VOL2/(ASTARAB)
IS 0157 VoLl = VOL3/(ASTAR¥B)
[
C UNDINENSIONALIZE THE AREAS
c
158 0158 ACE = ACE/ASTAR
ISH 0159 ac = AC/ASTAR
ISN 0150 A0 = AQ/ASTAR
c
[~
C INTERBLADE AMALYSIS OF SECTION 1
c
—— e ~._——.—_——.c —— ——— - . -
I3N70181 FLOW = DUXAQRVU
ISN 0162 FRE = DE¥ACENURIRE
ISH 0163 FE(1) = . SSIN®2/(GAMMA®(GAMIA-1))+{(COS{ALPCH~BETAL))**2)/2
c
T ISNT016G FE(2) = (GALMAXSZ-GANHA+2Z )/ (2% (GAMMAR(GAMMA-1) ) )%SST*¥2
c
ISN 0165 FE(3) = -FE(L)*IXACXVELAX/(COXTAUSSSI**2)+FE(1)%AC
? *STHIALPCH )/ (COTAU ) -2 ¥ACKIXVELAX/ (2¥GAMMAXCO*
? TAU)+AC*I*%2¥SIH(ALFCH )/ (COTAU)
c
ISN 0166 FE(4) =  -FE(1)®I*ACH(K+CO#VEL)/(CO*TAUXSST*%2)+(FE(1)*AC
? #CGS(ALPCH) ) /TAU-2¥ACHI*(K+CCRVEL)/( 2XGANMA
K HCOXTAU )+ (ACKI#*2%CQS(ALPCR ) }/TAU
c
ISN 0167 FE(5) =  (-VOLI¥AVGSOS¥*2#VELAX}/{ 2¥GAMMA%(GAMMA-1 )¥COXTAU

NGSINX2 ) -AVGSOSHAVEDINVOLL/GAMNA/(2¥SSI*CORTAY)

ISN

od 2w

0168 FE(6)

#VELAX=(VOLI®AVOV1#%2¥VELAX )/ (4%CORTAURSSI* %2}
+(AVGV1*AVGD1*VOLI*SIN(ALPCH) )/ (2X%COXTAU)

{-VOL1¥AVGSOSH*2% (K+COXVEL ) )/ ( 2XGAMHMAR( GAMIMA~1)

00002320
0CG0233

06002340
£00023550
0022350
08202370
00002330
00222350
0300240C0
00CcC410
00002420
00002430
00032640
00902450

eoee2s50

08202470
00002480
00002450
0C3CCECO

£802510
5022520
0CCCC539
00002540
0002558
00002560
06362570
€0c025890
00302570
00302600
3002510
€C0902620
000025630
00002640
009302650
00202660
00002670
00002660
00062690
07002700
00002710
00902720
00002730
00002740
00002750
00002750
00002770
00002750

760002790

00002800
00002810
00002520
03002830
00002540
00002850
00002560
00002870
00002830
00002890
00002900

PAGE
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¥VERSION 1.3.0 (01 MAY 80)

UNST SYSTEM/370 FCRTYRAH H EXTENDED (ENHANCED)

DATE £0.353/15.02.49

PAGE

6

? ¥CONTAU<SSI#¥2)-AVGSOSNAVEDI*VOLL/GAMHA/ (2%SST 00002910

? YCOATAUI#{K+CORVEL 4 (VOLLYAVGYL¥ %2 ) /6% K+ CORVEL)/ 00002520

2 (CORTAUSSSI*%2 ) + AVGVIXAVGO1*#VOLLXCOS(ALFCH) /(2% TAU) __ 02702530,

[o 006002940

ISN 0169 FE(7) = COS(CO=TAY)-1 00002950

c 00002950

ISN 0170 FE(8)_ = FE(3)*(FE(7)}*B1R-BlI*SIH(CC*TAU) )+FE(4)*FE(7}+FE(5)___ 0CCCL970

? #K*{BLI%FE(71+BIR=SIN{CONTAU) J+FE( 6 ) #K¥SIH(CO%TAU) 0000230

c 00002950

ISH 0171 FE(9) =  -FE(3)¥{FE(7)¥31I+LIP¥STHICONTAU))-FE{4)%SIN(CO%TAU)+ 00603000

? FE(S K (BIR#FE(7)-BII*¥SINICO*TAU) J+FE{6 )¥K*FE(7) 00003010

o 03003020

ISH 0172 FE(10) =  FE{3)%(BLI*FE(7}+B1R=SIN(COSTAU}4FE(4)*SINICON 00003030

? TAU)-FE(5)1#(K#S1RFFE(7)-KAB1I<SIN(CO*TAU) } 00003940

2 ~FE(6}NKRFE(7) e 0¢003050

[ 06003040

ISN 0173 FE(11) =  FE{3)%(B1R*FE(7)-BLIXSIN(CO*TAU)}+FE(4)*FE(7) 00003070

? +FE(S )4 (K¥DLI%FE(7)+K¥BIR*SIHICO¥TAU) J4FE(6) 00003080

? K=SINCCOSTAWY 00003050

c 65003100

ISH 0174 FE(12) =  VOLY % AVGSOSH®2¥ K/12 / (2#¥GAMMA%(GAMMA-1)) + 00003110

? VOLL # AVGV1*#2 ® K/12 / 4 00003120

. [ ) ) ) L €0C03130

18 0175 FE(13) =~ K/12 * AVGDL % AVGCOS¥%2 / (GAMMA * (GAMMA-1)) + 00003140

? K/12 % AVGDY % AVGV1x%2 / 2 00003150

c 00003160

ISH 0176 FE(14) = AV3SD3 % AVGDL * AVGVL / (GAMITA % (GAMMA - 1)) % 00003170

o 2 K/12 + AYGY1 % AVGDL # VOLl #* K/12 / 2 05903130

1sH 0177 FE(15) =  FE{S)/FE(8)~FE(11)/FE(10) 00203158

[+ 60003200

I5H 0173 FE(16) =  FE(1)/FL(BI*I*(FE(9)/FE(8)/FE(15)=1) 60003210

T ¢ o 00003220

ISH 0179 FE(L17) =  -FE(8)/FE(9)*FE(L1)/FE(L0}*I/FE(15) 6CC03230

¢ 00003240

ISH 01690 FE(18) = FE(2)/FE(8)%(SST-S3T/FE(15)%FE(9)/FE(8))-FE(12)/ 00003250

T ? (FECLO)*FE(L5))I%FE(9)/FE(D) 00003260

c £0003270

ISM 012l FE(19) =  -FE(12)/FE(B)+FE(2)#5ST/(FE(10)*FE(15))*FE(S)/FE(8}+ 00003280

? FE(L2)/(FE{8)XFE(15)1%FE(9)/FE(8) 60003290

[+ ) ’ ’ £203300

ISH 9182 FE(20) =  FE(2)/FE(8)*DT*SST-FE(2}¥DT®SST/(FE(8)*FE(15) )% €0003310

? FE(9)/FE(3) €0003320

[ o o 00003330

TTTIc 0143 FE{21) 2 FE(2)%DT%SST/(FE(10)¥FE(15))¥FE(9)/FE(8) 60003340

c 00903350

iSH 0186 FE(22) =  3I%FE(2)/FEIS)*(DT-DT/FE(L5)XFE(9)/FEI8))-FE(14)/ £0203350

? (FE(L12)%FE(15))=FE(S)/FE(S) 08003370

[+ - - ’ T 00003330

ISH 0185 FE(23) =  ~FE(14)/FE(8)+(FE(2)#3%DT#FE(9)}/(FE(LO)*FE(15)*FE(8)))+0C003350

? FE{16)XFE(S)/(FE(8I*X2¥FE(15)) 2CC034C0

) ) 00003410

TTIGN 0186 TTTTFE(24)F  SFE(L3)/FE(S)+FE(13)/(FE(8)XFE(L5} J*FE(9)/FE(8) £0003420

o 00003430

ISN €187 FE(25) =  -FE{13)/(FE(10)XFE(15))%FE(9)/FE(8) 00003449

- c 00003450

- T isd{Tiies FE(26) & ~FE{1)*I/(FE{8)%FE{15)) 00203460

c 00003470

ISN 6289 FE(27) = FE(1)/(FE(10)}%FE{15)) 00003430
[+

00003490




#VERSION 1.3.0 (01 MAY 80)

UNST SYSTEM/370 FORTRAN H EXTENDED (ENHANCED) DATE 80.353/15.02.49

PAGE

7

ISH 0190 FE(28) = FE(2)%SST/(FE(8)NFE(15))+FE(12)/(FE(L10)%FE(15)) 00093504
c 00003510
___ISN 0192 FE(29)_5_ -FE(2)%SST/(FE(10)%FE(15))-FE(12}/(FE(8)#FE(15)). 00003520
[~ 00003530
ISH 0192 FE(30) =  FE(2)%SST¥DT/(FE(8)%FE(15)) C0CO3540
c 02203550
ISN_ 0193 FE(31) = -FE(2)%SST*DT/(FE(10)%FE(15)) 05503560
C 0CC03570
ISN 0194 FE(32) =  3«DT*FE(2)/(FEL8)}*FE(15))+FE(14)/(FE(10)%FE(15)) 00033580
c 00003590
ISN 0195 FE(33)_= _ -3%DT*FE(2)/(FE(10)%FE(15))-FE(14)/(FE(8)*FE(15)) 00003500
¢ 000035610
ISN 0196 FE{34) = ~FE(13)/(FE(8)%FE(15)) 00003620
c 00003630
ISN 0197 FE(35)_ =  FE(13)/(FE(10)%FE(15)) 00003540
¢ 00093550
c 00003560
ISN 0198 FM(1) = —VELAX#AC/(CO%TAU)-VELAX#ACKI¥#2/(CONTAUKSSI#¥2 )+ 00003570
2 2%ACKSINCALPCHI*I/(COXTAU) 00003630
c 006C3550
ISH 0199 FM(2) = -(K+CO®VEL)*®AC/(CO¥TAU)-(K+COXVEL ) RACHI¥#2/{ COXTAU 09003700
? SSI#2)+2%ACKCOSIALFCHI*I/TAU 00003710
. c . ) ) . L 00903720
TSK Cz00 FH(3) = AVGV1#VOLIXVELAX/(2%CO*TAUNSSI**2)-AVGD1*VOL1* 00003730
? SIN(ALPCH )/ (2%COXTAU) 60003740
c 00693750
ISH 0201 FM{4) =  (K+CCHVEL)/{CO*TAUNSSI*¥2)%AVGV1#VOL1/2-AVGDL¥VOL1/2% 00203760
? COStALPCH1/TAU 0C903770
c 09203730
ISM 0202 FH(5) = -PIN-I®*2 ©0C03750
L c _ o 00007300
I8N 0203 FM(B) =  PT+SST#%2#DT £0C03810
c 0CS03820
IS4 9204 FH(7) = FM{L)¥(BIR¥FE(7)-BII~SIN(COXTAU))+FHM(2)*FE(7)-FM(3)%  C0003330
2 (K¥B1I*FE{7)-K*BIR*SINICOSTAU) ) -FHM( 4 )¥K*SIN(CO%TAU) 00002240
[3 00093350
ISH 02¢5 FMI8) = -FM{1)®(B1IXFE(7)+BIR*SIN(COXTAU))-FH(2)*SIN(COXTAU)+ 00003360
? FMU3)5K%{ -B1R¥FE( 7 14B1I¥STHICONTAU) ) -FH(4 ) #KRFE(7) 00603370
¢ o o o o 00C03230
ISN 6203 FH{9) = FH(1)®(B1INFE(7)+DIR*SIN(CO*TAU) J4FHI2)%SIN(COXTAU)+  C00023%0
? FMU3)*K#(BIR¥FE(7)~B1I#SIN(CORTAU) ) +FI(4)*FE( 7} %K 00C03500
c £0003510
ISH €207 FM(10) =  FM{1)#(BIRXFE(7)-BLIXSIN(COXTAU))+FM(2)%FE(7)- ___oeeo3se
- ? FM{3)%K<(DLIX¥FE(7)+BIR*SIN(COXTAU) )-FH( 4 ) %K 00003930
? SIN(CO*TAU) 00003940
c 00003950
. _ IsN o208 FM(11} = FE(1B)¥FHI7)+FM(8)*FE(28)-2%55T#¥2 00003950
- € o -7 02003970
IS1 0209 FHE12) =  FMU7) % FE(1S} + FM(8) % FE(29) + AVGVY * 02C0350
? VoLl * K/12 /2 09503990
[ 000C4C00
TTISH0210 FHUI3T = —FM(73%FECI6)-FMIBIRFE(26)+FN(5) 00004010
c 00004020
ISN 0211 FMU16) = —FI{7I%FE(L7)-FM(B8)I%FE(27) 00004030
c 00004040
— I8N 6212 FMCISY = —FM(7)%FE(20 )-FMU8)I*FE( 30)+FM(6] 00004050
gg c 00004060
ISN 0213 FM(16) =  -FM(7)¥FE(21)-FM(8)*FE(31) 00004070
[ 00004080
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NS SYSTEM/370 FORTRAN H EXTENDED (ENHANCED) DATE 80.353/15.02.4% PAGE 8
ISH 0214 FN(17) =  ~FH(7)4FE(22)-FH(8)%FE(32}+42%5ST#DT 00994050
o 00003160
___IsSH o215 FM(18) = -FN(7) # FE(23) - FM(8) % FE(33) -AVGDl ¥_ 0094110
? VoLl % K/12 / 2 00004120
c £0004130
IS4 0216 FM{19) =  -FI4(7) % FE(24) - FHM{8) % FE(34) - AVGD1 #* 08004150
. AVGVY ¥ K/12 e 00006150
c 006024160
IsH 0217 FH(20) = -FM(7)%FE(Z5)-FM(&)*FE(35) 000604170
c 00004180
IS4 0218 FM(21) = FM(9} % FE(18) + FM{10) X FE(28)_- AVGY1 % . 0000%190
? VOLL % K/12 7 2 03004260
c 00004210
s4 0219 FHI22) = FMU9)¥FE(19)+FMI10)5¥FE(29)-2%55T*¥*2 00004220
L ) N o i 00004230
18 0220 FH(23) = =FM(9)*FE(16)-FH(10}%FE(26)+FM(5)} 60004240
c 00064250
ISH 0221 FM(24) = ~FE(17)%FM{9)-FM(10)%FE(27)+FM(6) 03004250
. R o . _ £000%4270
1M 0222 FM(25) = -FH(9)#FE(20)-FM{10)*FE(30) 00004220
c 00064290
IS 0223 FM(26) =  ~FH{OI¥FE(21)-FM(10)%FE(31) 6C0C4300
) c o ) ) L e _ 00004310
Isi 6224 FM{27) =  =-FN(S) # FE(22) = FM(10) ¥ FE(32) + AVGD1 % 00604320
? VOLL % K/12 /7 2 00004330
o 00504340
IS 225 FM{28) = -FM(G)NFE(23}-FM{LOI¥FE(33)+2*SSTHOT, 00004350
c 00054350
IsM 0226 FM(29) = -FI(9)¥FE(24)-FH({10)*FE(34) 60C04370
o 62054350
ISH 0227 FM(30) = ~FM(S) % FEZ(25) = FM(1C) % FE(35) + AVGD1 # 00004399
? AVGYL % K/12 03004400
c 00004410
ISH 0228 FM(31) = EM(IL1)-FH(12)%FM(21)/FM(22) 00004420
B c___ . _ ) 00004%30
TTicn gacs QUOT T = REn(12)/FM(22) 03CC4%40
154 C230 £O 10 J=32,37 06004450
184 0231 FHUJ) = (FM(J-15)-QUOT*FH{J-9))/F(31) 000046540
154 C232 10 CCNTIRUE . 00004470
00004460
1SH (233 FM(33) = (FN(19)-QUOT*FM(29))/FM(31) 00605490
c 02C0%560
ISH 0234 FIE36) = (FHM(20)-QUOTXFM(30))/FH(31) 00004510
- [of ’ i 00004520
reH €235 Co 20 J=60,47 5504330
SH 0235 FlJ) = (FR(J-27)-FH(J-8)%FMI11) ) /FH(12) 006004540
ISH _c237 20 CCHTINUE 0004550
- [P ’ - C0C045H0
c 03054570
ISN 0238 FC(1) = -ACXSIN(ALPCH}/(CC¥TAU)+VZLAXRACHI/(COXTAURSSI**2) 02004550
[o ) - - 06004590
TTISHT02397 T T FCIRT T = “AC*COS(ALFCHIZTAU(KiCORVELIRACKI /{ CORTAURSST¥¥2 ) 03604500
[ £C004610
ISN 02649 FC(3) =  VOLL/Z¥VELAX/({CC*TAUXSSI*%2) 00004620
) o 0500630
TTISN G241 FCU4TT = VOLI®(K+COXVEL)/(CO¥TAUSSI#*2)/2 00004640
c 00004550
ISH 242 FC(5) = FC(1)¥BIRXFE(7)~FCI1)¥BLIXSIN(COXTAU)FC2)¥FE(7) C0004560

- %
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? K*SIR(COXTAU) 00004689

c 0C005590

ISi 0243 FC6)__ = ~FCULIS31IXFE(7)-FC(1)%BIR*SIN{ CO%TAU)-FC(2)%* . 00904700

? SIH(COTAUI+FCI3) 1 5BIRYFE(7)-FC(3)#K«B1I* 00004710

2 SINICCTAU)I+FCI&4 ) KEFE. 7) etecs720

c 0320473

___ISH 0244 FCU7)_ =__ FCISI¥FEI16)+FCI6I¥FE(25)-T _ 2005740
I34 6245 FC(8) =  FCISMFI(17)1+FT16)+7E(27) 80206750
ISH 02645 FC(9) =  FC(5)¥FE(18)+FC(6)*FE(23)+5ST 60054760
ITH 0247 FC(10) =  FC{5) ¥ FEf19) + FC{6) % FE(29)- K/12 % VOLl /2 090064779
__IsH o248 FC(11) =_ FC(5)*FE(20)+FC(&)#FE{30)4DT#SST . 0£604790
ISH 0249 FCL12) =  FCIB)SFE(2)i+FCL6I*FE(3L) 60204790
1Sit €250 FC{13) =  FCIS)%FE(22)+FS(6)%FE(32)+DT 006545300
184 0251 FC(14) =  FC(5)¥FE(23)+FC(63%FE(33) £2504310
__ I3y eise FC(15) =__ FC(5) % FE(24) + FC(6) % FE(34)~ K/12 % AVGDL 02904920
ISt 0253 FC(16) =  FC(5)¥FE{R51+FCL{6I*FE(3E) €2604330
FCI17) = FCOP)XFI(32)4FCIL0I*EM(40)4FC(7) COL0S540

FGU18) =  FCLOI¥FMI33I+FCI20I#FH(4L 14FCLS) 00304850

[+ . e o €00C4250

GO 30 J= 19,24 000C4870

FC{J) =  FC(9IXFM(J+15)+FCIL0I%FM(J+23)+FC(J-8) 0004280

30 CCHTINUS 00084350

c . N 00CC4500

FCL21) =  -fCtel} 60603510

FC(22) = -FCl2R) 00564500

¢ 00604530

__ISM 0261 FC(25) = FC(1)¥(BII¥FE(7)+BIR¥SIN(CO*TAUY)I+FC(2)*SIN(CO*TAU)=__ 00604540
o ? FC{3)¥K#(BLIR#FE(7)-B1I#STHICO#TAU) )-FC{4)*K*FE(7) 02004950

c 00004560

ISN 0262 FCt26) =  FCUIP4(RIRNFE(TI-BLI*SIN(COTAUI I4FC(2I¥FE(7)+FC(3)%  0COC4970
. K*(BLISFE(7)+BLIR*SINICO*TAU) }4+FCIG)IRK*SINICO*TAU) 020C4530

c 0905553

ISH 053 FC(27) =  FC(26)RFEL26)+FCI23)¥FE(LE) £0£05000
ICH 3244 EC{23) = FC(26)%FE(Q7)+7C(25 7 FE(27)-1 0000501C
IS 2045 FC(29) = FC(2%5) % FE(28) + FC(25) % FE(18)_+ VOLL % K/12 / 2 _ 00005020
I8 €238 FC(30) = FC(26)%FE(29)4FC{Z5)¥FE(19)4S5T 00605030
134 0267 FC(31) =  FC{D6)®FE(30)4FC(25)#FE{20) 0005040
IS0 0288 FC(32) =  FCL26)®FE(S1)+FCI25)I%ME(21)+DTASST 00005050
ISH 0259 FC(33) = FC{26)%FE(22)+FCI25)FE(22) 07092050
S &1 FC(34) = FC(26)¥FE(33)4FC(2EIFE(23)+D0T 00005070
ISH C271 FCU353) =  FCU26)%FE(3%)4FCI25)»FE(24) €£005C50
o eeve FCU26) = FC(Z6) % FE(3I5) + FCL25) % FE(251 + K/12 % AVGDL 000C5020
%6273 FC(37) = FCUZ9)%FMU32)+FCI32)I8FH(40)+FC(27) 6OC051C0
Tk 2ve FCU32) = FCL29)5FMI33)+FCI30)%FM{41)+FC(28) 05CC5110
c 00005120

ISH 0275 DO 40 J= 39,44 00CC5130
IS4 0276 FCOJ) = FCL29)XFH(J~5)+FCI30)*FM(J+3)+FC(J-8) ¢00051¢90
Sy o i 40 CCHTINUE™ o 00C05150
c 6005160

1M €278 FC41) = -FCl(61) £90835170
36279 (642} = -FC(42) 00085180

- [4 coT T 00605150

1St 62890 QuoT = FC(42)/FCL22) 00005200
IsN 6281 FC(451 = FC(413-GUOTFC(21) 00005210
13H 0282 FCl46) = 1/FC(&5)%(FC(37)-QUOT*FC(17)) 00005220
TTisSN 0283 FC(47) = 1/FCIG5)%(FC{39)-QUOT*FC(18)) 06005230
IsH 0234 FCl48) = 1/FC(45)¥(FC{39)-GUOTHFC(19)) 00005240
SH 0283 FC(49) = 1/FC(45)I%(FC(40)-QUOTHFC(20)) 00005250
ISN 6286 FCL50) =  1/FC(45)%(FC(43)-QUOTXFC(23)) 00005260
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€287 FC(51) = 1/FC(45)%(FC(44)-QUIT*FC(24)) 00005270
0ces FCI56) = 1/FC(42)%{FL{43)-FCI41)%FC(50)) 000052E0
0289 __ FC(57) = 1/FC(42)%(FC(44)~FC(4L}I%FC(51)} . 06005220

c €2075320
0250 DO 50 J= 52,55 oocc,Jlo
ca9l FSUJ) = 1/FCL42)%(FC(J-15)-FC(4LI*FC(J-6))

_0292 __.B0_CONTINUE _ . ouun 330
[ £5340
< ooocs:so
c 6605760
C__INTERBLACE ANALYSIS OF SECTION 2 _ 00005370
c 0C005230
c 00055390

0293 FH2(1) = AD%(-SSUN¥2-VU=#2) €J0054090
c25% _ FM2¢2) = _ AVGY2 * VOL2 * K/12 / 2 60005410
(4553 Fi2(3) = FUIDU VLw*2 00CC5420
£29% FMZ3A = PT+DTrSoT#e2 60CC5420
€293 Fti2ts) = (1)%%2/FM2(2) 02005440
0253 FM2(5) =___Fb (:)/Fﬂ“(é) L 00005550
0259 FM2(6) = “”(3)*Fl2(1)/(FH2(2)*FH2(4)) 08005440
0359 FH2(T7) = -2/FN2(4) 00205470
6361 FM2U8) = -2%FIC(L)/Z(FM2(2)%FMN2(4)) CCO0S4E
0392 FM2(9) = FII23A/F1N2(4) £6205450
0133 "'(101- FU20 L) /FHR0 2 I FHR3A/FM2(4) 00CL5531
0304 12(11)= 1 7/ Fl2(G) % (2 % FLO + FM2(1) /7 z
? FM2(2) # AVED2 # VOL2 % K/12 /7 2)
6305 FM2(12)= 1 / FMR(A) ¥ (FII2(1) /7 Fif2(2) % 2 %
? FLCH - AVGD2 # Vale * K/12 /7 2)
0325 FM2(13)= 1 / Fil2(&) % (=2 % FY12(1) / FN2(2) * DT % 00005530
? SST ~ AVID2 % \OL2 * K/12 /7 1) 50007530
Q327 CFM2(14)= 1 7 FM2(4) % (-2 % DT % SST + K/12_% FMZ(1) / 00005570
? 2 / F12(2) % VCL2 » AVGDL) 00005350
0308 FH2{15)=  =~AVGV2 % VCL2 * K/12 /7 (2 % FM2(4)} 00035530
0309 Fi2€163=  FMZ(1) 7/ FH2(2) % AVGYZ % VOL2 % K/12 / (2 % FM2(4))  €0005600
03e ____RM2(Y7)=__ -AVBV2 * AVGDZ ¥ K/12 / FH2(4) _ 00805510
0311 ] FM2(18)=  AVGD2 * AVGVZ # K/12 % FH2(1) / (F 00005420
[ 09005530
c 36205540
0312 ML) = (FM2(3)-FN2(2)%FN2(5))/FM2(1) 00005850
0313 M2)Y =T <FNI(2)-FLE(6)/FI2(1) 0000360
?3ls 403) = (~2-FHIET)TNO02)) /RN 00005570
0315 MIG)Y = -FHI(2)+FIR2(S)/FR2(1) 0£003480
0316 M(5) = (FH2IA-FH2(2)%71209))/FM2(1) 00035590
0317 Mi6) = =FH2(2)%FI12(10)/FI12(1) 06505700
0313 ME7) = (2%FLCI-EM2(2)%FH2(113)/FM2(1) 066085710
! 0319 M(8) = (=K/12 % ALCD2 % chz / 2 - FH2(2) % FM2(12)) / FM2(1) 05805720
32 MO9) = -(AVTOZ % VOL2 * K/12 / 2 + Fri202) % Fti2(13)) / FH2(1) 06005730
S N(loi"'=——-7-2*DT;SST—FH:(21*?"3(14))/FM (1) 00905740
6322 HM{11) = =(AVGV2 % VOL2 # K/l2 / 2 + FM2(2) * FM2(15)) / FM2(1) 00C05750
€23 M(12) = (=FPC(2ISENI(16))/FH0(L) 60CORTS0
c324 M(13) = (-K/12 # AVCOR * AVGYZ - FH2(2) * FM2(17)) _/ FM2(1)___ 006005770
i W16) T =T ~IH2(23FH2(18)/FH2(1) 00005720
M{15) = DU % AD + VU % AQ * M(7) ~ K/12 # VOL2 / 2 % FM2(11)  0C0057S0
032 M{16) = VU % AD * M(8) - K/12 *VOL2 / 2 * Fliz(12} €0003290
8323 M(17) ~VU * AD * M(1) -~ DU * VU + K/12 # VOL2 / 2 _* FM2(5)  ©OO05310
03297 M(18)7 =T -VU % AD % M(2) ¢ K/12 * VOL2 / 2 % FM2(6) 00035520
6330 M(19) =  -VU #* A0 % M(12) + SST + K/12 % VOL2 / 2 % FM2(16) 06905330
0331 M(20) = VU % AD * MI11) + K/12 % VOLZ / 2 * FM2(15) 66065549
0332 M(21) = -VU % AQ # M(3) + K/12 # VOL2 / 2 % FM2(7) 00005858
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IsH 0333 MI22) = -VU % AO % M(G) + K/12 % VOL2 / 2 % FM2(8) 08205050
ISH 0324 M(23) = -~VU % A0 % M(S) + DT % SST + K/12 % VOL2 / 2 % FM2{9) 02095370
IS 633 MU24) = ___-VU % 20 % M(6) + K/12 % VOL2 / 2 # FMC(10) __ ... 63005380
ISM 033 M(25) = -VU % AQ % M(9) + K/12 % VOLZ / 2 % FM2(13) 0052728
IS 0137 M{26) = VU ¥ AO % M(10) + K/12 % VOL2 / 2 # FHM2(i4) + DT (DY
I5M 0338 d(27) = =VU % A0 % N(13) + K/12 % VOL2 / € % £2585310
e o FM2(17) + K/12 * AVGD2 . 06265920
ISH 0339 n(‘e) T -VU % AQ * M(13) + K/12 * VOL2 * FM2(18) / 2 €0205530

c 00005560
c £C005950

___ISN 0340 __CL(Y)_=__ DY % A0 + VU % AQ * FM2(12) + K/12 % VOL2 / 2 % M(8}___ 00505269
ISH 0341 CLI2) = VU % AQ % Fif2(11) + K/12 % VOL2 / 2 % M(7) 00005970
ISH 0342 CL(3) = -VU % AQ % FII2(5} - K/12 % VOLZ / 2 %M(1) 00CC553
ISH 0343 CL{4&) = -DU % VU - VU # AD ¥ FHNZ(6) - K/12 % VOLZ / 2 # M(2)  ©€3005350
__ISH €364 _ CL(5)__=_ -K/12 % VOL2 / 2 - VU % AQ % FN2(16) - _ _ 0CG95CC0
? K/712 % VoL2 / 2 # M(12) 6C004C10
ISH 0335 CLI6) = SST - VU % AD % Fii2(15) - K/12 % VOLZ2 / 2 % M(11) £0006020
IS 937% CL(7) =  -VU % A0 * FiI2(14) - K/12 % VOL2 / 2 % M(10) 65005030
__Isno03s7__ ____CLIB)_ =_ DT =~ VU ¥ AD # FM2(13) - K/12 % VOLZ / 2 % M(9) 6006040
ISH 0333 CL(9) =  ~VU % A0 * FHM2(7} - K/12 * VOL2 /2 % M(3) 06095050
1S4 0349 CL(10) =  -VU # AC * FN2(8) - K/12 ¥ VOL2 / 2 * M(4) 000C6C60

51 0359 CL(11} = -VU % AG * FN2(S) - K/12 % VOL2 / 2 * M(5) £0026070
__IsH 0331 CLI2) = -VU % A3 % FNM2(10} = K/12 % VOL2 / 2 % M(6) +_ AVGD2XSST00005030
154 €352 CLI13} = -VU * AO * FL2(15) - K/12 # YVOLZ 7 2 % (2 % DT + M(14))30005C50
ISH 0353 CLIL4) = =VU % AQ % FN2(17) - h’12 ¥VOL2 / 2 % M(13) £CCC61ed
1S4 €354 CL(15) =  CL(2)-CL{1I/M(16)%H(15 £C00c110
o c ) e 00006120
184 0355 DD 60 Jz 15,19 00506130
ISH 0355 CL{J) =  1/CLEI5)%(CLEJ-13)-CL{1)/H(16)¥M(J+1)) 00006160
I5M 0357 60 CONTINUE 02006150
. ¢ L o C09C:140
TTIEH 0358 CLI2D) 27 1/CLOIBIX(CLI7)-CLITIA 16)3M(25)) $0005170
IS4 0359 CLI2Y) = Y/CLIXSIMCLIS)-CLILI/ML16)NIE5)) ooo~61=o
IS 0350 CLIZ2PY = 1/CL{15)%(CLI9I-CLIL)/(1635M{21Y) 9025159
ISH 0361 CL{23) = 1/CL{15)%(CLI12)-CLI1)/M(16)M(22)) OOOOa_CO
ISH 0362 CLI24) =7 1/CLI15)X(CLI11)I-CLIT1I/M(16)%11123)) 000065210
ISH 0353 CLE2BY = 1/CLU15)%{CLI12)-CLI1}/ZN(16)%M(243) 00005220
ISH 0354 CLI25) = 1/CL{15)%(CLL131-CL(1)/116)%i1(28)) 00836230
IS 0345 CL(27) = 1/CL(25)5(CL(14)-CL(1)/M(16)%M(27)) 03052640
T ¢ ’ 00334250

1SN 0366 DG 70 J= 28,39 £9006250
ISH 0357 cLd (CL(J-25)-CL{2)%CLIJ~12)3/CL(L) 00986270
ISH €353 70 CONTINUE €0C06250
- [ . 09506250

c 600C5300

C INTEROLADE ANALYSIS OF SECTION 3 0¢CC6310

¢ o L 0eCC:329

c - 06LC6330

ISH 0349 Str) = h 00226340
IS4 0370 s(2) = 1) )KEUEIUS-ED- (GAMMA-L)/(GAIMASLIXPU 00335350

IS €371 S(3) = A1 )¥ESUSHUSHUS-(GAMMA-1 )/ ( GANMAY L )5 00936350

- [ CoC2370
ISN 2372 Ste) = 0968538
ISH 0373 S$(5) = ; E 00C06350
1SH 0374 S(6) = (2-2%GAMHA roo+(gxs*nng+gzyou 09C06400
TTISN 0375 (717 =7 (GAMMA+L)#USsH*2 00206410
ISN 0375 S(8) = 5(6)/(SSUS(5)) 00C06420
ISN 0377 S(9) = S(7)/5(5) 03005430

c £5006440
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c 00206450

1SH 0378 LM(1) = DEXUSRACE/(COXTAUI-FRE<SIH(ALFCH)/(CO*TAU)+{REVH* 00006450
. ?. . COS(ALPCH-DETA2) )¥#2¥ACEsUE#DE/(CORTAUNSOSEX#*%2)~DE* __ 09006470
? ACEZ(COTAUISSINCALFCH ) ¥REVCOSIALFCR-SETA2) €2026450
c 00006450
ISN 0379 LM(2) =  DEX(K+COWVEISACE/(COSTAUI-COS(ALFCHI¥FRE/TAU+DE#(REV¥® 00005500
_? . COSCALFCH-82TA2) )% 2% ACE“(K+CO4VE )/ (COXTAU#SOSEX#%#2 )= GI0CH510
? DE“ACEXCOS(ALFCH )¥REVFCOSTALFCH-BETAZ) 00006520
c €30065530
ISN 0330 LM(3) = AVGV3»VOL3I/2XUZ¥DE/( CONTAUXSOSEA*%2 ~AVED3#VOL 3% 0C60¢540
o N ? o STMUALFCHIZ(R2NCCUTANY _00CC4550
[+ 00206540
IS4 0381 LML&Y = AVEVINVOL3/(2“CO¥TAUSOSEX*X2 )% {K+CO%VE J¥DE~ 09095570
? AVGD3SVOLIHCCSIALRCH )/ (25TAU ) £2036520
T ~S 000085570 _
Isi eIs2 R = —(H#VEXZ0)/UZ 00004609
ISH 0333 LMI5) =  FREVSIN(ALFCHI/Z{TAUR(R#¥2+4C0#%2))-R¥COS(ALFCH)*¥FRE/Z(CO%CS326610
? TAUS(R7:24CCV%2) J+REVHKCOS(ALFCH-BETA2 ) *DEXACE* €o60¢520
2. (SIM(ALFTHI-R/COFCOSIALPCH) )/ ( TAUR(RX*24CO%N2)) 00006539
[+ 02GC: 550
ISN 012% LM(6) = AVED3*VOL3/(2#4TAUN(RM%24C0%#2 3 )% (SINCALFCH)-R/CCX 03CC6650
? COS{ALFCHY) 002008540
R o R 00304670
ISH 0385 LH(7) = COS{COXTAU)-1 60505660
c 0386590
1SH 6325 LMISY = LMOLIVS(LMETIY3OR-C2I¥SIHICORTAU) D+ LHI 2 )X LML 7)-K* 06356700
— _ ? LH(3)I%(BOI¥LN(7)+B2R*SIN(CI*TAU) ) =K*LH( 4 )#SIH(CO*XTAU)__ 05G05710
c 00CCH72
15 0357 EME9Y = —LM{1}%(LM(7)¥52I4B2755IM(COSTAU) ) -LM(2)NSIN(COXTAU)=- 0C0C5730
? K¥LM(3 ) (BOR¥LI(7)~0R2ISSINICTHTAU) J-K#LM( 4 % LM(7) C00C5740
R ] o 05C06750
1511 0328 LHI10) = -K#LI(6I¥SIN(CO=TAUI+LHM(B)XLI 7) €0006760
c 00886770
ISH 03293 LM(I1) = -K*LM(6I*LM(73-LM(5)%5IN(CONTAU) 03005780
. < ) . ] .. .. . _©ecas7s0
154 0390 LM(12) = LH(1)(C2I¥LMI71+B2R#STHICO>TAU) J+LM( 215SIN(CO#TAU)+ 06005820
? LHM(3)NER(BZR*LHE 7)-02I%SIN(COSTAU) J+ LM & %K% LM( 7) 00204810
c 200532
_ISN 0351 LM(13) = LH(L)$(B2R%LMI7)-B2I¥SINICOYTAUY J+ LI 2 IXLM(7)-LM{3)%___ 00905330
— ? Ke(B2IxLI(7)1+B2R*SIN(CORTAUS - Lit(4 )%KRSIN(CORTAU) £3C05840
[+ 0066850
IS 0392 LM(14) = M5 )*STHICOSTAL I +LI1(6 JEK®LM( 7} 00005360
o [+ ) } . B 60005870
T IsH0343 LHM(15) = LH(5)%LM(7)-LM(6 )¥K*SIN(CO*TAU} 0C0068S
c 00006350
ISN 0393 LM(16) = LM(12)-LH(13)/LM(9I%LII(8) £2005920
- [+ . S o o 0004910
TTisNT03535 LM(17)7=  1/LMC16)XCLM(14)-LM(1Z)%LM(10)/LM(9}) 8£006%2
c €3054630
ISH 0356 LM(18) = 1/LM(16)%(LM(15)-Li13)¥LM(1L)/LH(9)) £6624540
[ L o L 0405650
TIE 0397 LM(19) = 1/LN(16) - 000056950
c 60005970
ISN 0398 LM{20) = -LM(13)/(LM(9)%LM(16)) 66206580
— c . ) 005€5950
- ISNT03997 LHI21) = (LM(163-LM(12)%LNM(17) ) /LM(13) 06207CC0
IS 0400 LM(22) = (LM(15)-LM(12)%LM(18))/LH(13) £0307010
1SH 0401 LMI23) = ~LM(12)%LM(20)/LM(13) 00007020
ISH 0402 LM(24) = (1-LM(12)%LM(19))/LH(13] _ 00007030
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ISH 0403 KIITE(6,333) BIR,B1X 00207040
ISH 0604 333 FCRUAT(//* BLl'/{2E15.6)) 03007050
I [ . 00507040
ISH CG05 HRITE(6,6300) FE 65507CTI
ITH 0405 VIITE(G,6100) AVGVL 00207059
151 067 NIITE(6,6229) vOLL €5207070
_ISN 0468 WIITE(6,6C91) P 00107100
1S 0408 WRITE(6,6002) FC C2267110
ISN 0410 VRITE(6,6C003) 12 00297120
IS 0411 HRITE(6,6604) 1 003071290
1% 9zl2 _MRITE(6,6005) CL 00CETL40
1S €413 NRITE(6,6005) S £0097150
IS 0414 LRITE(6,6007) LM €CCAT150
IS 0415 VNITE(6,6028) LT 00007170
___ISH €616 _ 6000 FCRMAT('L',' FE',/,9(El2.4,2X)) CCo07180
ISM 517 6100 FOTUAT('=*, " AVGV1',/,1X,E12.4,2X) €0237150
154 0413 6200 FCRMAT('~',* VOL1',/,1X,E12.6,2X) 60007209
1M 0619 6001 FOTMAT(' =", FM',/,9(E12.4,2X)) 00807210
_Isto0e20 6292 FCUMAT('=','_FC',/,9(E12.4,0X)) 00007220
hea I ET 6603 FCRIAT( =", " FM2',/,S(E12.4,2X)) €SC07230
124 0622 £0C4 = MY, /,9(E12.6,2X)) 0C0572%
IS4 0523 5055 -ty CL',/,6{212.4,2X)) 02027230
___Isi gaze 6066 =ty 8',/59(E12.4,2X)) 00007260
ISN €625 6007 FCIMAT('-', ' LM',/,9(E12.4,2X)) 0CC97279
ISN 0426 6008 FORMAT('=',' LC',/,9(E12.4,2X)) 00507280
c §2207260
€ CALCULATE EITHER IN TORSIOHAL GR BENDING MODE 6CCC7300
c 05037110
C €2037320
ISH 0427 D0 15 II = 1,2 02007330
1SH_0428 IF (II.EQ.1) 60T 13 00937349
[+ 00C37350
C CALCULATES TORSICMAL MCGES AREAS 00CCTI50
¢ 00287370
IS 0430 RMAPI = C*Z#ALFQAP*(COS(SICMATI~1)/ASTAR 00007230
TTTIsH €431 IMAPI T = CHZ=ALFCAR=(SINISISIAT)IZASTAR €Ceo7370
I5H 0432 MUAPT = (Z-XSTAR/C)I¥(CCS(SIGIATI~1)»CHALFBAR/ASTAR 0Cc07560
ISH 0433 IMAPT = (Z-XST!2/CIESIHISIGIATINCHALFBARZASTAR 00207610
IS 534 FIAP_ = (Z-XS/CIH(COS(SICIAT)-1 ) CSALFIAR/ASTAR €C007420
IS €435 IMAPT = (Z-X3/C)%SIN(SIGHATIRCAALFCAR/ASTAR 00007420
ISH 0635 RPACE =  (Z-1)%(CCS{SIGHAT)-1)#CxALFBAR/ASTAR £9997450
154 0437 IACE = (Z-1)%SIN(SIGHATIXCXALPDAR/ASTAR 0CC07459
c ) o } ) o 0C907440
- C CALCULATES TORSICI!AL MODE VOLUMES FOR THE FIRST TWO SECTIONS 66307470
c 005074530
ISH 0433 VIAR = 0.0 00C076:50
IS 0439 VAL = 6.0 00207500
e C i 06£C7510
1S4 0440 vierR = CXDELTAXZXALFOAR®(CCS{SIGHMAT )-1)*¥COS{ALFCH)/(ASTAR®3] 03007520
ISH 0461 viBI = CXDILTA*ZHALFIARR(SIN(SIGHAT) INCOSIALFCH)/Z{ASTARSS)  CG3C7530
[ o ) 00907540
IS 0%42 VICR™ = C*ALPBAR#(COS(SIGMAT)-1)¥(Z#(XSTAR-DELTA*CCS(ALPCH) )~ 06007550
? (XSTAR®*2-(CELTAXCOSCALPCH) )#%2)/(2%C} 1/ (ASTARXS) 6C007560
IS 0443 VvICI = CHALF3AR# (SIHISIGUAT ) )% (Z#(XSTAR-GELTA¥COS(ALPCH))- 06007570
? (XSTAR¥%2-(LELTAXKCOS(ALFCH) )%#2)/(2%C) )/(ASTAR®B)___00GD75E0
¢ h T 0T o 00007550
15N 0444 VIR = VIAR+VIER+VICR 00007600
ISN 0445 v1I = V1AI+VIBI+VICI 062675610
c 60007620
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ISH 04646 V2R = C*ALFBARN(COS(SIBHATI-1)%{ Z#(XS-XSTAR )= ( { X5¥%2- 02007630
? HETAREH2)/(25C)) )/ (ASTARYS) £9C07E4D

___ISH 0447 V21 = CRALP2'2¥(SIN(SIGHAT))R(Z#(XS=XSTAR)=( (XS*¥2~ ___ 00007650
? XSTARH*2)/12%C)) )/ (ASTAR%B) 00007650

c 03007670

ISH 0448 GOTO 17 00207680
c.__ e el 066007550

C CALCULTES BENDING MGDE AREAS 00007700

o 00007710

ISH 0669 13 = HX(CO5(STTA3)-1)/ASTAR 02807720
___ISN 0450 = H¥SIN(SIGI.B)/ASTAR 00007730
ISH 6451 H IN(SIZHAB)/ZASTAR 00007740
ISN 0452 = H#(LOS(SIGHAB)-11/ASTAR 00007750
IS4 06453 = H%(COS(SIGMAB)-1)/ASTAR 00007760
__ISH €459 _THMART _=_ HXSIN(SIGHAB)/ASTAR 60007770

1SH €455 DML = HESIN(SIGHAB)/ASTAR 00007730

ISH 045¢ RMAPT = H#(COS(SIGMAB)-1)/ASTAR 00057750

’ o 00007500

o C_ CALCULTES_BENDING_MCDE_VOLUMES_FCR_THE_FIRST_TWO_SECTIOHS 00007310

c 00007320

ISH 0457 VIAR = 0.0 05CC7330
ISM 0358 VIAI = 0.0 0500734
. c ) e 06C07850

1SN 0459 VISR = BELTA¥H#¥(COS(SIGMAR}-1}%COS(ALPCH)/(ASTAR*3) 60007360
ISH €460 VIBI = DELTAXH®{SIN(SIGHAR) INCOS{ALFCH)/(ASTAR¥B) 00007370

[ 00007830

ISN 0461 VICR___ = _ (H¥(XSTAR-DELTA®CCS(ALFCH))I®(COS(SIGHMAB)-1)+ASTAR¥HX _ 00007390

? (COS(SIGHAB)-1)#COTANIALFCH) }/{ ASTAR¥B) - 00007990

ISH €462 VICI = (HX(XSTAR-DELTAXCOS(ALFCH))%(SIN{SIG!IAB) )+ASTARKH¥ 00907910

? (SIN(SIGAS) }¥COTANCALFCH) J/{ASTARYS) 00007520

[ B o o 06007930

IS 0363 VIR = V1AR:VIER+VICR 0007940

I1SM 6654 V11 = VIAI+V1BI#VICI 00007550

c 06507560

___ ISy 0445 V2R S H®(COS(SIGHAB)-1)*{XS-XSTAR)/(ASTAR®B) 80007970
1St cae6 val T H*(SIN(SIGHAS))#(XS-XSTAR)/(ASTAR%S) 03007930

c 00007990

c 00008900

e c o e 01003010

I3 467 17 1S58 = FC(5 AL4FC(53 1% IMAPI+FC(54)%RIMAPT+FC(55)¥IHAPT+ 00506020

? FC(55)1¥VII+FC(57 )%VIR 09008339

c 00005540

ISH 0468 RSSP__ =  FCl46}#RMAPI+FC(47)1¥IMAPT+FC(48)*RIMAPT+FC(49)¥IMAPT 00002050

- 3 FC(B03%VIT+FCISL1)I*VIR 60003960

c 00003070

ISN 0469 IMDP = FH(49)»RNAFI+FH(G1I¥IMAPI+FH(G2 )¥RMAPT+FM(43)I¥IMAPT+ 0600280

2 FI{44% )XRSSP+FII(45)#ISSP+FM(46 )XVIT+FM(47 )¥VIR 00903050

C . - T ) 00005100

ISH 0470 RHEDP = FM(32I%RMAFI+FM(33)#IMAPI+EM(34)¥RMAPT+FMI35)*IMAPT+  000C3110

? FH{35)5R8SP+FII37)HISSP+FM(38)%VIT+FHN(39)%VIR 000C2120

c o o CuGC3130

ISN 0671 IVPU™ = FE(26)5RMAPI+FE{27)%THAPI4FE({ 28 )%RNDP+FE( 29 ) xIH3P+ 3382140

? FE(30)#AMAPT+FE(31)#IMAPT+FE(32)%RSSP4+FE( 33)%ISSP+ 00605150

? FE(34)3VII+FZ(35)%V1R 00008160

- c . . . .- L. = - - L e — e e 00003170
-  ISN 0472 RVPUT & FE(18)*RMAPI+FEC17)XIMAPI+FE(IB)#RNDPIFE( 19 )*IMDP+ €0005180
? FE(20)%RMAPT+FE(21 )¥IMAPT+FE( 22 }¥RSSP+FE( 23 )*ISSP+ 00008190

? FE(264)%V1I+FE(25)%VIR 00003200

c 60008210
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*VERSION 1.3.0 (01 MAY 80)

UNST SYSTEM/370 FORTRAN H EXTENDED (ENHANCED) DATE 60.353/15.02.49

INDP#SST*%2
RIDPRSSTH¥2

RSEP+CL(21)%ISSP+CLI22)¥RIPP+CLI23 )X I1PP+CLI 26 )¥RHAPT+
CLIZ5 I IMAPT+CLIC6)%V2R+CL(27)%V21

HAPCLO30 )% DPCLI 3L 15110
CLU32)4RSSP+CLI33)=ISSF+CLL 34 )XRIPP+CL( 35 )% I} PP+
CL{35)%RIAPT+CLO37 )% IHAPT+CLI 38 )%V2R+CL( 39 )%V2T

CLI23I¥RNAP+CL( 2935

AWAPT 06 )*INAPT+H( 7 )XHVRUH( 8 I*¥INVPU+M( 9 }%ISSP+
H(U10)%RSSP+HM(11)*INDP+M(12 }XRMDP+M(13)%¥V2I+M( 14 )*V2R

FH2(5)ERHAP+FMZI (6 )*IMAP+FM2( 7 )¥RNFP+FH2( 8 ) ¥INPP+
FH2OQYPHAPTHEM2( 10 )X INAPT+FH2( 11 I*RMVPU+FM2(12)%
IMVRU+FN2(13)%I5SP+FM2(14)#RSSP+FM2(15)%IMDP+
FH2016)*RIDP+FM2(17 )¥V2I+FM2(18)%V2R

S(B)XRUVAU+S( 9)¥RiDFY
S(A)RTHVEU+S( S )% TiDRY
S5Ur#25THIRY
SSUrx25 IHIF
(GM1A-11/2%RHPFU/{ DUXSSU)

(GANA-1)/24IHRRU/(DURSSY)

SOEDS¥R25RCDS

SC5DS¥ 4251035
1/5(1)%(5(2)¥RSO5U+S( 3)¥RMPPU+S{ 4 )/ SSUXRIIVPU-SSUXRPDS )

1/78(1)%(S(2)*130SU+S(3)*IHPFU+S(4)/SSUXIMVPU~SSUXIPDS)
~U32/K
USI/K

~VELAX/(CC*TAU)*(BIR4RVPUX(COS{CO%TAU)-1)-BLI*IVPU*
(COS(CO*TAU-1)~-IVFUXDIR%SIN(CO*TAUI-BLI*RVFURSIN(CO¥ __

TAUY ) -(R+COHVEL)/(COXTAU ) H(RVPUX{COS{CO%*TAU -1 ) -IVPU*
SIN(CO#TAU))

(COSICCATAU)-1)+BIR#*RVPU%SIN(COXTAU ) -BLI*IVFUXSIN(CO*
TAU) - (K+COXVEL I/ (COXTAU)I%{ TVPUX{COS(COXTAU) ~1 ) +RVPUR*
SINICO#TAU})

=VELAX/(CO*TAUI*(IVPU*BIR*(COS({CO¥TAUI-1)+B1IXRVPU% _

RIPPI/SSI%#2
INPRI/SSI#*2

(GAMNA-1)/(2%3SI)*RHPPI
(GAMI1A-1)/(2%SSI )*IHPPL

L/ TAUX(RVFU(CO3({ COXTAU)~1)-IVPUXSIHICONTAU) )
1/TAUS( IVFUK(COS(CO#TAU)~1 ) +RVFUXSIN(COXTAU) )

1/(CO*TAU ¥ (BIRXRVFUY (COS(CO*TAU)-1)-B1I~IVPUR
(COS(CCHTAU)-1)~IVFUXBIR#SINI COXTAU)-B1IXRVPUR
SIN(CO¥TAUN)__

-

ISH 0473 MrP =
1S4 0474 RHUPP =
1SN 0475 RMVFU =

?
?
ISN 0476 IHVRY~ =
?
2
IsN 0477 RHDPU =
2
2
1SN 0478 INOPY =
kd
‘-)
?
ISH 0479 RCDS =
ISH 0430 mes =
ISH 0431 NPPU_=

TT1si chez IFFUT
ISH 0483 RECSU =
ISH 043% 103U =
1SH 0485 RFDS _ =
15045 Ires =
ISN 0437 vz =
IS 0483 Ust =
154 0439 wsp =

T ISHT 0450 RSP =
ISH 0451 RMPPI =

kd

-

‘.)
ISN 0492 PP =

kd

2

‘.}

T ISN 0493 REBPT =
ISH 0494 INDPL =

_ 154 0495 RNSEPT =

TTISNT04S6 IM3SP1°=
ISH 0497 RITVPI =
IS 0458 IITVPI =
ISN 0499 RIAVPI =

kd

2
ISN 0500 IIAVPI =

1/(CO*TAUI*({BIR*IVPUX(COS(CO*TAU)=1)+B1I*RVPU*
(COS{CO*TAU)=1)+RVPUNBIR*SIN(CORTAU)-BLI*IVPU*
SIN(COTAU) )

00008220
00006230
cCeca240

CLU16)¥RiAP+CLI17)*¥IMAP+CLI 18 1XRIIP+CLI19 1% 11DP+CLI 20)%00098250

3005260
Q2005270
3323280
Q2025253
00003300
00008310
00063320
00063330
00008340
c0Ce3ss0
00008360
0000E370
00308350
00002390
0203400
00003410
CC003420
009024330
00032540
0£00345C
03005460
00ceas70
0G203430
CG0C2450
00202500
00035510
02095520
00CJC530
03008550
0C00C550
00008560
0008570
03C08580
00008550
000055600
02008810
00008620
goocceso

00005640

€0002650
€0002660
00C0C570
£0002580
000€2590
0003700
0003710
00005720
020203730
009C8740
00303750
020C8760
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00008770
00008760
00C08750
00008800




(44"

¥VERSION 1.3.0 (01 MAY 80)

URST SYSTEM/370 FORTRAN H EXTENDED (ENHANCED) DATE &£C.353/15.02.49

c 0000351

ISN 0501 IF(IX.EQ.2) GOTO 24 00968820
e €. . . L . I . o .__..000C3330
€ CALCULATES THE BENDINS MCRES VOLUNMES FOR THE THIRD SECTIOH 0C6C3S40

c 00002250
1S4 0503 VIAR = (H*¥(CC3(SICMAB)-1)%(C-X%S)-(AQ+ACE )¥ASTAR/2XRMSP*3 )/ 05002050
o 2. o _(ASTL%:D) - . ) e 00CCE370
ISH 0504 VIER DELTAZ2. 0%SIN(2%ALFCH)*¥H*(CCS(SIGMAB)~1)/(ASTAR*B} 06002850
ISH 05C5 V3R = 0.0 £0002350
ISH 006 V3AI = (H XSIN(SIGMAD] % (C - XS) ~ (AO + ACE) % ASTAR / 00005500
L ? . .__ 2 % INSP % B)/ (ASTAR % B) . . . ... . .._._____ 00008910
ISH €507 V3BT = DELTA/2.C*SIN(2%ALFCH)¥H*(SIN(SIGHAB)}/(ASTAR%B) 60008920
ISH 0598 VicI = 0.0 06003930
ISH 0309 HWAITE(6,410) 00003540
__ IsM 0510 410  FOTMAT('1*,' BENDIMNG') _ —_ 00608950
ISN 0511 G3T0 25 00908550
c €0005970
C CALCULTES THE TCRSICHAL MODE VOLUNES FCR THE THIRD SECTION 00302350
e €. . e e 00OC3SSO
1S4 0512 26 V3AR = (CHALFCARNS®(COSI{SISHAT)-1)%(Z¥{C-XS)-(CH*2-XSH*2)/ ©0005000
? (2%C) ) -AO*ASTAR#RIISF¥B)/( ASTAR¥B} 00203810
ISH 0513 VAT = (C*ALF2AR¥(SIN(SIGMAT)IN(Z*{C~XS)-(CH*2-XS*#2)/(2%C))~ 02605020
o 2 CAOMASTARNIMZPXB)/Z(ASTAR¥S) 00009030
ISl 0514 V30R = ALFOAR#(Z-1}%(COS(SIGMAT }-1)*C*COS(ALPCH)* 60009040
? DCLTA/LASTAR*3) 60505950
ISH €515 vInI ALFBAR*(Z-1)XSIN(SIGHAT I*C*COS(ALPCH)®DELTA/(ASTAR*¥B) 00005060
ol 515 VIR = 0.0 _ 6009070
ISH 0517 Vic 0.0 £0209930
ISH GE18 WRITE(6,420) 0005050
158 €519 420 FCTIAT('1',' TOISICHAL') 00099100
e c e o 00009110
ISH 0526 25~ V3l = VIAT+VIBI+VICI 00029120
ISH 0521 V3R = V3AR+VISR+V3CR 00005130
c 60009140
c 000C9150
[o 00509160
c 00009170
c 00209180
___ISH o522 RUDS___ = __ 1/CD¥(RI:JPUXVU+DUXRHVFU-RDDS*VD ) _ 60009150
I1SH €523 IUDST = 1/00¥(LiDFUVU+DU<TIVRU-IDDS*VD) 00005200
ISN 0524 U331 = IDDSHVD¥AQ+DD*IUDS ¢AD+DD¥VD*IMAP 00009210
ISH 0525 1S = RCDSHVIXAQ+DDURLDIS*A0: DD#VD¥RUAP 00009220
ISN €526 cI = -DE¥REVXCOS{ALPCH-BETA2)¥IACE+WDSI-AVGD3 * K/12 % V3R _-00009230
K K/12 *VOL3,’2¥RDDS 00€09240
00005250
ISM 0527 CR = -DE¥RACEXU2IRE+WDSR+AVGD3 * K/12 * V3IIsK*¥VOL3/2%IDDS 00009250
0009270
= TTYsH 0528 ic = -IFDSXAO-FDXIMAP+IACEX(PE+(REVACOS{ALPCH-BETA2))#%2% 00005280
? DE) - 1!0S % IUDS + AVGV3 % VOL3 ¥ K/12 % RODS / 2 + 00209290
? AVED3 ¥ AVGV3 % K/12 # V3R + K/12 #AVCD3 # VOL3 # 00009350
? RUIS / 2 ~ MDST # VD L 00009310,

TTISH 0529 RC T -RFCS*AQ-FD®RNAP+RACEX{PZ+{REV¥COS{ALFCH-BETA2))*%2% 00009320
? DE) - UDS % RUDS ~ AVGV3 % VOL3 % K/12 % IDDS / 2 = 00009330

? AVED3 % AVGV3 ¥ K/12 % V3I - K/12 % AVGD3 # VOLI * 60009340

- ? IU3S_/ 2 - WOSR % VD 00009350
- C 00009360
c 00009370

c €0009380

ISN 0530 LC(1) = -UE#DEXACEXREV*COS(ALPCH-BETAZ)/(COXTAUXSOSEX¥%2)+DEX* 00009390
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*VERSION 1.3.0 (01 MAY 80} UNST  SYSTEM/370 FORTRAN H EXTENDED (ENHANCED) DATE 80.353/15.02.49 PAGE 17

? ACE#SIN{ALPCH)/(CO¥TAY) 00205590

00005410

___ISN_0531 LC(2)__=  -DE¥(K+COXVE )ACE¥REVXCO3(ALPCH-BETA2}/____ 00035420
? (COXTAU*SOSEX%#2 )+DEXACEXCOSIALPCH)/TAU 00CC5430

c 00CC5440

ISH 0532 LC(3) =  DEXACE/(TAUR(R%¥2+4CC%¥2))%(SIN(ALPCH)-R/COXCOS(ALPCH)) GCOCS450

[ . 02C0CSe40

ISH 0533 LC(&) = VOLI#UE*DE/(2%CORTAUREOSTX#%2 ) £CB0S470

c 0009450

ISN 0534 LC(5) =  VOL3/2%(K+COXVE I*DE/{CO4TAUXSOSEX#%2) * 00009450
o c . . . e 00009500

ISH 0535 LC(6} =  LCCLI¥D2R¥LM(7)-LCCL)*B2IXSIN(CO#TAU)+LCI2 IRKLM(T7)+ 00005510

? K¥LC(4 )% (B2IXLH( 7)+B2R*SIN(COXTAU) J+K*LC(5)% 00005520

? SIN(COTAU) 00¢09530

c - e 0OD0S540

ISH 0536 LC(7) = -LC(L)#{B2I¥LM(7)+BCR*SIH(CO*TAU) )=LC{2)%SIN(COXTAU)+ 0CC02550

? K¥LC(4 1% ( LM( 7 }¥BZR-B2IXSIN(COXTAU) }+K#LC(5 I#LM( 7} 00007569

c 00005570

ISN 0537 LC(8) = LC(3)%LM(7) 0009530
[ 00305590

ISN 0538 LCI9) = <LCC3IXSIN(COXTAU) 00005500
[ 000609510

ISH 0539 LC{10) = LC(&)¥LM(17)+LC(7)*LM(21)+LC(8) 00005520
[ 00CCS630

ISN 0540 LC(11) = LC(6)I*LM(18)+LC(7)%LM(22)+LC(9) 00605540

c 00005558

__ ISN 0561 LCI12) = LC(6)*LMI20)+LCI7I¥LIA(23) 00005640
¢ 05005670

ISH 05642 LCI13) = LC(6*LMI19)+LCI7IXLMI24) £20C5620
c 0000%5%

ISN 0543 LC(14) = LC(1)#(B2I*LM(71+B2F*SIN(CO%TAUI}+LCI2)%SIN(CO¥TAU)- __ 00007700

? LC{4 XX (BZRHLM(7)-B2I*SIN(CO#TAU) )-LC (5 )#K#LM( 7) 00005710

[ 00009720

ISN 0544 LE(15) = LC{L)®IE2R*LM(7)-BRI*SINICORTAUY J+LC( 2 I%LH( 72+ 00009730

? LC(G)¥E*(B2I*LH(7)+B2R#SINI COXTAU) 1+ LC(5)%K¥* 00005740

? SIN(COXTAY) 00009750

c 00009760

ISN 0545 LE(16) =  LC(3)%5IH(CO*TAU) 00095770
c L L 005€9783

15N 0546 LCi17) = LCU3I%LE(7) 00909750
c 00005890
ISH 0547 LC(18} =  LC(1G)*LM(L73+LC(I5I*LM{21)+LC(16) 0060951

[ o L 00009520

IsNT0548 LE(I9) = LCO1&)I%LM(18)+LCI15)%LM(22)%LC(17) 00005830

c 00069840

IS 0549 LC(20) = LC{14)%LH(20)+LC{15)%LM(23) €6C09350

- c o L 06005360
TTISN 0550 LC(2131 = LC(I164I%LH{19)+LCI15)%LM(24) 60099370
c 0000585

ISN 0551 LC(22) = LC(18)-LC(19)/LC(11)%LC(10) 00039550

[ o L 00009900

T15e552 LCi235 = -{LCi207-Lci191/7LCci11)*LCl12))/7LC(22) 05009910
c 065C5520

ISN 0553 LC(26) =  ~(LC{21)-LC(19)/LC(11I*LCI13))/LC(22) $0005930

c L 00035540

TTISN 0554 LC€T257 = (cr-crsic(i9izicainyivzici2?) 05009550
c 00009950

ISN 055t RRFF = LC(23)MRC+LC(24)¥IC+LC(25) 00009973

[ 00009980
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*VERSICH 1.3.0 (01 MAY 80) UNST SYSTEM/370 FORTRAN H EXTENDED (ENHANCED) DATE £0.353/15.02.39 PAGE 18
ISH 0556 LC(26) =  =(LC(20)+LCC1SI*LCI23))/LC(19) 03207590
c 0021090
__ISM 0357 _ LC(27)_=__ -(LC(21)+LC(1S)*LE(24))/LC(19) N ©C0130i0 ____
[+ 0021€020
ISH 0553 LC(28) =  (CI-LC(25}*LC(18))/LC(19) 0C01C030
0£316240
_ISH 0559 IRFF___ = LC(26)%RC+LC(27)%IC+LC(28)__ _ 00210059
[+ CCC100A0
ISH 0560 IVPD = LM(21)»RRFF+LM(22)¥IRFF+LH(23)*¥RC+LM( 24 )*IC 00010070
C £9910280
__ ISN 0561 RVFD___=__ LM(17)%3RFF+LM(18)*¥IRFF+LM(19)%IC+LM{20)%RC _ 00010090
c 09010100
ISN 0562 RMPPE = ~UE-GE/(CO¥TAU)*(BIR*RVFD*(COS(CO*TAU)-1)-B2IXIVFD* 00010110
? (CO3(CC*TAUI-1)-IVO»B2R¥SINICOXTAU)-BR2I*RVPD*SIN(CO% 0001C120
? TAUI)=(K+CCHYE)/(CONTAU)*(RVFD*(COS(CO%TAU)-1)-IVPD¥% _ 0001C130
? SIN(CO#TAUS) 60216140
[ 00010150
ISH 056% IMPPE = -UEYDE/(CC¥TAUI¥(IVED*B2R%¥(COS(COXTAU)-1)+B2I*RVFD#* 00312160
? (COS{CC+TAU)-1)+BIR%RVPD*STIH(CC*TAU-B2I%IVPO*SIN(CO%__ 00010178
? TAU) }-{K+CO®VE }/(CORTAU J*( IVPDB*(COS(CO*TAU)-1)+RVFD*®  CC010130
? SDN(CC*TAU)) 00010150
c 0031¢200
__ISN 0564 __ PNPPE/SC3EX¥¥2 60210210
ISN 0565 INPDE/SOREX €2 00010220
c 00019230
ISH 0566 RIMSSFE = (GANI1A-1)/(2%SOSENSDE JXRHRPE 00010240
__ISN 0367 IMSSPE _=_ (GATIA-11/(24SCSENYDE )*IMPPE 00€10250
c €3010260
C IRROTATIONAL VELCCITY PERTURBATIONS AT THE EXIT 00010270
c 00010250
___ITH 0568 RITVPE = 1/TAU(RVFD*{COS{CCXTAU)-1)-IVPD*SIN(CO*TAU)) 00010290
IS4 0569 IITVPE = 1/TAUX(IVFDX(COS(COXTAU)~1)+RVFDXSIN(COXTAU)) $0C103C0
c 00010310
ISH 0570 RIAVFE =  1/(CO¥TAU)#(BCRXRVPI*(COS(CO*TAU)-1)-B2IXIVPD* 00010320
2 (CCS{COTAY)-1)-IVFD*E2R*STH( CO¥TAU)-B2I¥RVFD* 00010330
. ? SIN(CQ<TAU) ) 00010340
c 00010350
ISN 0571 ITAVPE = 1/(CO%TAU)*(BZR*IVPD*{CCS(COXTAU)-1)+B2I*RVPD* 00010360
? (CO3(CCHTAU)-1)+RVFLXB2R*SIN(COXTAU)-B2IXIVPD* 0010370
H SIH(CO%*TAU)) 00010320
o 09010350
C ROTATIONAL VELOZITY PERTURBATICHS AT THE EXIV 0001C%500
o [> o ) L L €0C1C410
TSN 0572 RRAVPE = 1/((R¥%2+CCx%2)ATAUIX(RRFF*(COS(COXTAU)~1)-IRFF* £oC1C420
? SIN(CO*TAU}) 0001C430
1Sy 0573 IRAVPE = 1/((R»"24CCT%2)%TAU)*{ IRFF*(COS(CO*TAU)-1)-RRFF* 00010440
? SIH(CO%*TAU)) 00510450
€ 00210460
ISH 0574 RRTVPE =  -R/CO*RRAVPE 00010470
1S9 6575 IRTVPE =  -R/COXIRAVPE 00C1065
- ) 00010450
IS ©57% ) 1P =7 (INFDI+INTPI/2.0. 00610530
ISH €577 RPIU = (RNTPI+RIPPI/2.0 00C1G510
1SH 0578 IP2U = (INFR+INPFUI/2.0 00010520
ISH 0579 RP2U = (RMPP+RNMPFUI/2.0 00010539
-~ ISH 058 IP3Y T = (IFSS+IMPFEN/2.0 C001CE40
ISH G531 RP3U =  (RFDS+RMPPE}/2.0 00910550
c 00010550
ISN 0582 RP1L = RPLUXCOS(SIGMATJ+IPIUXSIN{SIGMAT} 00010570
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*VERSICN 1.3.0 (01 MAY 80)

RST SYSTENM/370 FORTRAN H EXTENDED (ENHANCED)

DATE 80.353/15.02.49

PAGE 19

ISH 6533 IPIL = IPLUXCOS(SIGMAT)-RPIU#SIN(SIGHMAT) 0n310530
IsH 0536 RP2L = RPZUCOSISICHAT)+IRZUSSIN(SIGNAT) 00010590
__I%M 0395 IP2L___=__ IP2USCCS(SIGHATI-RP2USSIN(SIGHAT) 000105C0
IS4 0585 RP3L = RPIU=CCS(SICHAT)+IP3USSIHN(SICMAT) 00010610
ISH 0587 IP3L = IP3UsCCS(SIGHAT)-RPIU=SIN(SICMAT) 00010420

[ 00010630

____ISN 0588 RCLU__ =__ (RPIUXSTAR+RFEU#(XS-XSTAR)+RF3UX(C-XS5))/B _ 02010540
ISH 0589 ICLU = (IPIUANSTAR+IPZUR(XS-XSTAR)+IPIUX(C-X5)1/B 00010659
60010650

IS4 0550 RCLL =  (RPIL¥(XSTAR-DELTA*CGS(ALPCH))+RP2L¥(XS-XSTAR J+ 0€010670
. ? RP3L¥(C-XS+DELTA*COS(ALFCH) }}/8 L 00010680

ISN 0591 ICLL = (IPIL*(XSTAR-DELTA#COS(ALFCH))+IP2L*(XS-XSTAR)+ 0C01C650

? IP3L#(C-XS+DELTACOS(ALPCH) ) )/B 00310700

[ 0C010710

___IsN g562_ RCL__ = -RCLUsPCLL _  _ o 00010720
ISN 0593 IcL = -ICLUSICLL 00010730

c 02010740

ISN 059% RCMU = -(RPIUMNSTAR#(Z5C-XSTAR/2}4+RP2U%(XS-XSTAR )% { Z#C- 60016750

? (XSTAR+XS)/2)+BP3UR((C-XS I#(Z¥C-{C+X5)/2)) )/ (B*%2) 00010760

[ 02910770

ISN 0595 ICHU = -(IPIU*XSTAR¥{Z¥C-XSTAT/2)+IPSU(XS-XSTAR )*(Z¥C~ 0C210750

? (XSTAR+XS)/2 1+ IPIUR({C-XG)¥(Z¥C-(C+XS)/2)) )/ (B¥#2) 00017790

) . ) L . 00C10800

ISH 0596 RCML = (RPLL¥(XSTAR-DELTA“COS(ALFCH) )*(Z¥C-(XSTAR-CELTAX 0001C310

2 CC3i{ALPCH) /2 +RPCL(XS-X3TAT ) 4(Z¥C-(XS+XSTAR-2#DELTA% 00210320

? CCS(ALFCH /2 )+RPIL¥(C-XS+DELTAXCOSCALPCH } )% ( Z%C- 20010330

? (XS+C-DELTA¥COSCALFCH) )/23)/(8%%2) 60010340

00610850

ISH 0597 ICML = (IPLL¥(XSTAR~DELTAYCOS{ALFCH))*(Z%C-(NXSTAR-DELTA% 00210260

? CCSUALPCH ) )/2 )4 IF2Lx(XS-XSTAR )¥{ Z¥C~{ XS+XSTAR-2#4DELTA¥ 03010370

? CC3{ALFCH))/2)4+IF3L¥(C-XS+DELTAXCOSIALPCH ) )%(Z%C- _05212830

? (XS+C-DELTACOS(ALFCH)I3/2) )/ (B*%2) 00010350

c 00310900

ISH 0598 RCM = RCMU+RCHL €001€910
154 0599 ICM = ICKU:ICHL 09010520

C 05910930

ISH €600 IF (II.EQ.1) COTC 33 000108540
I54 0602 AR(2) = (-RCL/{PISK%*2¥ALFBAR))/12 00018950
IS4 0603 AAL(2) = (-ICL/(PI¥K##¥Z=ALFBAR)I/12 00718550
ISH C5C4 ER(2) = T RCH/(PINX#¥2#ALFRAR)/Z12 €0910370
ISH 0505 EAI(2) = ICM/(FIFi#%CxALFBAR)/12 00016550
IS 0605 ALRK = (AAR(2)K#ND) €C012%99
ISH 0607 ARIK = (RAII2) £2211000
IS 0593 BARK = 6091101¢C
ISN 0609 BAIK = 0C011020
ISH 0610 AURK = 00511030
ISH €611 AHIK = (AHI(2)8%¥%2) 00011045
TIsd Cal2 BNl =T (BliR(2)XKsw2) 00911250
ISH C613 38044 = (BHI(2)¥K¥u2) 0001150
ISH 0614 €070 16 €0511076

c i o 00911050

Ti8H70s15 337 24R(2) = (SVRCLZ(FIE H)iz12 00911050
ISH 0615 AHI(2) = (B*ICL/(PIuK»¥2:H))/12 00011100
ISH 0617 BHR(2) =  -BENCH/{PIxK#¥2¥H)/12 69611110
1S 0618 BHI(2) = -BRICM/(PL#K#*2¥H)/12 00011120
T [+ o ) T - 05011139
ISN 0619 3% WRITE(6,6666) LC 00011140
I1SH 6510 6666 FORMAT('~',' LC',16(E8.2,3X)) 0C011150
KRITE(6,440) RMAPI,IMAPI,RMAPT,TMAPT,RMAR,IMAP 00011160

ISN 0521
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¥VERSION 1.3,0 (01 MAY &0)

IS esz2
IZH €523

151 0832
FEATI H
IS 5334

ICH €635

134 €537
IS €633
ISH 06%9

I3 €e4l
ISH €362
1SN €643

I3 cL2%

ISH 0636

IS 550

WRITE(6,450) PACE,IACE

MRITZ(6,6459) R55P,IC80,RECU,ISISU,FN5SPI, INSSPI
_ITITE(,470) I .
K2ITE(5,430)
LATTECE,6490
VRITE(S,5C2)
JWBITENS,510)
! »520) 113P

(3224
1

17E

SU6,5

RITE(6,E50)
£(6,540)
|E(6:_)10)

-

unsY SYSTEM/370 FORTRAN H EXTENDED (ENHANCED) DATE 80.353/15.02.49

0011170
CCol1LaD
C20111%0

PAGE 20

WIITE6, 610) Ci,C?,IC,RC

HRITELG,620

728,108 ¢oo11200
05011218

00S, I0DS 6CC11220

. 00011230

. i 00611240
WRITE(6,537) vvr.,u",v'"1 YiBI,VICR,VICI 0001150
53) V12,V1T,\2 R.V”I VIAR,VIAL 60011250

I,V3R,V3I 03511270

: 0C011280

,FITVJI IITVPI,RIAVPT, IIAVPI 00011290

RIAVFE, IIAVFE,RITVPE,ILTVPE,RRAVPE , IRAVPE 00911350

FRTVPE, IRTVIE o 00011310

TTE(6.400) FLDS ,1U25,1257, W08 T 00011320
03011330

) EFF,IRFF 00011350

__ L7ITE(6,639) RP1Y,IPIU,RP2Y,IP2U,RPIU,IPIY 02011350
VRITE(6,560) RPIL,IFLL,RF2L,IF2L,RP3L,IP3L €5C11350
KRITE(6,650) RCLY,ICLU,RCLL,ICLL,RCL,ICL 63011370

$IRI

TECE,660) RO, ICHY,REHL, ICIL,RCIT, ICH

2011330

IS 0564 440 FORMAY('~',T11,'RMAPIY,TES, 'THAPL',T65, 'RHAPT',T62,  IMAPT',T79, _ 0C011359
? TREAPY,T55, ' AP /6X,6(F15.,6,2%) ) 005114C0

£0011410

ISH 0645 450 FORMAT('-',T11,'RACE",T28,'IACE'/64X,2(F15.6,2X)) 60011420
— T . . ; 66011430
1SH 0446 460 FCRMAT(! -',111, 'RSSPY,T28, 'IS5A7,T45, ‘R305U7,T62, ' ISOSU*»T79, 00011430

? SZPI',766, ' IMSSPI'/4X,6(F15.6,2X)) 00011450

60011450

ISH 2647 470 _ FCRUAT('-',T1, 'RM3SPE',T28, 'INSSPE' /74X, 2(F15.6,2X)) 00011470
- o 60011430
ISH 0648 480 FCRMAT('-',T11,'RNPP*,T28, ' IIIFP',T45, '‘RUPFU',T62, 'IMPFU',T79, 06011450

? 'RFDS', 766, ' IFDS ' /4X,6(F15.6,2X)} 06011500

R o . . 00611510

T IsM €669 490 7 FGRMAT(*~',T11, 'RHPPY',T28, 'INPPI',T45, 'RMPPE',T62, ' IHMPPE' 00011520

? /6%,64(F15.6,2X)) 06011539

00011550

__ 184 650 £00_ FORMAT('-',T11,'RIMDP',T28, 'INBP*,T45, 'RMCPU’,T62, ' IMDPU®, 000215590

- 2 T79, '8CCS', TS5, ' ICIS ' /6X,6(F15.6,8X)) 00011550
00011570

ISH 0651 510 FORMAT('-',T11,'Fi5PI',T28, 'IHOPI',T45, 'RHDPE',T62, ' IMDPE® 00011530
o 76X,4(F15.6,2X1) _ 00011590

- [ - 60011600

ISH 0652 520 FORMAT('-',T11,'USR',T28,'USI',T45, 'RMSP',T62, ' IMSP! 00011610

? /6X,4(F15.6,2X)) 00011620

- o S 60011630
TTISH 2553 5307 FCRMAT('-',T1l,'V1AR',T23, V1AI',T45,'VIBR',T62, V1BI',179, 09011640

? 'VICR',T95, 'VICI'/4X,6(F15.6,2X)) 00011650

00911660

ISN 0654 540 FORMAT('-',T11,'VIR',T28,'VLI',T45, 'V2R',T62, 'V2I',T79, 03011570

- - ? TU'WIARY,TG6, 'V3AL' /4X,6(F15.6,2%) ) 66011580

c 00211650

ISN 0655 550 FCRMAT('-',T11,'V3IIR',T28,'V3BI',T45, 'V3CR',T62, 'V3CI',T79, 00011700

- ? 'VIR',T96, 'V3II'/6X,6(F15.6,2X)) _ 60011710
- [ - ) - ' 60011720
ISH 0656 560 FORMAT('-',T11,'RVPU',T28,'IVPU',T45, 'RVPD',T52, 'IVID* 60011730

? 74%,4(F15.6,2%)) 00011740

00011750
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®VERSION 1.3.0 (01 MAY 80) UNST SYSTEM/370 FORTRAN H EXTENDED (EHHANCED) DATE §0.353.15.02.49
ISH 0657 570 FORMAT('-',T11,'RHMVFU',T28, 'IMVAU',T45, ‘RHLTVPI',T62, 'IHITVRI', 02011760
? T79, 'RMIAVPI',T96, 'INIAVAL ' /4X,6(F15.6,2X)) 0211770
. c ) o _ 00911780
ISN 0658 530 FORMAT('1',T1l, 'PMIAVPE',T28,'IMIAVPE',T45, RMITVRE',T62, 00011790
? ‘IMITVPE',T79, 'RURAVPE ' ,T96, ‘ INRAVPE ' /GX,6(F15.6,2X)) £5C11500
c £2011910
____ISN 0559 _ 590 _FCRMAT('-',T11, 'RERTVPE',T28, 'IMRTVPE'/4X,2(F15.6,2X)) 60511620
c 05011830
ISN €660 600 FORMAT('-',T11,'RUGS',T28, IUDS',T45, WDSR',T62, 'LDST* 00C11840
? /4%X,4(F15.6,2X)) 00311350
e O . e 06011859
ISH 0661 6.0 FORMAT('-',T13,'CI’,T28,'CR',T45, ' ICY,Te2, ‘RC’ 00011870
? 76X,6(F15.6,2X)) 03011580
c 02611590
___ISN 0662 620 FORMAT('-',T11,'RRFF',T28, IRFF'/4X,2(F15.6,2X}) 0091150
[ 05011510
ISN C663 630 FORMAT('-',T11,'RPIU',TC3,'IPIU',T45, 'RP2U',T62, 'IP2U’, 60011520
? T79, 'RP3U',T56, 'IPIU' /4X,6(F15.6,2X)) 05011930
e c. . ) ) o 00011940
1S4 0564 6646 FORMAT('-',T1l,'RPIL',T28,'IFIL',T45, 'RP2L',T62, 'IP2L, 00011950
? T79,'RP3L*,T96, ' IP3L'/6X,6(F15.6,2X)) 00011950
¢ 00011970
__ ISN c665 653 FORMAT('-',T11,'RCLU',T28, 'ICLU',T45, 'RCLL',T62,  ICLL!, 0001150
? T79,'RCL' ,T96, ICL'/5Y,6(F15.6,2X)) 09011590
ISH 0666 660 FCRMAT('-',T13, 'RCHU',T28, ICHU',T65, 'RCML',T62, 'ICHL!, 000120C0
? T79,'RCH* ,T96, ' ICH' /6X,6(F15.6,2%)) 00212010
L [ e 00012020
18770667 157 couTINuE £0012030
IS €558 HRITE(6,670) AAR(2), AAI(2), BAR(2), BAI(2) 00012040
IS4 C669 LAITE(6,630) AHR(2), AHI(2), BHR(2), BHI(2) 00012C50
154 0570 __ MTITE(6,650) AARE, AATK, BATK, BAIK _ 00312060
IS 0471 KRITE(6,700) AHRK, AHIK, BHRK, ZHIK 00612070
c 69212050
1EH 0672 670 FCRMAT('-',T11,'AAR',T28, 'AAI’,T45, 'BAR',T62, BAI" 00012¢50
o . /8A6IF186,28)) 00012100
T5H €573 680 FORMAT('-',T1l,"ANR',T28, AHI',T45, ‘BHR',T62, 'BHI' 09012110
? /76X,4(F15.6,2X)) 00012120
ISH 0674 690 FCRMAT('-',T1l,'ALRK',T28,"AAIK',T45, 'BARK',T62, 'BAIK' 0CC12130
? 74X,4(F15.6,2Xy B 03012140
ISV 0675 7007 FORMAT('-',T11,  AHRAK',T28,  AHIK',T45, ‘BHRK',T62, 'BHIK' 00012150
? /6X,6(F13.6,2X)) 66912160
c 006012170
ISH 0676 RETURN 00012180
TTTISN 0677 ERD 00012190

SYH3OL IMTERHAL STATEMINT N

-]

¥*#3:%F OR TR AN CR

6529 0011 0317 0135

SSE!

RS

01557 0157 0440 0451”0442 04437 0446 0647 0459 0460 0461 0462 0465 0466 0503

0ss REFERENCE LIS TTIHNGhsn®x

0593 0504 0306 0506 €507 0512 0512 0513 0513

C515 0616 0517 0513
0005 0609 0017 09021

0430

0431 0432

0514 0515 0588 0589 0390 0591 0594 0555

596 0597

0432 063304330436 0434 0435_ 0435 0436 _ 0437_ 0440 _ 0441 _ 0442

0442 70443 T 04537 044677 0446 T 0647 0447 0533 0566 0512 0512 05120 05127 0513 9513 0513 0513

€328 0539 C€DLS) 0591
0597 0597 0597 0597
€035 0017

G005 706497 04507 04517 0452 0453 0454 0455 0456 0459 0460 0461 0461 0462

0564
0597

0594 0564

0506 0507 0615 0616 0617 0618
0004 0020 0l65 0165 0165 0166 0166 0166 0178 06179 0188 0198 0198 0199 0199 0202 0233 0239 0244

0264

0594 0594

0595 0565 0595 0595 0555 0596 05956 0596

0462 0465 0466 0503 0504

0514 0315
0596 0596
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8¥1

J 6239
023
Gll%
Cl68
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G345
R gCa2
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0627

4

o
=
~

AC

|

3l
o
[F R+ N-NalsNel

_CI___—
cL

oo

A L L O VT LT G ey 1 63 4 2
BRI ORI SN SNV S

oo

Ci~ Oy Ly U T Gl 0 L 6 W

ce

o
o
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e3
0E
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_0oT

cu
FC

6231
0291
0621
0168
0199
0242
0393
€337
0379
c4¢2
€344
€e13

082%

0328
0337
0354
C3&5
0333
0269
Ci57

10470

0554
0159
0372
€129
0323
0513

05%%

03-0

0355
0ze2

0357
0476

0044
0166
0i7e
c235
6743
0321
8350
0392
0590
543
€563

‘0572

554
010
0105
0539
0100
0138
0103

T 0250

0104
0238
0244

UNST

SYSTEM/370 FORTRAN H EXTEHDED (ENHANCED)

#%x¥¥F OR TR AN

a3l
c231
ooz
Cls8
0201
0242 0242
0309 0310

0338 _ 0333
0379 0331
€526 €526
0544 0552

0231
03Z5
GNa%
0170
M)

0312 313
0323 0329
0333 0333
0354 0355
e3ll 477
0333 0333
0370 0371
0457 0487 _
T0431 7 432

0554 0365

G159 Glé5

0412 e4VS
0475 0476
0045 00%6
0167 0147
0172 0173

B P o S P
6243 €243
0331 ©¢Il2
03°%  03%0
¢i2 T Ca%2
0503 €530
€343 05456
6553 €253

6572 T 0572
0523
01¢5 0114
C1ll5 0124
Te53177¢831
0103 (€116

0104 0116
T 026870270
0ilé 0122
0239 0249

02644 0245

_STHBOL__ INTERIIAL STATEMINT KUMBERS

0235
355
605
0173
02C4
0243
C311
0339
61l2
0527
0I63

0314
0329
0339

0356

235

9325 .

0224
171
020%
0243
03519
0240

0
0
0

[
5
5
5

~N UL
Vi

oo oo
= U1 b
GlE Ll

CRURC S

2

0125
0161

252

> 0246 C

0306

CROSS
0235 0036
0335 0366
GC46 0047
0171 _ 0172

205 €205
0243 0247
0320 0322

03541 0342
0375 0327
0523 ©528
C603  C50%
0315 0317

- 0330 0331
0340 0341
0358 03%%
Ca77 0477
0304 033%
0374 0375

0438
Ci436

€335 6566
0165 0166
8326 (0326
03%3 6344
6528 (€529

0346

0339

0353

_ 0475
0475

cos

0168

0168

6207

202

€133

0352

T es%2
0532

0342

0558

T 0574
0374 032
0375 037
0534 035
012¢ 012
0182 0182
0337 0221
0295 0306

242 02452
0246 0246

REFEREHNCE

"eese

0357
0047
0172
02C6
0252
0324

0343

0337
0523
0603
0313
0331
G342

0359

€477
0532
0376

T0437

1536
0166

‘0257 0257 0257 €257 0275 0276 0276

€357 0357
0658 0042 0065

0172 _ 0173 0173
¢acs 0207 0207
0261 0261 0262
0326 0327 0323
0344 0344 _ 0345
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NOMENCLATURE

Symbol Definition

A Area between the blades
A, Complex constant describing irrotational flow field
a Speed of sound

B Axial wave number

b Semi-chord of the airfoil

C Tangential wave numbér

c, Specific heat at constant pressure
c, Specific heat at constant volume
D . .

Dt Substantial derivative

e Specific internal energy

F Force on the control volume

h Enthalpy

h Blade deflection in bending mode

' k Reduced frequency based on semi-chord

M Mach number

m Mass

n Unit vector normal to surface

p Pressure

R Universal gas constant

S Nondimensional interblade spacing
T Temperature

U Velocity along airfoil chord

u Axial velocity component
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NOMENCLATURE (Continued)

Symbol Definition

u Specific intrinsic energy

\" Volume

v Tangential velocity component
w Mass flowrate

Z Nondimensional elastic axis position
Z.. Complex constant describing rotational flow field
& Mean torsional deflection

Q, Cascade stagger angle

B, Inlet air angle

8, Exit air angle

8 Gap between the blades

% Ratio of specific heats

P, Perturbation velocity potential
p Density

7 Gap between the blades

a Interblade phase lag

¥ Stream function

¢ Vorticity

Subscripts

e Far upstream of blade row

e Far downstream of blade row
. Axial component

Tangential component

ave Average flow parameter
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Subscripts

IRE

ds

E

Superscripts

NOMENCLATURE
Definition
Relative inlet quantity
Inlet to blade row

Outlet from blade row

Average quantity in the control volume

Upstream of the shock
Downstream of the shock
Real part

Imaginary part

Irrotional component
Shock

Cascade exit

Steady-state quantity
Perturbation quantity
Mean perturbation quantity

Blade throat
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