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ABSTRACT

A general mash generation code (MESHGEN) and finite ele-

ment flow solver (TURBO) for calculating the flow development

through axial turbomachines are fully documented. The finite

element approach followed Hirsch and Warzee. Excellent re-I sults were obtained for the NASA Task-i compressor operating

with subsonic flow conditions. Construction of the code will

allow straightforward extension to transonic flows, turbine

stages and multiple stage machines.
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Symbol Description Units

Stream function Ibm/sec

aAbsolute flow angle whose tan- degrees
gent is the ratio of the abso-
lute tangential-to-meridional
velocity
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lute tangential-to-meridional
velocity

a Deviation angle, difference in degrees
flow angle and camber-line
angle at trailing edge in
cascade projection tangential-
to-meridional velocity
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I. INTRODUCTION

:" A. STATEMENT OF TASK

The original task of this research project was to con-

tinue the work of Macchi [Ref. 1] and Cirone [Ref. 2] in the

development of a turbine prediction computer code for the

Turbopropulsion Laboratory at the Naval Postgraduate School.

An analysis of the referenced code by Ferguson [Ref. 3] in-

dicated that a significant amount of work remained to be

done in order to make the program operational. In the au-

thor's opinion the task could be better accomplished through

the use of a different solution technique. After additional

study and review of similar work (Refs. 4, 5, 6 and 7] it

was decided that a finite element approach to the problem

would be adopted. A program developed by Gavito [Ref. 8],

which followed the work of Hirsch and Warzee [Ref. 4], was

selected as the basis for development of the computer code

described in the sections that follow. However, Gavito's

program was formulated as a compressor performance predic-

tion which, as it was reported, had not given results simi-

lar to those obtained by Hirsch and Warzee. Thus the first

goal of the project became the development of an axial com-

pressor prediction code that could produce results compara-

ble to those published by Hirsch and Warzee. The second

goal was to revise and document the program so that its

15
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application to any compressor and .its extension to turbine

analysis could be carried out without excessive difficulty.

B. DESCRIPTION OF THE PROBLEM

One purpose of conducting a through-flow analysis is to

predict the performance of a turbomachine under design and

. off-design operating conditions. Through the combination of

a mathematical model and empirically determined correlations,

it is possible to provide the engineer with a tool that will

determine the effects of variations in design parameters

and analyze the performance of an existing machine.

The first problem addressed in the formulation of a per-

formance prediction code is that of expressing the analysis

in a form that can be accurately and efficiently solved by

computer methods. Most methods for through-flow calcula-

tions are based on the classic work of Wu [Ref. 9] which

stated that the equations of fluid flow in turbomachines can

be solved on the intersecting sets of stream surfaces known

as the S1 family and S2 family of stream surfaces (Fig. 1).

In general the intersection of a Sl surface and a S2 sur-

face is a twisting line with three dimensional variations.

However, if an axisymmetric assumption is made, the S2 sur-

face will lie on a meridional plane and the directional

derivatives on the S2 surface become the 3( )/3r and U( )/az

in cylindrical coordinates. As shown by Smith [Ref. 10],

* ° circumferentially averaged equations with an axisymmetric

16



flow assumption can be used to a good first approximation

for the through-flow analysis.

Three general methods of solving the so-called radial

equilibrium equation of flows in turbomachines which results

from the axisymmetric assumption can be found in the litera-

ture. The first is called the streamline curvature method

[Refs. 1, 2 and 11]. The method derived its name from the

fact that the radius of curvature of the streamline is an

integral part of the formulation. The second, a matri::

method, applies a finite differences technique to the radial

equilibrium equation, normally after it has been reduced

to a Poisson form [Refs. 12 and 13]. The third method is

the finite element method which was used in the present

work.

In the mid-1970's, Hirsch and Warzee [Ref. 4] first re-

ported the application of the finite element method to solu-

tion of the axisymmetric radial equilibrium equation. They

applied the finite element technique to solve the equation

expressed in quasi-harmonic form in terms of the stress

function. They published extensive comparisons of the pre-

dictions obtained using their method with measurements ob-

tained on several machines under various operating conditions.

In general, the method produced excellent results for com-

pressors and turbines of single and multi-stage configura-

tions. It was this demonstrated ability of the method over

17
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such a wide range of parameters that let to its selection

for use in the present project.

In the sections which follow, the development of pro-

grams MESHGEN and TURBO, which are based on the work of

Hirsch and Warzee (Ref. 4], is documented. Comparisons are

given of the results obtained when the program was applied

to analyze the NASA Task-i compressor with results obtained

by the referenced authors.

*11.

.
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II. MATHEMATICAL MODEL
.7

The equation of motion for a fluid has the general form

(Vavra (Ref. 141)

(iv/at} + (vV) = -Vp/p + If - V(gz) (1)

Using the vector identity

(O.VO = V(V2 /2) - (IxVxO) (2)

Eq. (1) can be written as

/at + V(V2 /2 + gz) - -Vp/p + f + (i'xvx ) (3)

* -The first law of thermodynamics for a fluid particle can be

written as

Tds - dh - dp/p (4)

which, along an elemental path length dr in a fluid field

implies that

T(dr"-Vs) = (d-V)h- (dr.V)p/p (4a)

or

dr. (Vh-TVs-Vp/p) - 0 (5)

Since dr is not equal to zero in general, in a homogeneous

fluid flow the first law may be expressed as

Vh - TVs - Vp/p - 0 (6)

Substituting Eq. (6) into Eq. (3) yields

19



2Ma7,lt + V(h+V /2+gz) - TVs + + i xVx, (7)
f

For steady, inviscid flow Eq. (7) reduces to

VH - TVs + (VxVx) (8)

As shown by Hirsch and Warzee [Ref. 15], Eq. (8) can

be revised to describe the flow through blade rows by intro-

ducing a circumferential averaging process and assuming that

the flow is axisymmetric at the averaged condition. The

averaged equation can be expressed as

-(x V x ) = TVs - VH + Pb + d 9)

where Fb is the body force representing the action of the

blades on the flow and Fd represents the dissipative force

whose work generates the irreversible entropies. The Fd

forces are considered to be uniformly distributed in the

tangential direction and proportional to the loss coeffi-

cients. Equation (9) leads to the following three equations

in cylindrical coordinates (with a( )/6 - 0)

(Vu/r) (a (rVu )/ r) - vz((DVr/aZ) -

/r- T(Ds/3r) - Fbr - Fdr (10a)

(VZr)(3(rVu )/az)" + (Vr/r) (a(rV u)/Dr) = Fu  (10b)

Vr((aVr/az) - (Vz/ar)) -(VU/r)(a(rVu)/3z) -

aH/az - T(Is/az) - Fz  (lOc)

20
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Equation (10a) expresses the radial equilibrium of the

meridional through-flow and it is the governing equation to

be solved for the velocity components. Equations (10b) and

(10c) determine the tangential and axial components of the

forces once Eq. (10a) has been solved.

For the solution of Eq. (10a) to have physical meaning,

care must be taken to ensure that continuity is satisfied

throughout the field. In general, the continuity equation

can be expressed as

ap/at + V.(Pi) - 0 (11)

which for steady, circumferentially averaged flow can be

written as

(a/Dr) (PrbVr) + (W/az)(prbVz) = 0 (12)

where b is a blockage factor describing the reduction in the

flow area in the tangential direction due to the presence of

rotor and stator blades. The tangential blockage is ap-

proximated by

b = 1 - t/s (12a)

where t is the blade thickness and s is the blade spacing.

L As will be discussed in the description of subroutine INPUT,

this factor will be modified to account for the end-wall

boundary layer contractions. A stream function, *, can be

introduced and defined so that Eq. (12) is automatically

satisfied as follows:

21



a*lr= prbV z  (13a)

a -/z - -prbVr (13b)

After the substituticn of Eqs. (13a) and (13b) into Eq.

(10a) one is assured of the implicit satisfaction of con-

tinuity as the radial equilibrium equation is solved ex-

plicitly. Equation (10a) may now be written as

(a/ar) ((l/prb) (aq/3r)) + (3/az)((l/prb) (a,/az)) -

(1/V z)((aH/3r) - T(as/ar) +

(Vu/r)(3(rVu )/r))- Fb,r -Fd, r  (14)

The equation is written in a slightly different form for

solution in rotor regions where rothalpy remains constant

along a streamline. The definition of rothalpy, HR' given by

HR -UV u  (15).

is substituted into Eq. (14) and the terms in brackets on

the right-hand side become

3[HR/ar-Tas/ar) - (Wu/r)(3(rVu)/r)-Fb,r- Fd,r] (16)

The significance of the Fbr and Fd,r terms can be analyzed

in the following manner. The body force Fb acts in a direc-

tion normal to the mean blade surface, which for radial

blading is in the circumferential direction. The term Fb,r

accounts for the body force component in the radial direc-

tion that results when blade lean is present. For most

blading this is a small term that may be neglected.
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Similarly, Fd r is the contribution of the dissipative

forces in the radial direction for non-cylindrical stream

surfaces. This contribution can normally be neglected for

axial-flow machines, which is the case treated here. (Note

that the two body force terms are included in the analysis

for machines in which the magnitudes of these forces are

significant.) With these simplifications the radial equi-

librium equation may be written in the form

O.a/r) ((1/prb) (ap/ar) ) + (a/1z)((1/prb) (1p/3z) =

(1/Vs) ((H/ar) - T(as/ar))+(Vu/r)(a(rVu)/r) (17)

with the appropriate modifications for solution in a rotor

region.

r.
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III. FINITE ELEMENT METHOD

A. INTRODUCTION

The finite element method is a numerical procedure that

is particularly well suited to solving problems in continuum

mechanics, which invariably involve equations expressed in

differential form. As stated by Cook [Ref. 16], the essence

of the finite element method is the "piecewise approximation

of a function *, by means of polynomials, each defined over

a small region (element) and expressed in terms of nodal

values of the function."

In order to understand the finite element method and

the solution techniques employed in the computer program

reported herein, one must first have a complete understand-

ing of the basic element, the terminology used to describe

the element, and the relationship between the element and

the remainder of the solution domain. The complete problem

is solved in a piecewise manner, in which the solution of

the derived governing relationship over the discrete region

of an element is sought to determine the contribution of the

element to the overall solution. Figure 2 illustrates the

single element as it is used in the present work and the

nomenclature for the element on what is referred to as the

"local domain". The number scheme to employ is arbitrary,

limited only by the requirement that the system remain
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consistent from element to element. Figure 3 shows a ver-

tical stack of three elements to show how elements are con-

nected in what is known as a "global domain". Table 1 lists

the relationship between the two reference systems, known as

the connectivity. The connectivity is important because the

solution of a problem over a computational region involves a

careful summation of the local contributions of each element

to the global equations. The summation process is tracked

by the connectivity. Again the global numbering scheme is

arbitrary, influenced mainly by considerations of computer

storage and computational efficiency.

The key concept to be grasped is that the finite element

method is a series of local solutions that are coupled to-

gether through the connectivity relationships to form a so-

lution for the entire computational domain. A more detailed

description of the finite element method is contained in

Refs. 16 through 18.

B. APPLICATION OF THE WEIGHTED RESIDUAL PROCESS

A standard weighted residuals-process was used to trans-

form Eq. (17) into a form that can be solved by numerical

techniques. As a first step, the equation was written in a

more compact form as

(a/ 3r (k(p/ar) ] + (3/3z) [k(a/q3z) ] + f = 0 (18)

where

k(r,z) = (I/prb) (19)
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f(r,z) - (1/V )[T(3s/ar) - aH/ar+ (Vu/r)(;(rVu)/9r)] (20)

with the boundary conditions

k( 09/n) + al %) = 0 (21)1 0~
on the associated exterior surface S. Equations (18) and

(21) may be rewritten as

(1/r) (a/r) [k(0/3r)] + (3/3z) [k(a /3z) + f} = 0 (22)

in the volume, V, and

(/r)[k(/an) + ai ( - 0) ] = 0 (23)

on the surface, S. An approximation, V(r,z), of the unknown

solution is searched for such that the corresponding weighted

residual, R, is equal to zero. Analytically this is ex-

pressed as

= fw(r,z) Rv(r,z) dV + fW(r,z) Rs(r,z) dS - 0 (24)

V S

where W(r,z) is the (known) weight function and RV and RS

are the so-called "residuals" in the volume and on the sur-

face, respectively. As the sum of RV and R approaches

zero, the approximation, P, approaches the exact solution,

-p, with RV and RS defined to be identically zero if p =

By defining RV to be equal to the left-hand side of Eq.

(22) and RS to be equal to the left-hand side of Eq. (23),

F Eq. (24) can be written as

f -W(r,z) (a/ r) {k( OWDr) } + (/3z) {k( / z) } + f121ds

+ fWk(4/3n)27dC = 0 (25)
pC
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Integration of the first term of Eq. (25) by parts yields

f[k{(3*ar) (aW/3r) + (a'/3z)( W/az)} -Wf] dl - 0 (26)

if ' is selected to equal '0 along the corresponding part of

the boundary. The second term of Eq. (26) reduces to zero

through the proper application of the boundary conditions.

The boundary conditions must be satisfied in different

ways for different portions of the boundary. Along the in-

let where a 1 0 the conditions may be satisfied by speci-

fying (a*/Dn) to be zero or by specifying the nodal values

of * if the inlet conditions are conducive to calculating '

for each node. Along the shroud and along the hub the value

of ' must be specified as P = (m/27) at the shroud and 4,- 0

at the hub. For nodes at the exit plane, the condition that

(.!/an) - 0 is required.

C. APPLICATION OF THE FINITE ELEMENT METHOD

The first step is to discretize the region into sub-

regions or elements. Within each element the unknown stream

function, 4, and the coordinates r and z are assumed to have

7the following polynomial variations:

n
-(r,z) - N i (27a)

n
r = . ziNi(,n) (27b)

n
z z zN(,n (2 7c)

27

• ' i, . .. ". -" - . . . .-- • ""- - . . . - . . ..



where n = number of nodes in the element
N. = the shape or (trial) function for node i

i value of * at node i

r value of r at node i

z. - value of z at node i
1

Equations (27b) and (27c) imply a geometrical as well as

functional transformation or mapping, as shown for the pres-

ent case in Fig. 4.

The second step in the process is the selection of the

weight and shape functions. The shape functions are defined

when the particular type of finite element is selected for

the computational grid [Ref. 16]. The eight-noded quadri-

lateral was used in the present program and its associated

shape functions were entered in a subroutine. The weight

function is independent of the shape function and may be

chosen at the discretion of the individual. In the present

case the standard Galerkin technique was employed and there-

fore, the weight functions were defined as being equal to

the shape functions, so that

W(r,z) N(r,z) (28)

Equation (26) may now be expressed in the following form:

. 4 n n nfl (Nj/3r} l Ni/ar)+(aNj/az} (9Nj/az)jlaNi/az}

-"1 1
E

- N.f(r,z) dl = 0 (29)

J J
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where f represents the integral over an element. In matrix
E

notation this becomes

[K]e{S}e { (f}e  (30)

where

e5  - fk(r,z) [(aNj/ar) (aNi/ar)+(aN/WON Niz) da (31a)
'" E

fe - fNi f(r,z) d (31b)
SE

and

Si (i (31c)

The summation of the elemental contributions over the entire

region yields the global system of equations needed to solve

the problem. In matrix notation the global system of equa-

tions is expressed as

(K]{d} {f} (32)

where

m

m
}e

{5 s - { i (33b)
1

{f} = f ~(33c)i2.331

and m - number of elements in the mesh
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[KJ - system's stiffness matrix

{f} - system's right-hand side vector

Since kij and f. depend on the unknown solution 4, Eq. (32)

is a nonlinear differential equation to be solved by an

iterative procedure. The details of the procedure are con-

tained in section V.

D. NUMERICAL INTEGRATION TECHNIQUE

In general, problems are analyzed using a coordinate

system in which the boundary conditions can be written and

satisfied in the simplest possible way. For problems with

irregularly shaped boundaries and/or mixed conditions along

different portions of the boundary, obtaining numerical so-

lutions in the original coordinate system can be a formida-

ble task. Very often a scheme must be found to transform

the derived equations into a new coordinate system that con-

forms to the requirements of standard numerical techniques.

Traditional transformation techniques tend to be complicated

exercises in algebra that require extensive reformulation

for each geometry or type of boundary condition. The power

of the finite element method is the automatic inclusion of

K a transformation of the geometry and the function to a rec-

tangular domain where a variety of integration techniques

may be employed. This can be seen in Fig. 4, which illus-

trates what is implied by Eqs. (27a), (27b), and (27c). The

method can handle extremely complicated boundary conditions
I3
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and shapes with ease and is limited only by the type of ele-

ment selected by the individual.

The quadratic properties of the eight-node element allows

curved boundaries in the physical domain so long as the sec-

tion of the boundary included within a single element does

not have a point of inflection. The use of a quadratic ele-

ment also ensures continuity of the approximated function

along the elemental boundaries regardless of the direction

of approach from within the mesh. The specific numerical

technique used in the program is discussed in the following

section.

1. Stiffness Matrix Evaluation

In section C the following relationship was derived

for the individual elements of the stiffness matrix, [K]:

k e - /r)((N/iar)+ (aNj/9z)(3Ni/3z)]di (31a)

In order to take advantage of well established numerical in-

tegration techniques, Eq. (31a) must be transformed from the

(z,r) domain and its irregular elemental boundaries to the

rectangular ( ,n) domain. Equations (27a) through (27c) de-

scribe the variation of the function and the (r,z) coordinate

values in the (C,n) plane. In order to transform Eq. (31a)

it is necessary to determine the relationship of the varia-

tions of the derivatives in the two domains. These relation-

ships can be derived in a straightforward manner through the

use of the chain rule as follows:
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(aNil3) - (Ni/az (az/a) + (Ni/3r) lr/ ) (34)

and

(Ni/an) - (Ni/z) (Oz/an) + (MNi/3r) (r/an) (35)

Equations (34) and (35) can be combined in matrix form as

F~~1 - a r aI~ (36)
3~Nf [3 ar

Through the selection of the type element to be used in the

mesh, Ni (&,n) is a known function (Ref. 16), which makes

i 

-* .possible the computation of the left-hand side vector for

any point within the element boundaries. Similarly, by tak-

ing the appropriate derivatives of Eqs. (27b) and (27c) the

2x2 matrix, known as the Jacobian matrix [J]; can be deter-

mined. It follows that the r and z derivatives of the shape/

weight functions can be determined for any point of an

element from

aN. -1 aN.
r ar 3 .'

{( {37)
i z 3r 3.

An examination of Eqs. (27a) through (27c) shows that once

the derivatives of the shape/weight functions are known for

a point then it is a simple procedure to determine the
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derivatives of any other elemental property that has a value

specified at the nodes.

The final relationship that is needed for the trans-

formation is the relationship between the differential change

in the coordinate directions of the (rz) plane and the (&,n)

plane. As shown by Kaplan [Ref. 19], the required relation-

ship is

dzdr - IJld~dn (38)

Equation (31a) can now be transformed for integration in the

( ,n) plane to the form

ki f Nk( [BT (B]) IJIlddn (39)

-1 -1

where,1
[B] - EJ)-l{ (40)

and k = (l/prb) (41)

The Gauss-Legendre method of numerical integration

was used to obtain a solution to Eq. (39). It was selected

because its determined accuracy was easily determined and

the simple summing procedure used in the solution could be

efficiently coded. A one dimensional example is used here

to illustrate the use of the method.
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The definite integralF1
I f *(C)d& (42)-1

may be written in the form

Wl + W202 + W3 3 + . . . Wn n (43)

where )

W. - Gaussian weight fuction for &i

The values of the points, called abscissas, and their cor-

responding weighting function values are catalogued for use.

The number of points to be used is determined by the order

of the function to be approximated. In general, a polynomial

of (2n - 1) is integrated exactly by the use of n Gauss

points. In two dimensions the Gauss method can be written as

I f 0(&,n)d=dn (44)-l -l

which can be written as

n m
I WiW ( irij) (45)

Equation (39) can now be written in a form that can be coded

for solution by the computer as

ke - tWW ~Nkm((B]T(BI) Ij, (46)

kt34
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The scheme used in the program is a two dimensional, three-

point Gauss integration. A detailed description of the

Tevaluation of [B] (B] and the method used to obtain km is

z. contained in the description of subroutine STIFF.

2. Right-hand Side Vector Evaluation

In Section C the following relationship for f was

derived:

f e f Ni f(rz) dn (31b)°,i i
E

By using the techniques of Section Dl, Eq. (31b) can be re-

placed by

fei m~W.W kNi I NjFLIJI (47)
j jk I

A more detailed description of the specific methods used to

solve Eq. (47) is contained in the description of subroutine

FCAL.
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IV. DESCRIPTION OF PROGRAM MESHGEN

A. MAIN PROGRAM DESCRIPTION

iMESHGEN was developed in order that the required inputs

for the program TURBO could be generated in a fast, accurate,

and conceptually correct manner. The program generates an

eight-node isoparametric element mesh, computes the related

connectivity matrix, defines the type of region enclosed by

each element, computes the tangential blockage factor and an

estimate of the stream function for each node in the mesh,

and computes the thermodynamic conditions and velocity at

the inlet. The inputs required to operate the program are

the mass flow rate, total temperature, and total pressure at

the inlet, the blading and machine geometries, RPM, Cp, y, R,

and scaling constants for the plot of the mesh. The blading

geometries must be coded in the program as a subroutine that

uses approximations or design information to exprtss the

blade variables as functions of radius. The user provides

the other information in response to interactive prompts.

The program has two modes of operation, one which generates

a complete mesh and all of the associated information and

=another which uses a previously generated mesh to compute the

changes in specific arrays that result from a change in the

inlet conditions.
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The program is completely general and may be used for

either single-stage axial compressur or turbine, and, with

very minor modifications, can be expanded for use with multi-

stage machines. The mesh size that can be generated by the

program is limited only by computer storage considerations.

To use the program for another machine, the user is required

to replace subroutine TASK1 with a subroutine that can com-

pute the tangential blockage factor, b, for the desired

blading. The functioning of the program and its subroutines

for both modes of operation is described in the section B.

The program's algorithm in outline form is as follows:

Algorithm:

Determine the value of the appropriate operating condi-
tions and whether a new mesh is desired (Subroutine
INIT1).

Obtain the coordinates of the super element corners and
a description of the division of the super elements into
the final mesh. Compute the storage allocation parame-
ters (Subroutine INPUT).

Compute the (r,z) coordinates for all nodes in the mesh
(Subroutine TMESH).

Compute the connectivity relationships for the mesh and
determine the beginning and ending node numbers for the
rotor and stator (Subroutine CONEC).

Compute the array of node numbers where the value of
is to be specified. Compute an initial estimate of the
nodal stream function distribution and call subroutine
FLOFCT to determine the inlet conditions (Subroutine
INIT2).

Compute the nodal tangential blockage factor, b, for the
rotor and stator nodes (Subroutine TASKi).

Place the computed values in disk storage (Subroutine
FILGEN).
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-o
Plot the generated mesh on the Tektronix 618 terminal for
inspection (Subroutine MPLOT).

END

B. SUBROUTINE DESCRIPTIONS

1. Subroutine INIT1

Subroutine INITI obtains the value of thermodynamic

variables and plotting parameters that are required for the

program in either mode of operation. The user is required

to provide the values of the mass flow (Ibm/sec), total tem-

perature (°R), and total pressure (psia), ratio of specific

heats (y), gas constant (ft-lbf/lbm-°R), and the specific

heat at constant pressure (BTU/lbm-OR). The scaling con-

stants are convenient values of r and z used to frame the

plot of the mesh. If a new mesh is not desired, the program

exits the subroutine.

K" Subroutine INIT1 determines if a new mesh is to be

generated by the response of the user to an interactive ques-

tion. If a mesh is to be generated, the subroutine obtains

some preliminary information about the flow region. Figure 5

shows how the user must first divide the flow region into a

coarse mesh known as super elements, recording the (z,r) co-

ordinates of the ccrner points. The minimum number of superL0

elements for a single-stage compressor is five so that the

three duct regions, the rotor, and the stator may be repre-

* sented. The maximum number of super elements and the subse-

quent division into mesh elements is limited only by the
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storage limitations of the machine. In practice, the maxi-

mum number of elements is limited by the number of equations

that may be solved by the program TURBO. It is also limited

by the fact that only one super element may be used to de-

scribe a rotor or duct region and that the super elements for

these regions may only be further subdivided into a single

column of elements. The latter restrictions are for compati-

bility with the computation procedures used in the program

TURBO. A decision must then be reached on what subdivision

of the super elements will provide a mesh that is sufficient-

ly fine to yield accurate results efficiently. Once the flow

region has been divided into super elements and a determina-

tion as to the total number of rows and columns of mesh

elements has been made, the user can input the appropriate

values in response to the prompts provided by the program.

2. Subroutine INPUT

Subroutine INPUT uses interactive prompts to obtain

a description of the turbomachine's flow passage geometry and

the desired mesh characteristics. The user must provide the

program with the coordinate values of the super element nodes

as shown in Fig. 5. The values are entered as nodal pairs on

a station-by-station basis. The first (z,r) coordinate

entered is the node on the shroud and the second lies on the

hub. The program then asks the user to identify, the type of

region enclosed in each super element and into huw many
I

columns each super element is to be divided.
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Enough information is now available for the program

to compute and store the information required for the program

TURBO. Subroutine INPUT stores the responses to the inter-

active prompts, determines the values of the storage location

pointers, and determines if any storage limitation has been

exceeded. If any storage limitation is exceeded, the sub-

routine calls the appropriate error subroutine to halt execu-

tion. The interactive portion of the subroutine is omitted

if a new mesh is not desired. However, the values of the

pointers are calculated and storage requirements are evalu-

ated as before. A listing of the pointers and the corres-

ponding variables is given in Appendix A.

3. Subroutine TMESH

Subroutine TMESH computes the nodal coordinate values

from the information obtained in subroutines INIT1 and INPUT.

The subroutine uses linear interpolation in the axial direc-

tion and a quadratic scheme in the radial direction. The

radial interpolation scheme maintains the difference in the

squares of the radius of the nodes as a constant. This al-

lows the assumption of equal mass flow between the nodes for

uniform axial velocity which is used to determine the initial

estimate of the nodal stream function distribution. The

nodes are numbered with the assumption that the fluid flow

*: is from left-to-right in the mesh and that the number of

columns of elements is greater than or equal to the number

*I of rows of elements. The node at the inlet shroud is labeled
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1 and the node at the outlet hub is labeled n for an n node

mesh. The numbering proceeds on a column-by-column basis

from top-to-bottom. The total number of rows, columns, and

mesh elements is displayed to the user. The mesh computa-

tions are omitted if a new mesh is not created and elemental

count information is displayed as before.

4. Subroutine CONEC

Subroutine CONEC generates the connectivity matrix

for the mesh. The connectivity matrix is used to keep track

of which nodes are assigned to which elements and the ar-

rangement of the assigned nodes within the element. The con-

nectivity relationships for a three element stack is shown

in Fig. 3. Additionally, the subroutine determines the first

and last nodes of the rotor and stator.

5. Subroutine INIT2

Subroutine INIT2 stores the node numbers for nodes

where the value of i is specified as a known quantity. The

array is used in the program TURBO to apply the boundary

conditions. The array is not computed if a new mesh is not

desired. For either mode of operation, subroutine INIT2

computes the values of the inlet thermodynamic variables,

the inlet axial velocity, and an initial estimate of the

nodal stream function distribution. Subroutine FLOFCT is

used to calculate the inlet conditions and is described in

the next section. The initial stream function is computed

from the boundary conditions at the shroud and hub. Along
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the shroud, p is specified to be equal to (/2w) and along

the hub to be zero. The value of * along the inlet is de-

termined by a linear interpolation because of the quadratic

node spacing in the radial direction. The remaining nodal

values of * are obtained by an assumption that * is a con-

stant along the streamwise boundaries of the elements. The

assumption is obviously in error, but it observes the boun-

dary conditions and provides a reasonable first estimate to

begin the iteration scheme used in the program TURBO.

6. Subroutine FLOFCT

Subroutine FLOFCT computes the inlet conditions for

a passage with a specified geometry, mass flow rate, total

temperature, total pressure, and an assumed uniform inlet

velocity. The method followed is the "total flow function"

formulation proposed by Shreeve (Ref. 20]. The total flow

function is defined as the ratio of the mass flux to the

limiting or stagnation mass flux. The following definitions

and equations are required for the method:

Vt = (2H]0 "5  (48)

x = v/vt (49)

T/Tt 1 - X2  (50)

=(-)(Y-1)

P/Pt = (1 - (52)

I.
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From the definition of the total flow function, 0, it follows

that

"-1

* 0 = PV/PtVt = X(l - X2  (53)

The value of 0 at the inlet can be calculated at the inlet

from the assumed uniform conditions by the expression

(P i t ml~ ~A) (54)

The value of X at the inlet is found through the following

Newtonian iteration:

i = /(PV A) (54)

Assume X = 0.1 to assure the selection of the subsonic root.

1

Calculate: 0 - XlU - X2 1  (53)

and dO/dX - {1/X- 2X/[(y- 1) (1- X 2]}

Test <01 - EI <

If the test fails then calculate

X - X + ( 1 -0)(do/dX)

and recalculate 0 until convergence is reached. Once con-

vergence is reached the inlet conditions are computed by

equations (50) through (52).

7. Subroutine TASK1

Subroutine TASK1 computes the nodal tangential block-

age factor for the blading of the NASA TASKI transonic com-

pressor. The value of the blockage factor is determined by
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b =1- t/s (12a)

The values of t and s are obtained by approximations to the

known blading geometry that are expressed as functions of

radius. The maximum thickness of the blade is artificially

defined to be at the mid-point of the chordline to ensure

that the factor is accounted for in the calculations in the

program TURBO. This artificiality could easily be removed

through a modification to the axial interpolation scheme used

in rotor and stator super elements. Subroutine TASK1 is the

only machine dependent subroutine in use in the program and

would need to be replaced with an appropriate substitute in

order for the program to be used on another machine. The use

of the subroutine is omitted if the user does not desire a

new mesh.

8. Subroutine FILGEN

Subroutine FILGEN places the computed mesh parameters

on disk storage for use in the program TURBO. If the limited

mode of operation was selected by the user, the subroutine

only updates the values of the parameters that change for a

new inlet condition. A listing of the output parameters and

their corresponding storage location is given in Appendix B.

9. Subroutine MPLOT

7Subroutine MPLOT provides an on-line plot of the com-
Ki puted mesh on the Tektonix 618 graphics terminal. Figure 6

shows the 63 element, 222 node mesh used in the computations

of the test cases. The subroutine displayed the mesh through

) 44

.. . . .. .



direct calls to the subroutines of the library plotting

package, GRAFF. The subroutine's algorithm is as follows:

Algorithm:

Form two Real*4 arrays from the information in the r co-
ordinate and the z coordinate arrays for plotting
compatibility.

Sort the arrays and plot the streamwise boundaries of the
mesh elements.

Sort the arrays and plot the transverse boundaries of the

mesh elements.

END

10. Subroutine ERR1

Subroutine ERRI is called by subroutine INPUT if the

storage limitation for Real*8 variables has been exceeded.

The subroutine displays the amount by which the limitation

was exceeded and terminates the program's execution. The

user response would be to increase the value of LIM if pos-

sible or reduce the size of the mesh.

11. Subroutine ERR2

Subroutine ERR2 is called by subroutine INPUT if the

storage limitation for Real*4 variables has been exceeded.

The subroutine displays the amount by which the limitation

was exceeded and terminates the program's execution. The

user response would be to increase the value of LIM4 if pos-

sible or reduce the size of the mesh.

12. Subroutine ERR3

Subroutine ERR3 is called by subroutine INPUT if the

storage limitation for Integer*4 variables has been exceeded.
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The subroutine displays the amount by which the limitation

was exceeded and terminates the program's execution. The

user response would be to increase the value of LIMI if pos-

sible or reduce the size of the mesh.
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V. DESCRIPTION OF PROGRAM TURBO

Program TURBO solves the quasi-harmonic stream function

radial equilibrium equation for flow in an axial compressor.

The program uses the information computed by the program

MESHGEN to calculate the desired thermodynamic information

at all nodal points and displays selected values on a graph-

ics terminal for inspection.

A. MAIN PROGRAM DESCRIPTION

The program obtains a solution of the equation

(K]{} = {f} (32)

An iterative scheme was adopted for this nonlinear problem,

whereby an estimate of the stream function distribution is

used to calculate values of the velocity components and

thermodynamic variables at the nodes of the mesh. These

computed values are then substituted into Eq. (32) and a new

value of the stream function distribution is calculated. The

estimate of the distribution is compared to thu calculated

value to determine if the solution has reached convergence

according to the following criterion:

• n - in+l
> 147)

in+ l
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where - estimate of ' at node i

-n+l - solution for t at node i

If the maximum difference for all nodes is less than E, the

procedure is terminated. If the maximum difference exceeds

some specified value of e, the new estimate of ' to be used

for the next iteration is determined using

n+l n + _l in] (48)

n+lwhere ip new estimate of p for the next iteration

= under relaxation factor required for conver-
gence because of the strong nonlinear proper-
ties of Eq. (32).

The process of constructing the inputs required for Eq.

(32) is repeated until convergence is obtained. The details

of calculating the inputs and constructing the stiffness

matrix and the right-hand side vector are contained in de-

scriptions of the program's subroutines.

The program's algorithm follows in outline form:

Obtain the computational constants (SUBROUTINE RDATA).

Determine the values of the pointers used to partition the
storage arrays (SUBROUTINE INITI).

Set the initial values for all storage locations to 0.0 cr
0 as appropriate (SUBROUTINE ZEROI).

Recall from storage the externally computed input values

and initialize the inlet conditions (SUBROUTINE INPUT).

Calculate a velocity and thermodynamic variable distribu-

tion based on the assumed stream function distribution and
the inlet conditions (SUBROUTINE DIST).
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From the distributions obtained in DIST, calculate the
right-hand side vector {f} (SUBROUTINE FCAL).

Using the density and blockage factor distributions, form
the stiffness matrix [K] (SUBROUTINE STIFF).

Solve the system of linear equations to obtain a new stream
function distribution (SUBROUTINE DSIMQ).

Place the solution vector in its proper storage location
(SUBROUTINE REPLA).

Compare the original stream function distribution to the
solution vector to determine the maximum difference in the
distributions for all nodes (SUBROUTINE TEST).

Determine if the convergence criterion has been satisfied.

If convergence has not been obtained, perform the relaxa-
tion iteration to update the estimate of the stream func-
tion distribution (SUBROUTINE RELAX), prepare for another
cycle (SUBROUTINE NOCON), and then return to SUBROUTINE

7 DIST for further calculations.

If the convergence criterion has been satisfied, print the
results (SUBROUTINE OUTPUT) and display selected informa-
tion on the graphics terminal (SUBROUTINE MPLOT).

END

B. SUBROUTINE DESCRIPTIONS

Sections 1 through 23 provide a detailed description of

the subroutines of program TURBO.

1. Subroutine RDATA

Subroutine RDATA is used to store the following com-

putational constants:

(a) Logical Input/Output variable NREAD and NWRITE.

(b) Relaxation factor.

(c) Limits for the storage arrays.

:It
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(d) Three-point Gaussian abscissas and weighting values.

(e) Constants used for conversions between different units.

2. Subroutine INITI

Subroutine INITI determines the values of the point-

ers used to partition the Real*8, Real*4, and Integer*4 ar-

rays and determines whether the storage limitations for any

of the arrays has been exceeded. If the storage limitations

have been exceeded the subroutine will halt execution by

calling the appropriate error subroutine. A listing of the

pointers and their corresponding array names is contained in

Appendix C.

3. Subroutine ZEROI

Subroutine ZEROI sets the initial value of all arrays

equal to 0.0 or 0 as appropriate.

4. Subroutine INPUT

Subroutine INPUT retrieves required input information

from its corresponding disk storage location. The informa-

tion must be placed in storage before running program TURBO.

The usual method of generating the information and placing

it in storage is through the use of the program MESHGEN.

Subroutine INPUT also initializes the inlet condi-

tions to their proper values, and modifies the nodal blockage

factors to account for end-wall boundary layer effects. No

attempt was made to include a global method for calculating

the blockage factors; rather, a method similar to the one

used by Hirsch and Warzee [Ref. 4] was used. The full method
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used by Hirsch and Warzee was to artificially reduce the

size of the flow passage by reducing the boundaries of the

mesh, followed by the application of a general blockage fac-

tor to the nodes of the mesh. In the program TURBO, no mesh

modifications are made. The procedure followed was to apply

a general blockage factor to all nodes, followed by the ap-

plication of an additional blockage factor to nodes in the

outer elements in the rotor, stator, and the passage in be-

tween. Though reasonable results were obtained by this

method, the handling of the end-wall boundary layers remains

the most obvious weakness in the code. This is addressed

specifically in section VII.

5. Subroutine DIST

Subroutine DIST calculates the distributions of

velocity, density, temperature, pressure, fluid flow angles,

entropy, and enthalpy using the known blade and machine

geometry, inlet conditions, and the assumed distribution of

the stream function. Properties of nodes at the mid-line

of the rotor or stator blades were assumed to have a value

equal to the average of the inlet and exit conditions of the

blade. The elemental calculations are accomplished through

the control of subroutines SLINE, DUCT, ROTO, and STAT.

The following is the subroutine DIST's algorithm in

outline form:

For each element in the mesh.

6 Determine type element for appropriate computations.
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Duct Elements

For each node at stations 2 and 3:

Determine the location of the streamline and thermo-
dynamic conditions at station one (Subroutine SLINE).

(If the element is along the machine exit plane, en-
sure that (3*/z) = 0.)

Compute the thermodynamic conditions (Subroutine DUCT).

Assign the appropriate values to the proper storage
location.

Rotor Elements

For each node at stations 1:

Determine the location of the streamline at station 3
and the au/az and the 3ip/Dr at stations 1 and 3 (Sub-
routine SLINE).

Determine the inlet and outlet relative flow angles and
the outlet absolute flow angle.

Compute the total-to-total pressure ratio and the adia-
batic efficiency for the streamline (Subroutine ROTO).

- Assign the appropriate values to the proper storage

location.

For each node at stations 2:

Determine the location of the streamline and the ther-
modynamic conditions and the 3*/3z and the a/3r at
stations 1 (Subroutine SLINE).

Determine the location of the streamline and the 5'/3z
and the 9*/ar at station 3 (Subroutine SLINE).

Determine the inlet and outlet relative flow angles and
the outlet absolute flow angle and the relative devia-
tion angle.

Compute the thermodynamic conditions at station 3 (Sub-
routine ROTO).

Compute the value of all properties for the node as
being the average of the values at station 1 and sta-
tion 3.
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Assign the appropriate values to the proper storage

location.

For each node at stations 3:

Determine the location of the streamline and thermo-
dynamic conditions at station 1 and the value of 3t/Oz
and i/par at stations 1 and 3 (Subroutine SLINE).

Determine the inlet and outlet relative flow angles and
the outlet absolute flow angle and compute the thermo-
dynamic conditions (Subroutine ROTO).

Assign the appropriate values to the proper storage

location.

Stator Elements

The stator algorithm is the same as the rotor algorithm
except the outlet absolute flow angle is the only angle
calculated. The inlet absolute flow angle is determined
through interpolation.

6. Subroutine SLINE

In order to understand the functioning of this sub-

routine and others to follow, one must refer to the nomen-

clature used to describe the eight-node element. Figures 2

and 3 show the nomenclature clearly and Table 1 demonstrates

the connectivity. All of the calculations in the program for

the distributions of velocity, flow angles, and thermody-

namic properties are founded on the assumption that theK points in question lie on the same stream surface. Thus the

objective of the subroutine is to obtain the location of a

given value of the stream function at a specified station in

the flow region. The location of the streamline is required

in order to compute the variables used in [K] and (f}.
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Through the application of the boundary conditions,

the nodes along the shroud are defined to lie on one streaT

surface and the nodes along the hub are on another. It is

possible for all other nodes in the mesh to be on different

stream surfaces. For these nodes an interpolation scheme

must be followed to find the ( ,n) coordinates of a specified

stream surface at a given station in the mesh.

The solution sequence that the program follows starts

at the top element of the first column of elements in the

mesh and solves the thermodynamic and velocity conditions

for all nodes in the element using the assumed stream func-

tion distribution and the specified inlet conditions. When

the calculations for the first element are complete, the

program continues down the column until the calculations are

complete for the element along the hub. The program then

sequences to the top element for the next column and con-

tinues until the calculations are complete for the last ele-

ment in the mtsh. In this sequence it is always possible

to calculate the conditions at station 1 of an element for

any interim nodal values of the stream function.

The process will be described by way of an example

for one node as shown in Fig. 3.

Example: Find the ( ,n) coordinates of the streamline that

passes through node 7 of element 1, Node (1,7).

* From the connectivity relationships it is known that
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(Node (1,7)) = (14)

The value of (14) is known and the search is begun to find

two nodal vaules of E at station 1 that bracket the desired

value, (14). The program first tests to see of (Node (1,7))

is greater than (Node (1,5)). In this case it is not and the

*program would automatically shift and test to see of

(Node (1,7)) is greater than (Node (2,5)). In this example

the value is larger and the same test would be applied to

* (node (2,4)). Again the answer would be true. The program

would then test to see if the value of (Node (2,3)) were

larger than (Node (1,7)). The answer being true would sig-

nal the program that the location of the streamline had been

bracketed and a half-interval technique would be applied to

find the location. As shown in Fig. 4, the value of E for

all locations along station 1 is -1. This fact is important

for two reasons. One, with & known the program is only re-

quired to iterate on n to obtain convergence. Two, the

Kronecker delta property of the shape functions means that

only the shape functions at station 1 have nonzero values

(Ref. 16]. For the half interval method, the program uses

the average n of the most recent bracketing as its estimate

., for n. In this example the first estimate of n is equal to

0.5 and the solution for ' at (-1., 0.5) can be written as

,1.,O.51 = N 3(-1.,0.5)1p 3 +N 4(1.,0.51" 4 +N 5 1-'0"51' 5
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The solution is then compared to f(Node (1.7)) to determine

if the difference is less than some e. If the difference

exceeds e, the new estimate for n becomes 0.25 or 0.75 de-

pending on whether the solution is larger than or less than

the value of lNode (1,7)). The process is continued until

convergence is reached. Once and n for the streamline

location at station 1 are known, all of the properties for

station 1 can be determined. (The same method is used to

find the location of the streamline at station 3 for rotor

and stator elements.) Having determined the coordinates

of streamlines at all desired locations it is possible to

calculate the required (Ni/ar) and (3Ni/3z). The computed

inlet and exit coordinates and conditions are then passed

to subroutine DIST for use in subroutines DUCT, ROTO, and

STAT as appropriate for the calculation of the conditions

at Node (1,7).

The following is the subroutine's algorithm in out-

line form:

Duct Element

-4 If the node being investigated is on station one, exit the
subroutine.

For stations two and three, determine the streamline co-
ordinates and the thermodynamic conditions at station one

* and compute the 3*/3z and 3/3r at the node. Exit the
subroutine.

Rotor/Stator Element

If the node being investigated is on station one, set all
!4 inlet thermodynamic variables equal to the corresponding
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nodal value and compute the 3*/3z and the D /ar at station
three. Exit the subroutine.

For station two, determine the streamline coordinates and
the thermodynamic conditions at station one and compute the
streamline location and the a*/3z and the 3ip/Dr at station
three. Exit the subroutine.

For station three, determine the streamline coordinates and
the thermodynamic conditions at station one and compute the
3i/3z and the a*/ar at station three. Exit the subroutine.

7. Subroutine DUCT

Subroutine DUCT determines the values of temperature,

pressure, and density for the elemental nodes at stations two

and three. An iterative procedure is used with the knowledge

that angular momentum is a constant in a duct. The initial

estimate of the velocity at station 1 is made using the com-

puted values of 3*/Dz, D*/3r, r, and b at the node (Subrou-

tine SLINE) and by choosing the estimate of the density at

the node to be equal to the density at station 1. The fol-

lowing sequence of calculations is repeated until convergence

on a value of the exit velocity:

Vm2 = (1/(P 2 r 2 b 2 )) * E(4/az2) +0 (445r 2)

I= tan-'[(rlVmltan M1 1)/r 2 Vm2 )]

T = TT1 - (y-1)/2* (V 2
2 (1 + tan2 c 2 ))/(yRGc)

P2- PTl (T2/TTl)**(Yy-Yl)

"2 = P2/(RT 2)
".0 5

Vm2n - (1/(P 2 r 2 b 2 1 * (alz2 + (2))2r)2

Test if IVm2n - Vm2I < e
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The total conditions are then calculated from the static

conditions and the computed velocity.

8. Subroutine ROTO

Subroutine ROTO calculates the change in the relative

flow angles, the velocity, and the thermodynamic properties

along a streamline across a (compressor) rotor element. The

program uses the conditions at station one and the location

of the streamline and the partial derivatives of the stream

function at station 3, all of which were calculated in sub-

routine SLINE. The relationships in subroutine ROTO are

derived from cascade correlations and known property rela-

tionships for a streamline in a rotor.

The first step is the calculation of the inlet and

exit relative flow angles. For inlet flow without swirl,

the relative inlet flow angle can be calculated using

= tan (U1 /V1 )

The incidence angle is calculated using the known blade

geometry and inlet angle, since

i=8

where Ki is the angle formed between the tangent to the blade

chordline and the axial direction. In order to calculate the

exit relative flow angle one must determine the deviation

angle, S. The program uses the correlations and equations
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derived by NASA (Ref. 21]. The specific sequence of equa-

tions, using the notation of Ref. 21, is as follows:

i i f(M,r)C 2D
i •

- 2D (Ki)t(Ki)SH(i0)10 + nO

iref i2D+ (iC - i2D)

6 2D (K6 )t(KS)SH(S0)0 + (M/a ) + (ic - i2D)(d 6 /di)2D

6C - 6 2D = f(N R'r)

"ref = 6 2D +(VC - 62D)

6 6 ref + (i - iref) (dS /di) 2D

82 a -1 -i + 6

The expressions used to approximate the NASA correlation

curves were those obtained by Crouse of NASA lewis and were

provided to the author by Okiishi [Ref. 22].

When the inlet conditions and relative flow angles

are known it is possible to determine the conditions at the

rotor element exit. The initial exit velocity is obtained

in the same way as in subroutine DUCT. The following se-

quence of equations is solved iteratively until convergence

for the exit velocity is reached:

* ~~2 tan- '[w 2 -V tan '2)/Vrn 2]

D -- (W2/W1) + (riWul- r2Wu2 )/(2 W i)

w - curve fit to w(D,cos $,a)
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+ 2 2
TEl T (r2  - r)/constant

P El P Tl (T El/T Tl) yyrPE R P Tl (TEI/T T1)*(Y/Y-1)

" E2 - El !(PR1 - P1 )

2  Vm2/COS 82

T2 - TEl - W2
2/constant

P PE2 (T2/TE )*(/Y-)

* ~'2 = P/(RT)

Vi = (1/(P 2r2b2 ))*[(3*/az)2
2  (3*/3r)2 2]

-mVmiin-

When convergence is reached the total conditions are calcu-

lated from the static conditions and the computed velocity.

The value of the entropy change is calculated by:

S - R ln(PT 2 /PTI) * constant

9. Subroutine STAT

Subroutine STAT calculates the stator element exit

absolute flow angle and thermodynamic conditions using the

knowledge that the total enthalpy is a constant across the

stator. The initial estimate of the exit velocity is ob-

tained in the same way as in subroutine DUCT. The following

sequence of equations is used until convergence for the exit

velocity is reached:
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V Vi( + tan a 1) 0. 1  [- 1 (1 1

D 1- (V2 /V1 ) + (rlVul- r 2V 2 )/(2aVi)

w = curve fit to w(D,cos a,a)

PT = T1 - (PT- P)

22 2l

T2 - TT - (y1)/2 * (Vm2 (1+tan 2 ))/(yRG)

P PT2 (T2/TT 2)**Y/Y-l)

"p2  P2 /(RT 2 )

-Vmin = (/( 2 r2b2 ))* aqP/az) 2 + Olar)

Test if . -V %

When convergence is reached the total conditions are calcu-

lated from the static conditions and the computed velocity.

The value of the entropy change is calculated by the same

method used by subroutine ROTO.

10. Subroutine FCAL

Subroutine FCAL uses the previously computed distri-

butions of total temperature, entropy, enthalpy, axial velo-

city, and tangential velocity to compute the right-hand side

vector for the global system of equations. In the absolute

frame of reference, f(r,z) can be expressed in the form

f(r,z) (1/Vz) T(3s/Dr)- 3H/3r+ (Vu/r)(3(rVu)/ar) (20)

The value of f(rz) within an element is determined using

the following relationships:
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n n
T(z,r) = Ni(,n)Ti  H(z,r) Ni(, 1)Hi

n n
s(z,r) = 3 Ni(&,n)s i  V(z,r) = Ni(,n)Vi

n n
V(z,r) - N i(E,n)V i  r Ni(,)r i1 1

where the value of Ni (,n) is determined by the value of

and n for a specified Gaussian integration point within the

element. The required partial derivatives are found in a

simple and direct way. To illustrate, the (3H/ar) is de-

rived as follows:

n
H(z,r) = [ NiHii

n n
(H/ar) = [ (3N i/r)Hi + Ni(aHi/3r)

and since Hi is a constant then

n
7./f r = . ( MNi/ar)H i

1

where (Ni/3r) is found by Eq. (37), and H. is the appro-

priate nodal value of H. The radial variations in entropy

and angular momentum are found in the same manner. The same

procedure is followed for the values of rothalpy and relative

tangential velocity for rotor elements.

It is now possible to calculate the quantities in

the expression for the right-hand side vector at a point.

All that remains is to apply an integration technique to
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obtain the value over an element and to assemble the re-

sulting local contributions into the global equations. As

shown in section III.D.2, the local contribution for node i

in an element can be expressed as:

e
f 1WW N. INX ft I"I (47)
2. jk j~i'Z

In the program Eq. (47) is modified to

-"e 9 n n
: [:fi = 4Wm Ni I Nkk J

m k fkj

where the Gaussian abscisbas and the corresponding product

of the weight functions are grouped into three one-dimensional

arrays. At the completion of the summing process, the local

contribution for f has been calculated for each node in the

element. The global system is then updated by adding the

local contributions to the global values through the use of

the connectivity relationships.

The following is the subroutine's algorithm in out-

line form:

Algorithm:

Iterate for each element in the mesh.

Iterate for each Gaussian point.

Find shape functions, IIl, and (J]i

Find Vz , TT, Vu, r, rVu, (s/3r), and (OH/Dr)

Compute the contributions of the value f at the Gauss
point to the value of f at each node of the element.
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Upon completion of the Gaussian integration, add the

local contribution to the global system.

END

The same algorithm is followed for rotor elements with the

appropriate substitutions of HR and Wu -

11. Subroutine STIFF

Subroutine STIFF uses the computed distributions of

density and blockage factors to form the stiffness matrix

for the global system of equations. It was shown earlier

that the contribution to the elemental stiffness is expressed

as

ke = fk(r,z) ((3N./3r) (3Ni/3r) + (3Nj/Dz) ()Ni/az) ]dQ (31a)
kJ E

where k(r,z) = (l/prb) (19)

Again, the elemental properties are considered to have a

polynomial variation of the form

n n n
p(z,r) = Ni i , ri = Nii, and b(z,r) = b

-. 1 1 1

As shown earlier, Eq. (31a) can be converted by the Gauss-

Legendre method to

K k M WkWZI m m ([BT (46)
1 kZ mm

The value of k is determined from the definitions of p, b,
m

I- and r by the same methods used in subroutine FCAL. The

evaluation of [B]TtB] is a simple matter to perform. The
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matrix [B] is simply the column vector {(ONi/az), (aNi/3r)}.
1 1

Therefore, (B] [B] can be written [(3Ni/Dr)M(aNj/ar) +

(3Ni/3z)(N./az)]. The value of (Ni/az) and (aNi/3r) is

found for all nodes in the element in one step through the

use of subroutine JACOB. The matrix product can be evaluated

at a point (z,r) as

i ',-n n

I ((aj [ /Dr)(3Nj/3r) + (aNi/3z)(Nj/9z)]

By using the same Gaussian weighting scheme used in subrou-

tine FCAL, Eq. (46) may be written in the form

9 n nn
ke 9 I INk (3Nj/ar) + (9NN/3j)(N./z) ]J1

The resulting 8x8 elemental matrix is then added to the

global stiffness matrix through the connectivity relationships.

Up to this point (K] and {f} have been assembled with-

out regard to the boundary conditions except at the exit plane

where the (4/3n) = 0 was enforced explicitly during the pro-

cedures used by Subroutine DIST. Care must a- taken to en-

sure that the boundary conditions for the other three segments

of the boundary are not violated. As shown in section III.B,

the boundary condition for the nodes along the shroud, along

the hub and at the inlet plane of the machine is that the

value of * is specified. If the value of ip is specified at

these locations the Eq. (32) must be modified so that is

no longer free at these nodes. A standard technique is
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employed to remove individual equations from a system of

equations when the degree of freedom represented by the in-

dividual equations has been removed.

The following is the subroutine's algorithm in out-

line form:

Algorithm:

Iterate for each element in the mesh.

Iterate for each Gaussian point.

Find shape functions, !J1, and [J]-1

Find the value of k at the Gauss point.

Compute the elemental stiffness matrix.

Upon completion of the Gaussian integration, add the
local contribution to the global system.

Upon completion of the addition of the last element's
contribution, modify the system of equations to include
the boundary conditions.

END

12. Subroutine DSIMQ

Subroutine DSIMQ is a non-IMSL library, double pre-

cision subroutine that solves a set of n simultaneous equa-

tions of the form

[A]{X} = {B}

where [A] is an nxn matrix

4 (X} and {B} are nxl vectors.

13. Subroutine REPLA

Subroutine REPLA places the solution vector obtained

from subroutine DSIMQ into its proper storage location.
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[14. Subroutine TEST

Subroutine TEST determines the maximum difference

in the assumed nodal distribution of the stream function at

the beginning of an iteration to the solution of the radial

equilibrium equation calculated using the assumed distribu-

tion. The difference in the distributions at a node is de-

fined as

Diff n in+l)/ in+l]Diff = L i -

where ipn is the assumed value at node i and n+1 is the
1

calculated value for node i. Convergence is considered to

be reached when the maximum difference for any node is less

than a selected reference value, e.

15. Subroutine RELAX

Subroutine RELAX performs the relaxation scheme to

obtain an updated estimate of the stream function distribu-

tion for the next program iteration. The new estimate for

stream function distribution is calculated as follows:

,n+l n +[,n+P ,l (48)

16. Subroutine NOCON

Subroutine NOCON prepares the program for the next

iteration by setting the elements of the right-hand side

vector, {f}, and the stiffness matrix, [K], equal to zero.
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17. Subroutine OUTPUT

Subroutine OUTPUT prints the computed nodal values

of a majority of the velocities and thermodynamic properties.

A listing of the values that are printed and the correspond-

ing units is contained in Appendix D. A sample output list-

ing is contained in Appendix G.

18. Subroutine MPLOT

Subroutine MPLOT uses the Tektronix 618 terminal to

make an online graphical presentation of selected variables

at the rotor inlet, rotor outlet, stator inlet and the stator

outlet. Figures 7 through 20 provide examples of the plots

available for display to the individual on request. The

user is given the option of terminating the plotting sequence

at any stage of the presentation through the use of inter-

active prompts.

The following is the subroutine's algorithm in out-

line form:

Algorithm:

Convert the appropriate variables to Real 4 for compati-
bility with the library plotting package GRAFF.

Determine the values of axial velocity, relative flow
angles, total-to-total pressure ratio, and the adiabatic
efficiency for the rotor inlet, display if requested.

Determine the values of axial velocity, and relative,
absolute, and deviation angles for the rotor exit, display
if requested.

Determine the values of axial velocity, absolute flow
angles, and total-to-total pressure ratio for the stator
inlet, display if requested.
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Determine the values of axial velocity, and absolute and

deviation angles for the stator exit, display if requested.

END

19. Subroutine SHAPE

Subroutine SHAPE calculates the eight nodal shape

functions for a given point (E,n). The equations for the

nodal shape functions are:

N(1) = (j + 2 + 2 + 2 + n2 - 1)1/4

N(2) = (I + - n2 2 n)/2

N(3) = (-en + E2 + n2 + 2 n _ 2 _ 1)14

N(4 = 1- n2 - 2 + n 2 2

N(5) = ( n + E2 + n2  2 2 _ 1)14

N(6) = (1 - n - E2 + En2)/2

N(7 = (-En + E2 + 2 - 2 + 2 1)4

N(8) = (1 - 2 + - n2 - 1)/2

The values of the shape functions are stored in the array

SF, and are returned to the calling portion of the program.

20. Subroutine JACOB

Subroutine JACOB computes the partial derivatives

of the shape functions with respect to E and T and computes

the elements of the Jacobian matrix, (J], for a specific

point ( ,T) The equations for the partial derivatives were

obtained directly from the differentiation of the functions

shown in the description of subroutine SHAPE. The arrays D
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and E store the values of the (N/&) and (N/an) respective-

ly. The Jacobian matrix is calculated by the following se-

quence of equations:

": n

J(1,1) = (az/a&) = (Ni/a )z i

n
J(1,2) = (r/3) = i (Ni/3)r i

n
J(2,1) = (Dz/Dn) = (aNi/an)z i

n
J(2,2) = (r/n) = (3Ni/n)ri

1 1

Arrays D and E and the Jacobian matrix are returned to the

calling location in the program.

21. Subroutine ERR1

Subroutine ERRI is called by subroutine INPUT if the

storage limitation for Real 8 variables has been exceeded.

The subroutine displays the amount by which the limitation

was exceeded and terminates the program's execution. The

user response would be to increase the value of LIMR if pos-

sible or reduce the size of the mesh.

22. Subroutine ERR2

Subroutine ERR2 is called by subroutine INPUT if the

* storage limitation for Real 4 variables has been exceeded.

The subroutine displays the amount by which the limitation

was exceeded and terminates the program's execution. The
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4i



user response would be to increase the value of LIM4 if pos-

sible or reduce the size of the mesh.

23. Subroutine ERR3

Subroutine ERR3 is called by subroutine INPUT if the

storage limitation for Integer 4 variables has been exceeded.

The subroutine displays the amount by which the limitation

was exceeded and terminates the program's execution. The

user response would be to increase the value of LIMI if pos-

sible or reduce the size of the mesh.
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VI. RESULTS AND DISCUSSION

A. PROGRAM VERIFICATION

Four operating conditions of the NASA TASK-1 compressor

were used to test the capabilities of the programs MESHGEN

and TURBO. In all cases the 63 element, 222 node mesh with

an under-relaxation factor of 0.24 as recommended by Hirsch

and Warzee (Ref. 4] were used. Selected portions of the re-

sults obtained are presented in Figs. 7 through 76. The

points annotated as "observed values" were obtained from the

material published in Refs. 23 and 24. The values attributed

to Gavito were obtained from Ref. 8 and those attributed to

Hirsch from Ref. 4. A discussion of the predictions for the

various cordJtions are presented in the sections that follow.

1. Test Case 1

For test case 1 the operating point was defined as a

rotor speed of 50% design speed and an inlet mass flow rate

of 107.6 ibm/sec. The author was unable to locate this spe-

cific operating point in Ref. 23 or 24 and must assume that

in Ref. 4 the mass flow rate was modified to conform to the

end-wall boundary layer scheme described in that reference.

Therefore, it was necessary to use the observed values pub-

lished by Hirsch and Warzee in Figs. 21 through 30. The

relative differences found between the present predictions

and the reported observations are given in Table 1.
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a. Comparison to the Work of Gavito

Figures 21, 22, 23 and 24 compare the results

obtained by Gavito with the predictions of the present pro-

gram. A significant improvement has been obtained at all lo-

cations. That this was possible was due in large measure to

the solid foundation to the present work provided by Gavito's

program and to the excellent documentation given in Ref. 8.

b. Comparison to the Work of Hirsch and Warzee

The predictions of the program TURBO compare

quite faborably with those of Hirsch and Warzee. As shown

in Figs. 25, 26, 29 and 30 the predictions of the two pro-

grams have almost identical average relative errors for the

velocity profiles. The predictions of Hirsch and Warzee

tend to have better agreement in the rotor and stator tip

regions, while the program TURBO has slightly better agree-

ment near the hub. The program TURBO's predictions had a

3.7% and 2.5% average error at the rotor inlet and exit re-

spectively with a maximum error of 4.6% at the inlet and 7.0%

at the outlet. The stator inlet velocity predictions had an

average relative error of 2.6% and maximum error of 5.8% and

the outlet predictions had a 2.0% average error with a maxi-

mum error of 6.0%. The prediction of both prcgrams for the

velocity profiles show excellent agreement with the observed

L values.

Hirsch and Warzee's program consistently produced

flow angle predictions with closer agreement to the observed
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values for the published rotor outlet angles. Though the two

programs had the same average errors of 3.3* for the relat e

flow angles and 4.8* for the absolute flow angles, Hirsch and

Warzee's program provided better qualitative distributions.

The difference is clearly shown in Figs. 27 and 28.

Hirsch and Warzee did not publish predictions of

total pressure ratios or adiabatic efficiencies, so the pre-

dictions made by TURBO for these parameters were not pre-

sented. It is assumed that no significant differences could

have occurred because of the similarity of the results for

the velocity profile and flow angles discussed earlier.

2. Test Case 2

Because of the apparent modification in the mass flow

rate which was assumed in test case 1 and the lack of compara-

tive data for all quantities predicted by the program TURBO,

another operating point at 50% design speed was compared.

The operating condition for case 2 was defined as a mass flow

rate of 114.7 lbm/sec at a speed equal to 50% of design,

which corresponded to reading 38 of Ref. 24. The results for

case 2 are presented in Figs. 31 through 44, and a summary

of the relative differences between the predictions and ob-

servations is contained in Table 2.

3. Test Case 3

Test case 3 corresponded to reading 45 of Ref. 24,

which was defined as a speed equal to 70% design and a mass

flow rate of 151.55 lbm/sec. When reviewing the results
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presented for this case, one should note the decline in the

agreement between the program's predictions and the observed

values. It is the author's opinion that the degradation is

primarily caused by two factors. The first is the formula-

tion used to compute the meridional velocity change across

the rotor and the other is the application of a single block-

age factor to all nodes to account for the end-wall boundary

layers. Both factors are much more significant at 70% design

speed than they were at 50%. At 70% design speed the rotor

tip relative Mach number is about 0.94. This would require

the program to account for transonic effects at the tip.

Second, the mass flow and absolute Mach number of the flow in

all regions is significantly higher at 70% design speed.

Therefore, it is unlikely that a single blockage factor will

work satisfactorily in all regions of the machine. It is

hoped that both areas will be addressed in any future work

on the program.

The results for test case 3 are presented in Figs. 45

through 58 with the corresponding differences between the

predictions and observations summarized in Table 3.

4. Test Case 4

The operating condition of test case 4 was at 80% de-

sign speed point with a mass flow rate of 174.54 lbm/sec,

corresponding to reading 50 of Ref. 24. Figures 59 through

72 and Table 4 present the results of the program's predic-

tions and comparisons to the observed values. As expected,
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and for similar reasons to those cited in test case 3, the

agreement between the program's predictions and observed

values is significantly poorer than any of the three previous

cases.

B. POINTS OF INTEREST

The results produced by the program are highly dependent

on the value of the general blockage factor used to account

for the end-wall boundary layers. This factor influences

both the quality, in terms of agreement with observations,

and the stability of the solution. Figures 73 through 76

show the axial velocity distributions for the rotor and sta-

tor for test case 4 with a blockage factor of 9% instead of

the 6% factor used to obtain the results shown in Figs. 59

through 72. A comparison of corresponding velocity profiles

clearly demonstrates the factor's pronounced influence on

the program's solution. The general blockage factor also has

a strong influence on the program's convergence rate. In

some cases the factor can cause the program to become oscil-

latory or even divergent.

For the low speed cases of 50% and 70% design, additional

blockage factors had to be applied to the duct element be-

tween the rotor and stator tips to obtain accurate results.

As shown in the program listing for subroutine INPUT of pro-

gram TURBO, the factors used for 50% design speed were much

higher than the factors used for 70% design speed and that
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no additional factors were used for 80% design speed. A

global method of calculating the end-wall blockage factor

must be incorporated if the program is to become independent

of inputs other than physical constants.

The deterioration of the program's predictions with in-

creasing Mach number and its failure to run for test cases

with strong supersonic relative velocities at the tip demon-

strate the need to provide the program with a method of

handling supersonic relative velocities. Hirsch and Warzee

[Ref. 15] showed a method of extending the radial equilibrium

formulation used in the present code to supersonic flow.

They presented comparisons of predictions obtained by this

method to observations of the NASA TASK-i transonic compres-

sor at 100% design speed. The results were impressive and

clearly showed that the method is valid for relative velo-

cities in excess of Mach 1.4. It is strongly recommended

that the first effort at improving the code be an effort to

modify TURBO to include the method shown in Ref. 15.
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VII. CONCLUSIONS AND RECOMMENDATIONS

A computer program based on the finite element technique

has been developed and has been verified satisfactorily for

computing flows through subsonic axial flow compressor

stages. Minor modifications have been suggested to allow

transonic stages to be calculated.

The code was written in such a way that it could be

readily adapted to compute either turbines or compressors

with multiple stages. Before such extensions are attempted

however, the following specific recommendations are made to

improve the present compressor code.

A. PROGRAM MESHGEN

1. Incorporate some of the two-dimensional techniques of
Adamek [Ref. 25] to improve the efficiency of the
code.

2. Review the code to find improvements in storage allo-
cations and computational efficiencies.

3. Modify the program to track the first and last nodes
of the rotor and stator as subscripted variables so
that the program can be used to generate the appro-
priate mesh parameters for a multi-stage machine.

4. Convert subroutine MPLOT to the DISPLA system.

* B. PROGRAM TURBO

1. Incorporate a method for the global calculation of the
blockage and losses created by the end-wall boundary
layers.
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2. Convert the storage of [K] and the solution technique
for the program to at least a symmetric banded scheme
or if possible to a skyline equivalent scheme.

3. Test the program on a variety of machines and operating
conditions.

4. Obtain expressions that approximate the NASA correla-

tion curves for 65-series blading.

5. Incorporate methods for the prediction of stall/surge.

6. Take advantage of the modular form of the program and
include a variety of correlation techniques as a user
selected option.

7. Review the program for improved storage and computa-
tional techniques. Specifically, determine ways to
take fuller advantage of the dynamic dimensioning
scheme [Ref. 16] used by the program.

8. Convert the rotor inlet calculations to allow the
value of Bl to have nonzero values so that the program
can be extended to multi-stage analysis.

9. Modify the use of the values of the beginning nodes of
the rotor and stator to subscripted variables so that
the analysis can be extended to multi-stage machines.

10. Convert subroutine MPLOT to the DISPLA system.

11. Develop iterative schemes for calculating the flow
angle, the velocity distribution changes and the
thermodynamic property changes across a turbine rotor
and stator for inclusion in subroutines ROTO and STAT.
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TABLE 1

Connectivity Relationships for Figure Three

Element Local Node Global
Number Number Number

1 1 12

1 2 8

1 3 1

1 4 2

1 5 3

1 6 9

1 7 14
1 8 13

2 1 14

2 2 9

2 3 3

2 4 4

2 5 5

2 6 10

2 7 16

2 8 15

3 1 16

3 2 10

3 3 5

3 4 6
]3 5 7

3 6 11

3 7 18

3 8 17
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TABLE 2

Comparison of Program Predictions with NASA Task-i
Compressor Measurements at 50% Design -Speed

Average Maximum

Difference Difference

Rotor Inlet

Axial Velocity 4.6% 7.2%

Relative Angles 1.50 3.10

Total Pressure Ratio 0.7% 1.4%

Efficiencies 4.3% 11.4%

Rotor Outlet

Axial Velocity 3.2% 6.7%

Relative Angles 1.60 2.80

Absolute Angles 1.50 4.20

Deviation Angles 2.20 3.00

Stator Inlet

Axial Velocity 3.4% 6.8%

Absolute Angles 2.50 4.20

Total Pressure Ratio 0.3% 1.2%

Stator Outlet

Axial Velocity 1.7% 5.7%

Absolute Angles 0.60 1.50

Deviation Angles 1.40 2.60
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TABLE 3

* -Comparison of Program Predictions with NASA Task-i

* * Compressor Measurements at 70% Design Speed

Average Maximum
Difference Difference

Rotor Inlet

Axial Velocity 4.8% 7.4%

Relative Angles 1.1411 1.80,

Total Pressure Ratio 1.1% 2.0%

Efficiencies 3.2% 4.8%

Rotor Outlet

Axial Velocity 4.1% 7.4%

Relative Angles 2.00 3.201

Absolute Angles 3.60 5.511

Deviation Angles 1.60 3.50

Stator Inlet

Axial Velocity 4.0% 8.8%

Absolute Angles 3.90 5.51,

Total Pressure Ratio 0.5% 2.1%

Stator Outlet

Axial Velocity 3.6% 7.4%

*Absolute Angles 0.601 1.10

Deviation Angles 1.50 2.40
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TABLE 4

Comparison of Program Predictions with NASA Task-i
Compressor Measurements at 80% Design Speed

Average Maximum
Difference Difference

Rotor Inlet

Axial Velocity 7.9% 11.4%

Relative Angles 1.30 1.50

Total Pressure Ratio 1.5% 2.5%

Efficiencies 3.1% 7.9%

Rotor Outlet

Axial Velocity 6.6% 8.9%

Relative Angles 2.90 5.50

Absolute Angles 6.80 8.50

Deviation Angles 2.40 4.70

Stator Inlet

Axial Velocity 6.9% 13.9%

Absolute Angles 5.60 7.00

Total Pressure Ratio 0.9% 3.1%

Stator Outlet

Axial Velocity 8.0% 20.0%

4 Absolute Angles 0.80 1.40

Deviation Angles 1.50 2.30
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APPENDIX A

STORAGE ALLOCATION FOR THE PROGRAM MESHGEN

The following list of pointers and variable names indi-

cates the storage location of the first value of the corres-

ponding array:

REAL 8 Variables (Array R8)

Pointer Array Array
Name Name Contents

Ji XSE Z Coordinates of the Super
Elements

J2 YSE R Coordinates of the Super
Elements

J3 XXSE Temporary Storage of the Z
Coordinates of the Super
Element Subdivision

J4 YYSE Temporary Storage of the R
Coordinates of the Super
Element Subdivision

J5 ZC Z Coordinates

J6 RC R Coordinates

J7 PSI Stream Function

Ja B Blockage Factor

J9 End of Stored Values

-1
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r.

REAL 4 Variables (Array 04)

Pointer Array Array

Name Name Contents

Ml OHZC Z Coordinates of Streamwise
Element Boundaries

M2 OHRC R Coordinates of Streamwise
Element Boundaries

M3 OVZC Z Coordinates of Transverse
Element Boundaries

M4 OVRC R Coordinates of Transverse
Element Boundaries

M5 OHZC1 Z Coordinates of Streamwise
Element Boundaries

M6 OHRC1 R Coordinates of Streamwise
Element Boundaries

M7 OZC Real 4 Z Coordinates of Mesh

M8 ORC Real 4 R Coordinates of Mesh

M9 End of Stored Values

INTEGER 4 Variables (Array 12)

Pointer Array Array
Name Name Contents

L1 NSEC Number of Columns per Super
Element

L2 NTSE Super Element Type

L3 NTE Element Type Identifier

L4 NODE Connectivity Matrix

L5 NBC Boundary Condition Nodes

L6 End of Stored Values
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APPENDIX B

LISTING OF THE OUTPUT VARIABLES FOR THE PROGRAM MESHGEN

FORTRAN Name Variable File

ZC Z Coordinate TMESH DATA

RC R Coordinate TMESH DATA

B Blockage Factor TMESH DATA

PRESS Inlet Static FLUID DATA
Pressure

PTOT Inlet Total FLUID DATA
Pressure

TEMP Inlet Static FLUID DATA
Temperature

TTOT Inlet Total FLUID DATA

Temperature

RHOSTA Inlet Static FLUID DATA
Density

RHOTT Inlet Total FLUID DATA
Density

WDOT Inlet Mass Flow FLUID DATA

CP Specific Heat FLUID DATA

R Gas Constant FLUID DATA

G FLUID DATA

RPM RPM FLUID DATA
VZI Inlet Axial FLUID DATA

Velocity

NODE Connectivity Matrix NODE DATA

NTE Element Type ID NODE DATA

165
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NBC Boundary Nodes BC DATA
L.,Where ~pSpecified

PSI Stream Function STREAM DATA
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APPENDIX C

STORAGE ALLOCATION FOR THE PROGRAM TURBO

The following list of pointers and variable names indi-

cates the storage location of the first value of the corres-

ponding array:

REAL 8 Variables (Array RS)
Pointer Array Array

Name Name Contents

NPl ZC Z Coordinates

NP2 RC R Coordinates

NP3 B Blockage Factors

NP4 ALP Absolute Flow Angles

NP5 BE Relative Flow Angles

NP6 H Total Enthalpy

NP7 HS Static Enthalpy

NP8 VZ Axial Velocity

NP9 VR Radial Velocity

NP10 VU Absolute Tangential Velocity

NP11 WU Relative Tangential Velocity

NP12 PSI Current Streamfunction Values

NP13 PSIO Previous Streamfunction Value

NP14 F Right-hand Side Vector

NP15 RHS Temporary Storage for F

NP16 RHO Static Density
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S. .. .. . .. .

NP17 RHON Not Used

NP18 WRL Angular Momentum Vector

NP19 ETA Adiabatic Efficiencies

NP20 EM Stiffness Matrix Elements

NP21 DEV1 Rotor/Stator Deviation Angles

NP22 PRAT Total-to-Total Pressure Ratio

NP23 TEMP Static Temperature

NP24 TTOT Total Temperature

NP25 PRESS Static Pressure

NP26 PTOT Total Pressure

NP27 RHOTT Total Density

NP28 HR Rhothalpy

NP29 ENTROP Entropy

NP30 End of Stored Values

REAL 4 Variables (Array 04)

Pointer Array Array

Name Name Contents

NPO OVEL Velocity at a Given Station

NPO2 ORC R Coordinates

NP03 OBE Relative Flow Angles

NPO4 OALP Absolute Flow Angles

NPO5 End of Stored Values
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INTEGER 4 Variables (Array 12)

Pointer Array Array
Name Name Contents

NPI1 NFS Nodes for F Calculation

NPI2 NBC Boundary Nodes

NPI3 NTE Element Type Identifier

NPI4 NODE Connectivity Matrix

NPI5 End of Stored Values

I1
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APPENDIX D

LISTING OF THE OUTPUT VARIABLES FOR THE PROGRAM TURBO

Listing Name Variable Units

PSI Stream Function ibm/sec

VZ Axial Velocity ft/sec

VR Radial Velocity ft/sec

R Radius inches

DENSITY Static Density ibm/ft3

WRL Angular Momentum ft2/sec

HT Total Enthalpy BTU/lbm

VT Absolute Tangential ft/sec
Velocity

WT Relative Tangential ft/sec
Velocity

HS Static Enthalpy BTU/lbm

TEMP Static Temperature OR

TTOT Total Temperature OR

PRESS Static Pressure psia

PTOT Total Pressure psia

RHOT Total Density ibm/ft3

ALPHA Absolute Flow Angle Degrees

BETA Relative Flow Angle Degrees
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APPENDIX E

LISTING OF THE PROGRAM MESHGEN

FILE: PESHCEPV FCATRAN At NAVAL PCSTGOA3LATE SCHOOL

E *4444#.*4444 4444+44+.#44**4.44+****+++*-+++*+++++++++ ..*..4.4..*.......
*44444.44.44.*4.4.4.44444+.*4.4*4.444I..*.44*4+4 .4.4.44.***4.++++ *+4.4..4.4.+

44444 44,*+44*4.4.***++*++**4.*4.s4.4.4.4. ,..,,,......n..,.,,,, '6
PACGRAPV MES-C2J .4+

C *4*444$*44.4.4444...44 4*4.4++*4.4.4.44. .. . .4.t. .4.4 .... . .t .4. .4.

.4. 11IS PRCRAI FRCCUCS At CEC7;NCjLAQ 7I$HT-NO')EO
u+ *. ISrp &61 PTR IC G4f M,(F A RLA ITR AFY. *!4 E'Jl K 14X - Grt ViE+

C *. -Fh CCFN; %F FPCEC F UE 9T - MCrS1-'0S OfSJ'P2R E L cACNT S's .
7V - Pr MCnA'4 ALSC- .CCOLTE! AN INITAL "T-'-A4 FJNZ-Tl,:-I
C ItTe T 01L T In, T !NGE T 4A L PL (CC4Ei--E F ACT S< AMYi) THlE 4.C+q. 3FFK'30i8T .!T CUIflITICN".S tEE FCq T-E -PIR t' TJP30

C 4* yWE PoCCRA'4 :S roNLY LL,I: T.) H HCDACr tL:CATD IN +
C *s TWE AFPVS Pit C4, I? CR ' ACI-INE LI-ITAiI"Ni.

4*4.44444*+4444...444 4.4.+++ *4.*#*44**4.++4*4.**4.*4..4.44...**4 *......

PPASEC-G,-LJ QZlAL*4.-4I
A~ .-pC:1,c9DI9u,vN,4N2, 4FI34-,9NSF-'42

CC P tfJ /KCJT/ N.'LNZCLO'EO.QJT CNSTAT
CCpM( . /NprP:*T /Iv J J- j '* JLJ,J 7,-3, Jq,JjliJJ1jJ'.7,JI3,qJl4,9
ILI 1 LZtL3 90', L5 UL; "1l 9,, 1r3 t v4q 1r9.'6 :b, t-,M9
CC 004fN / F ;AR / rd.(QC-

CCP"CN /(F. {'/ C4(3rCJ1

LIP R !CCC

C
CALL I111(:AQC00 2,CCLZ ,NS7 NSE ?,wC)CT IPCTTF 94,,%fl t~
IZP W', PM4) 9 P 4 It. , IAt.S

C CALL INP9LT(cAiJillt ,OiDZ ,tiiL).I2(L2I NlN~,S,';,2,j
'S p 1II1,LM4,IANSI

C

C

CA I
C

CALL INI12(RE(%6)I#1 (L4II 2 ( L5 I-:4 ( J 7,),? HCSTA, 9 HC7T,rTTCT9 WrrT,
1PTCT90o'E5SST EM"O ,VZI 9.( , CPG ij;tSF ,41'.p 1 ,,fNtS -9%C- 11 F!~)

IF(ANS.EC.21 C.CTC iCa

CALL Tt5Kl(c k( J61,F3J3CtM',,'ccNnT:sTT.
INSTATE)

oC CALL FILCE%(R9(zt?(II42J131vcSj(J?)t2(.4)1(L7),T2(LS),

;Fck4I (5X, )CC YCL voANT A PILCT GF 'rHE MESH ?',, 1 Y
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FILE: MESHGEN FCRRN Al NAVAL POSTriPAOLATE SCHCO)L

IF(ANS.EC.21 GCTC 3ClJ
c

CALL uPLCT 0 * (J'f) ,PF 2(J6I 9Z'4 AX9 ZM'tRvixq Rm4,4,( 41) 1:4( "121,

300 sirp
EAhC

SU F RUT I PE 1 % Ii (.F Mj2 ,N CCL2 9N S E, NSE2, WO UT, P TO)T TTCT,9R PA 9G v R 9C P

IF'PL[C IT RA*(~*~PZ EAL*4( H)

IKYEGE-R*z TA NS
C E t,%IN / IN'T4 / v I9 9.10 1 p'4 C9C t IC
CCPPf'C WCUNT/ IJ.1MSC

boc FC FkM T (5) 1 >F .TtF I\LST CP14CITI J: toI, /91 SS FLCWILR"4 PER SEC)

1 TCTAL I E;'FU7G 2 1 A\N) TO2TAL Pr-ESS( PSIA3)
0 EAM 1!,* hWC:T ,TT--tT,':T

IPPITr( 15 1110
31C FC9MA!U5),' >EtT~q OPEPATpjC, CfCNST&NTS:9,, Cpppo/,* P T Ir r-F

I SFEcjFIr i-~T (Gri.'/. AS (CP9ISTAN4T R(FT-L3~L4-)G ',
2t 0 SPECIFIr I-'.4T CCNSTANT PR'ESSUJRE CP( 0TU/L'3M-')EG R3,,/I

REAM( 15.9 I RPV,,,R,cp)

120 FCRkiAT5,' opEKTEF GRAPH SCILIKG C-)NSrANTS:t/,l Z tAX't/** Z

so ~FCI;MAT (A,' >L4- Y(j %%,NT TO CRE ATE A NE W ME SH ?',I, I =YES
1 2 a Not 1

F Et jI ! 4 *3 I All,
I F (IAN.~ .E . I C0r I~ 1-

PEV b; T C( 15 2 C ij

P F 4 ( ' 1 5 - 91' C

PR~UI~IC
MA~CW2 a = :
KCCL2 = PCCL1
hSE2 a '74I 5 2
J1i=
J2 zj! 4 NSFZ

j!xJ2 4 %Sf 2
LI a I
L2 aLl 4 KSF
L! a 12 4 NS
R ETUPN
E 1%C

C
C SI. EPCUT I NE I 0X ZY! ECKT -11S ;MR1,N

I iL P 14 1'

C 4+ TI- IS SU8FCUT INE rETAI'IS THE C! !CR !PT Jr,4 CF THE FUPEP ELiAEN5 +
f ,, 4,

S**444444**44*4*4*444++ 44 4.+414++++++4++ + +++4+++44 f 44*4* ++ +444. +
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FILE: IdES!'GEN FC4TRAN Al N4AVAL PC)ST.;R VLATE SCHOOL

4 KTFGEi%*4 !ANS

SCPJVCN /fhCCNT/ ',CLCLOe!T,.ST

C PENSICt- XS~fU.YSEfi)

IF(IINSeErC.ZI CCTC 202
IACEL *0

cc 1vj I aIqs'.

ict fC;'-TI%,* f E?T=- L,'R CflriR.0 11-TS FAIRS Fn;; STATIC' '12/)
FEAD(1!,*I XEEI 5) YSE( JIOxs (J+' P.YSE(J+1I

lOC CC!'TI*,uE
lT!15,CIl I

201 F~P,4TI 3F )E\W TYPE lF SUPF4 ELEM'ENT AND) TH4E NO OF COLUJMNS

05 CC!'TX NIJE
No E 4Ra KIh CCL
NEl NE
hCCLI - ; INCCL + I
N!' a NNCI*~fh1- *NC

P A1a*FCio
J2JI 4 1 SE
J2 i S' : N~2
J4 a 13 4 VIR
J! a J4 4 !'R0
JL =55 4 .

J7 a j 4N?
= E 7 4 A 2

jS a J 4 NZ
J a JiC N?'J

J1 j 12+
114 s1 ! +2
LI 1 1
L2 L 1i 4 NSE
L! L2 4 NSE
LA L 1 4 "~ 1 -
L! L 4 4 *E
LE f L 5  1
12 M 1l 4 NC LLlI

11 ?' 4 V: L I
14 a 3 4 'q -jI

10 ! 4 4 fvtFL
M M5 4 NCrL 1

017 a 6 4 !CCLl
P ( '"7 4 N,

f'EXCR L L'R J153
NE)CI aLI-41 -
f'E)C4 aLI-4-

(NEX CIFL T.) -LI I V! F XCIV
I F (NEtX C, L T. i CALL '! (e.EX C4
FrITE(6 *t..Ql ftFXC,;.rXCl
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FILE: PESIGEN FCRTFON Al NAVAL PCSTGRAOLATE SCHCOL

30C FCPfOAT(ICX,' "EI'CFY SPA!CE AV.'ILAGLF :REAL O-,15,2Xi' INTEGER I

FETURN
E PtC

c

C +4++444 444*44444444 4*44+44+++4+4+444,*+..4+.+.4.4.+ .... . . . .. .. . .

C *+4e444+.44,444,444*.4,+*444+4+#+++++++++++++++444+444+44++4+4*+

T4I-S SLEPCtjTI E FPCM~JCS A RECTANGUL-iR EICHT-PIODED
C +4 IscpcAiv4j~c t rF: A96TO-IY 0)14FKS1('l .14 X NJ GIVEN 4

* TI-E CC;Oi*E \CCFS'-- TIE MESI-'S "SUPFR ELE ENTS1a 4
++

+44+4444+44444+++ *.........4+4+4+,4t4444+44*44+..........4+++44
C 444444+*+44444444 444*4444 *+444#++++++++++++++++4+++44444+++4+

IPPLIC1 IT PAL*E( --'4.F-1)

INTEGSP44 TAN'S

CC&C'4 /PCCIINT/ ~.,C',VL,~,IPJTC,NSTAT
CII'F".SIC NSC13TS()hT I

lF(I4MS.fCol GCTC 2C
CC I! ~,:~

GC1C C1 ) OC(

YCIV2 a FLCAT(.4?)

TJ= 1
IL a I

NSTAT a C
PPCTO =C
DC 10 N a19Ik

2CN J.F3C
QC(.\) O .CC

10 CCfTI'4UE~
CC ICJ J Igs

14C If( Ilv .LT. 21G! YI 1!,)
hkOTC IL

GrTri 12C
15C NSTA.I I L

114 a C IM
120 IT = PSECU ) 4 '4R CW

00 11C L 1917I
p4T E IL = .EJ
I L I IL 4 1

IiC CC?)TI LE
WIC LJ I 2 4 'NSCCJ) + 1
Nrl =NNCCLI
NC S I - I
XCIVI z FLCbT(;Cl)
ADrV2 a -CTl

X2 - )SE( I 4 1)
X3 a )f( I + .2)

YI sC ScI I
y NyF( 4 1

Y3 N!Ei( 1 4 21

1.74



FILE: PESHGSN FCRTRflN al NAVAL PCSTGRAOL1TE SCHOUL

Y4 aNSE(IT 4 3
X01 IF2 a X3 - X
XD I F3 x X4 -

VflIF3 a Y2- Y4.
XINT2 m XCF / X,!tv2
XINT3 a XCIF3 / X"I'4?
YINT2 a YCIF2 I XCIV2
YIIT3 a YCIF3 / XCIV2
ISEL -1
00 2CC K a19N~C1

XCIFI = )I - X2
YCIF! a Y1*'t1 - YI*Y2

21C XItVT! - XCIFI / Y'IVI
YII T1 = YCIF1 / YDIV1
r'FF MRCqIi
GCITC 23C

22C XI111 = XLTFI / Yr)1V2
YINTI = 10!F! / YUIV2

DC ?CO IC = 1 MPP

XXSE(IC) X! - FLOAiT HC I) *)X I T1

YYS E( IC) Y1.
GCTC 2%2

231 YYSEfIC) rSOPT4YYSEf1C1J*YYSE(IC1) YINTl)
232 10Cj JI=XXs3E(ICI

PC(I 1) YYstWC)
IJ a IJ + I

300 CC! TIN'JE
X1 a Xij 4 .XIN72
X2 x X2 4 )iNT?
Y1 - VI - Y INT2
Y2 = Y2 - YINT3
ISEL = -15:1;

ISEL -: ':

I = 2%j + 1
I0C CCNTI&1UE

1 IT71 f'tCCI MFC'otNCCL
400 FCFY AT( ICX9' XLMF ER CP R-0S ='13,1lE X NhtMM! CP CCLUM!S

'i1C FC;WXT(cZ),1 TC1dL %j-napl Cr- FLEM;'JTS
11 ICT.-L N09E:Z CF '4CO=S aI .I//)

R E TUF.N

S L E~r1JT I SE CC NEC I NT S Z T E, ThJCE ,NS E v12X1 ,PnT rl3,9NRCV7C1 ,~S T AT 6

C #4*44444+++***e++++*4 . . . . . . . .* +++4 . ... ... ........... +++4+
C *4*4444,+.+44++ 4+44 .4.t.+..+.4.4.+ + +i++ ++ ++++ + + ++ +*++ .+ + + t
C .4 4+
C 4+ THIS SLeRCLTINE PF.IY)'CES THE CC%,j-CTIVITY VATP!X +
C *4 44.

C *+44+444++4s4+4,4+4+++ ,++++++++ ,4 ++++++++++++44++ ........ #+++44++

IPFL!CI T
II%7E4'=v* V PRI @C'.CI !(.,MR; I vNE1 lf\tp,"N?vMN3, I ,S,~
IIE"'E*4 TAN.S

CCIrW, /hCCrJNT/ ,LL'L'EiOC~SA
CCft'v1,J / IN T4/ ,iCNtI.

1FC[ANSoEC.2) CCrr 6'1
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FILE: P ESI"&'- N FCRTRAN 11 NAVA~L POSTG:ZADU.ATE SCHCL

NPCT('P 0
I PCTCF C
K~SlATR C
KSIATE C
C X1.01)J
CC 4.0 IC 1 9,NElI

IQ1 = 1' 4~cwl +. M.?cW +. 1

K(3 =K
K(4 a K +. I
1(5 a P' + 2
K6 = K(2 + I
1(7 a Ki 2
K(8 = 1(1 + 1
NGOE( IC,l ) a '1

NGIOc )CO) = K
IC U(JC,4 I =K

NtC :CC,7) I K?
NOOS( IC,7

K K +I 2

=Q FLC0T(lP/FLCT1(F)
IFU2~oNf:.%,) *! T 40~
Kt = K +P MR
MK
C = C + 1.OC

40 CCMTNUF
%;IP7 ( 6 *14)

e4 F C 9 ADAT (I ) I
hPF !TF ( 6 , (-4
IFNKCOTC.E.Z.N.SATE3 GOC bOO
IjKI =P.FC7
1..I'2 a r'F(r:1 M904 - 1
I JK( = h !T!-
1JR4 -N57TT + YrC, I

NS1ATE fNCDE 'JK,7)
CCNTI:.Iij[

tol CC 730 ! a 1,
RF11( C17 1k IE '~~I~ , 'If' (T , 21,N2 ,3 1 ,1 r)E(T,4),

I Nc E Et , )O'E 1# 9'41! 'JZF( 1, 6'J 'IIiT'( I

toc FET'Jr:%
EKE

C

SI. P~fkurI N E I % I T ?(2:,XCC -':K ,P S I,- Ari 9 PTT fT Tr.T , cC-, PT,

C 444.44444+++4*4++++44+++++++++ *4++++++4t+4'+++ ....... 44 +

C 4+4T Crj!'lCN+
S4+ Ti- I S SLPF'UT! I C AU TE F .4 1 Nl-T +~'c!1N +
4+ THFM'i- TH' OSi: ,:r rL~J .*+'F

C ++ S L E u T! *L S 1 CE~ ' =3 r ~ I c~ \J
C 44 V'LiPF" 7I~ F P'IT SIRIC F If4 C4.Tl-E Suf,,r'.i1 U E CC' TF ','IJ I'TIAL ++T 9'JT.'
C 4+ OF IJl-'E Sl r~lA FtIN7 C\ C' TH ',,L >
C 4+ ANt Tk ECUI A 4Y C') IT$'IF THE P?~c.,AY' T~rJ4C. +
C #+ 4.+

C 44+ +4444 .. 4444++t444*++44... .. 4+ + + *+ +++ + . . . . . . . . .. . . .

L 17£



FILE: P E I-GE N FCRTRAN Al NAVAL PCSTZGRAJUATE SCHOOL

IFNTEGFR*4 !ANS
CCPM'fl 11,CCJN-T, /Cfu MS
CCOML N /NCfiT'/ -.N,.C2'Lt,\7LlN ., )1RTCNSTAT

G =1.4CC

NNPC = 2 N CCLI + '4 Jul 2
CC 703 1 1 ,NNiAC

70C C C NT [,'W 1
GCIC 30C

10 CC IOU I =1,MRRI
KaC(1j I

10C CCtNTINUF

K x MRRI 1
J9 = K

M RPI *I
* 2 * MI-CL I - 1) + K

CC 200 1 4
IFC4P'.GT.0 ) CCTO 210

K K4
L= L4 1
MM = - mm
GCTO ZCC

21C lFPl'K*CTa0) GCTC 220
NRC(K) L
L aL 4MR'CI I

mm( C mm

GflTO ZCC
22C NBC(K I aL

L =L 4 MIrCIR

0= C -K

2CC CCNT'l!L;
K 4P M I + 2 (NCOLl 2) + 1
Jit %l APO - 1 + 1
KeCCK) z J
N!!C(K+1? '4 42

?0c CCNTPNUE
c-VII= 1- '

R I-L E2 =C %'4C-p I * C W V'41IARA= ?.1414S2 4 ( C .l) * qC(1) R4~URI I
1CALL FLC FCT( ;LCCP T CT, TTC T ,.HC TT, Vrl T XVEL. ,CP,. Ri~ G(VI 1i
CLANT zI.0~C ' iVL 4V
7 U'P = T(7 CUAT
FRFSS = f7C t.TT(*JL1
RI-CSTA - 7flT 4 .A NT** G.M11I

==~ VICT *X'irL
KC MqC',1 1
P~ll = oCT / (2.C.;C ; . 4 5.6.'
FSID = F!I11/ cLrtT(,%C)

CC 5uo 1 1 =
PSICII =PSIl - FLCAT(J) * FSIC

!00 CCNT INJE

CC 600) 1 1 2
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FILE: PESIGEN FOR TR At- Al NAVAL P~iSTGRADLATE SCHr.,)L

N12 NCDE( 192)
h 13 =NC~xt I.?)
N14 K ~C 32-( ,41
K15 sNCOE( I,
N16 rC
N17 KC' NC 1,71
h148 x 2 EI?
F SIN1 2 F FI(N12I

PS N 16 )zFSI (N I EE
FSI(N17 ) = FS I M IS

tOC CCPTINUE
SEIUiRN
EN':

C
C

SLErP'UTIDE EPRl(NEXCq)
NE~CP - EEXC

icc FCFY;T.(I EXC'-CEI EAXIFOUP ALLCW4FL= SPACE FUR REAL*8 VARI~dL=S BY

EC

C
C LP.F'UTI1PE ERR2( EXCI)

ND=-NEX
1%FITE (o v1CC) % EXCI

iCO F C AM tT xPz-,E CFr MAX IMUM A LLO iABLE S PAC E FOR INT*2 V AQI A CLES 1Y

CC
CN

SLEROUTIl'E cvR-(NEXC's)
NEXC4 = -NEXC4

100 FCFMAT(l EXC ECE-- 1.AX!MUM ALL~iA3LE- SPACE FCR INT*4 VAPIAWLES Y
I' 915M/

CN

C
SLERr,,J TI ETSI1C.IEP ,I, ,JTC SAr, TVF

C *4+4444444+44+++1++++ ...... 4++++ ......... f ....

C Th. 711SLERCLT'!t' CC,4PUT~c* THi TING=NTIAL PLCCKC= +4
C 4. ACTC..lc Fr: 7HE PCGT(:. AN~C STATC;, jF THE 14A'A 74-5Kj ++
C 44 CCIFsC. 44

4C 4+
C 4+44444+++44*++4+*444444-++4+1-++4+++++4+4+++++4'++++++++++++++-+44444+
C 4+4+444444,444+4+++4 44444t+444444+4+ . . . . 4....4+#-+ +&....

C
TPJFLIC !T DE-AL*F(A~- -vP-Z)
I K7F6f T*'q ?'" , F! . NC 9 Cl, 9 C, A ' ' 91Ki v, it ? ,MN "3,9 -1114 tN )X2, '12

CCow'rh / NCW'T/ 1 N\,LNr'.-L \,rLE, TCSTAT

IF (It,.IS .EC .2 CCT( 70
001 a NoCTC3 + I' C'4dI - 1

oft a 4

1,1 5 hS AT 3 + mp cI - i
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F1ILE: IESK-GN FC.RTiRAN A 1 NAVAL PCSTGRAULATE SrHrOL

07a ke~ + rPRCW
poe PMV + I

Cc luo I a ,NN
EM! a .0

100 CCNT14UE
CC 2u0 a \iFCICE04%I
PCI - PC (1)

RIL= C.C13!1'3l - -1.4q6721-4 * CI 1.9)30410-5 * CI R CI
14*2433qn-IC * FCI * PCI * RCI .. I * PCI

RSIGL a bC4957? 4 1.22251'1-3 *FC1I'RC! + 1.46366-- * PCI * RCI
1 PEI *PCI * CI - 1.3386"0-3 *OrCIS(QCI) - 7042- ,+40-' *DSjf4(RCI)
2 4 2*lQ~f2lO-5 * CTAN49CI) - 2.12Q7I * LOG(RCI)

o(11 - .t - RTCL * RSIGL
20C CCP.TINUE

- -. cc 3C0 I1
PCI R C(I
P1CIf aC.14,3493 -5.d9C61D-3 * RUI - 3.280440-11 *RC!* qCT*Rr-I

1 * F.CI * Pr" * :"I + 2.t590oO-15 *. pr *PI !I * CI C*
2 PCI * RCI RUI * kCI - *4. 5276b)-4 * OCOS(RCI) -1.21L-2!-4

3 CSMUPCI) -3.A-tQ4Z0-(6 OT-*.I(FCI)
ACU = RCMI
RSIGM - 10.9594 + .2 5785 * RCI - 2.6200~-6 * RCI * OCI * QCI*
1 RUI 4.45113C-3 4 "'UN~(RCI) - I.J,3378D-4 * )T~e*('Cl)
2 - 4*85f CLC7,(^-UII

W() = l.CO - TCP' 4 RSIGM
30C CCf4NMUF

CC 4.0. I a '406!4NFCTCE
FCI RC
RIC7 O.C19;736 - 1.111321-3 * PCI 4 1.34790-6 *RCI*Q ' I*PCI

I I.Cf633S-14 * c1 * iCT * PCt * z! * RCI * QCI * CI * kcI *kCI
* 4F260-5 * CrSIRCI) + 2.68422n-5*, Si.( CI-.

3 C1l(r-CI)
RSIGT z 17.C-5C 4 .656,044 * RCI - 3. 1-s 'CI * PCI *RU *

1 PI 165~U-Z tl,4(RCI) - 1.35~4773)-4 * L)TA*,(RCI)
2 - C,50EC 4 nO0C(PCII

E II r 1. CC - PTC7 * RSIGT
40C CCFNTI'luE

CC 5C3 I = *4T4rP, Mq-3

S110CU a C.C%'C30 ?.311570-1 * OCI + 1.6&.)396b0-9 * RCI * RCI-
17.cC43:.-5 rCCocICjII 4 .. 332180-5 * OSItJ(4.i) f- 3.24t)O30-7
2 CiAk~(l)'C

S IGL a ft17~ - C.150357 *~ QC! + 9.A4921-2 * LC C
eI -.I66C-.13 4C ltc I 9R*C I*RC! IO [*'C 1*;C I r*Q~C

2 - 1.3L,t -l * , cj ! ( C ! - I 27,''l- * C.T!.j( -CI I
STETML = C.? 72EC-: -- c. C-5-ii -'? I -- 1 . -' z-- I

I RC I*P I'I 9PfI l-C ! ;J.I !;+ ('I + f..G 3[:-4 * )rC-S( AC I
*.2 + 2.2 :sc-' *,z 'I 'h~CI) - 1) 7 433 -t, * CT %M( 4C i

8 ( I = 1.3 - ST:-'mL 4 SV4CL *SST;L.
Soo CCI6TTN!JS

CC 6co 1 = 4M'6.

STTNCI = C.C1587t-' + l.5A62jD-3*R~T + Q.aj5j19.D,-6 *CI *R1A -

I1.!6251- * C~C(RtI) + 6.894990-5 * OSIN(,OH - 4t.1554I~L-6,
2 'UT P 1,CI )4 ~SSIGA z !.17:-02 - .41154-7 * RC!I.2.O2 *C '- P RU
I ee.S3tcC-13 * RC*C*CIC 'IIC +-;
2 2ocll2C[-4 4 T~~I
811 - I C10 - SToA SSIGr4

e0C CCNT1I.,U;;
CC 70~J I = OO, .STATF
Pcr = qcui
SV"CT zt C.JI42 + 3.14P5PrC-3 * 'rC - 3.60f)470)-11 QCI*Irl*!DC
* FC1*AQC 1*RC! 4 .r)J2)'J-r * CSI ) -3.0~31251-5 *)S41,14(CI --

!.'1! of,5 cC( + 1. 52Z40-2 F * PCI -

I Z.1t.17CC-ll * FII'IFCCC~IbC
24 I.7C~ AN( CI I
SIETAT z C.'Sj5JP .6:7r4)-4 * 7CI * PC I - 6. 340-14 * rCE I

1 C*C 1 .6't)QRf-3 * CCS(RClE
2 - C. 15'Hj7* CLCC-(-"II
e(1) 21...X') STE'T ST'ICT *SSICT
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FILE: PESI-GEN FCRTPAN Al NAVNL POSTGRAOLATE SCHO'31

70C CCITTNJUE
P~lUPN

C *****+*+*+4*+ *.4+..*4.4*4.+*++++++......... +++4*+++++

U 4 TIS SLICC1JTINE %RITES TI CLJTPUT IF THr: PROtGRA9l+
C *. CNTr~ ')I!K TCA TH'E r!L= "FFr', TICDIS ARE LISTEC +
C .. II THE EXEC FILBS TU~fi')1 %N" tU16O ++A
C *..
C 4444444. . . .44444.++4*4++4+++44*.++++++4...............+++++++
C

ClF C IC I T 4 ~ CAL Ei,. P- I

CC 100 tR*4 .I1%
C 1 t I , F P 2C, N IC) L7 .1 r ''I ,C( C3 IE C

1CC oi~ ICCNT1%!

C2 FN"T71

IF(IAA4S.EC.21 C07C ICI
CC 200 1 1 O, 1 21
1 R I C 9 11 ,~C) C ( I I ,'4fI II 1,I'E I, ITEZ

;ic Fr 'A I( 3 1 .1
lac CCNT G4U E

WA~ ITE ( 1 '11C 3% 'I 136% Loo,1, ~OL1q4R~lq TA
ToC TC! CTTC Pur

101 WC 40J ( !9 9,l'.iFR oPI -PTM 4 SA;H T ,W

IF400N ECC?'T)".UE
CE 200- 1 , I;

2C 44$4444.4.+NU.4.E

3C *+-.

C
40C LIENT F'L-GFZ3 RA44H

RI2t- .I N NVi'-1.~ '1,,344~2~
CVN/CjT/ P :i'

CCc ~~JT \CN~,r.D7,JT~

SO rT. L F4tdL ,'C ,T Td.O~,~ ,V L,' QG.1, v l

% C+* ++ *+ i-#4 ++ +4 44 ++..... +4 +++- ..... .. ....*+1804++



FILE: PESHGEN FCATPAN Al NAVAL PCSTGRA.DUATE SCHOOL

IT a0
)VEL - C.ICO
EPS - 1.(0-06E
Aa 778.2 * 12.17'

91-CTT (FFJT * 144.oflo/(R * TTO)
V7CT G CT(2.I2C * CP * IJ TTCT)
FI-1l1 a umCT / (;I-CTT * VTtCT * APA

100 PI1 XVEL 0 f I.*C3 - XVEL *XVEC)*'*Gl*II
ClEF acLeS(PI-It - PHI
IF(ClFP.LT..=PS) CCTC 2UO
CP)-IE)X a P8I*tI.CC/XVEL - (2.DQ*XV:Ll/(Gh41*(I.0.0 - XVEL*XVELI)J
XVEL = X'E * (PI411 - PHI) / OPHIOJX
11 a IT41
lFIIT*LT.211 GCTC 10C

lic FCFi''T(I CCP EPG7NCE NCT REACHEC,9/)
20C CCN~TINIJF

VIT XVII. * 'TGT
RETUPN

C
C

C

C 44 +4
44 TIS sdjeprUTINF CREATES A TEK~TRC%:IX f-18 PLVIT CF +

EIG-T-CDEISCF4iRAMETRIC ELF-AE ' T P=-SH* +

C
C IIPL[CtT RE~l*8ef'-4#P-Z) , EAL*4(C)

LCCICAL'I'TITLICCOfr.l4 /FF R/ F9(5CCC)

C CI" I,l UNT/ I

C IC~E STCIN /CLCI(1) ,(iVJ-CI ii ,CZNSCJ,t)C( I. I,4PS( 10)

CIo!SU /cuTI TL 1 -L1 L~NE".IT,7)SI

C **CCKVEPT !H TI4 ')AI CC( D146!FS TC PrA.L*4
C **TC WAKE 7HEIM C- 4 PAT48LE -1TH PLrTr. CLLS *

CC 30 1I t -
OZCI I Zc I)
CFC ( 1 C CI )

-A0 CCNTIWUE
C. ) 'L(I ) x ZM I K
C )NL ( I I S
CXYL(j1 - 2'4AX
CL(.) z2m~
CALL ')jrItJT
CALL -;SCFSE

PICT NF-"-L. CINS

CC 5 2 19ACr11
cI-Zf:(I) C.0
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FILE: 1'ESK.EN FCR TR AN Al NAVAL FCSTGRAOLATE SCHOOIL

CC P '11NLE
CC 6 1 a 194rC itI

CVZC( 1) a C.0
CVRCMl a C.C

6 CCNT!N'JE
P"1 '~C41+ 1

hCC1 NCCL1 + I
N 14 = #AJN
IP14 = FW

CA LL PLC Ii -UNL't q14,Z, CZC CD, XYL79T I'L. I
C ***4**4***t** t* **.* *-t *V* *** t*=* I* ***:*'* **1 s******X;**
C **PICI tCI-*lrTA. ELEYMT SCUNI)APIES l

oa ic j 2 .Z= 'A NLI
0IIPC(J~ z ;C*
KLP(Jl =j
!f-(KKK.LTa.C) GCTC 90
MPw 'AV 4 Y r'f
KKCP 20 - KKK
GCIC 100

so v m .4' 4 MF1
Il 0 - IK K

ICC C rNT I PLE
CALL FLCT (C* .,;'t%Le, C14,HZC,HRCtfnXYL,37,TITL1)
Do 2CC 1 aItV~

FLK 2 * I
KI' aI
DC 903 11 191kCCLi.

1Ff KKK.LT.C) 3C-T( 890
III =(LKI 11) +'LK
CI4ZCl(11.1 -CZC(11E2
CHRC1I = ~Cf)t

iKa J- KKK(
GETC 801)

Eric 11, =KLK(III +.
CtKC1(I T) = :ZC i11
KKK a C -KKK

eoc CCPTIVILE
C fAV (2-* !~ + 1
C M LK 1L

CALL PLCT( Ir N.*i-I)L ." I ,A C 9H r1rX L 3 9IL.
2CC CCKTPTUE
C W:** *4 **V* ** * *** ***w**=*** ***Lc*****-A**~*.***,.a.*.
C **PL11T V!:T~rAL V!U"!3ART=5

NC11 NCCL * I
CC 400 s l.0NCl

DO 3CC J I= t ;7
OV 2C (J a=('AI
OVFC(J) z FCjI'')

30C ^rNT INLF
CALL FLCT('11ANM~)NL, 'R14,CVZCpCVPC,OXYL,37,TI&TLlI

Am= IWM + *14P1
400 CCNT INUE

CALL 1'S1ESM
PE 10(i
ENC
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APPENDIX F

LISTING OF THE PROGPS!f TMZ 30

FILE: TL9FC FERTFIN AlI NAVAL PCSTGRADLATF SCHOOL

C it *A;P:)WA M i..3131.'

C 1,6131 4MZ 4 io -A 2 4 ! ' - 1

C PFRCCRA;4 TUFeC
C 2M% :5

C It" II 4,2 It,*, .*~ 2 '. ~ ~ *

C 321s*2S
C 32A THIS M Rl~fNAL 4 RU H-F ICM -4 .NALYSIS P31)fGPI4

C I4AA APPLIES A GA1)ePK1 F%- F\TT :4 % T - tg A 4*
C 12,114 STP Ej~f' FUINCT ILN YfLTCJ T*r I '1 j;S
C 3-1i E!r(1T, NCL)E. M-Ahv !.4Y'-I LT'iN' -r-

C IA42 PCINlT GAS- %Ak ~J~~.' UAE ICA'L
C I IfO INTFGiPATICN. SELECMiC RESLLTS OR CISPLAY--.0

C ~~* 04 7HE TEKTCI xi GAtCTEM'AL.
C 2

C 1 4 f 7 S '11 4 1 4k 11 1j 1
C 3-4-.7'~
C Iv4~it ol i-! im i'1 I 4 !
C I' ol 4 on, '9 *2 4q.

I1FPLIC1T FFAL*A(!-4.F-Z) , 1ESL44( C
INTEGEr,*4 N.A,~ T I,~~r4N,~,tPL~

CIMENSICNI ALL APRAY VARIABLES

CC PP'P1N /FEALP/ ~CC
CCIOtjN /F2L4/ C. (5-1()
CCOINY /T!.>TA/ 12UZOCM

CC~owfAI /ITC"'/

CC1ft~i r ' ~T / j \P4 %4V , Nr ,\"7r ' I'4I5, f. 1,0, -p ' 11,

CA I r,,S r , A , ,9 - MILWf b14
C 1 SC I

C

CALL PC 1 A( A9 tm9R 4 #K ''N II t M LI

C

ALLZ C1 ( P( hP 11 N P12 . (NP3 3



FILE: 1LRRO FCRTPAN Al NAVAL PCSTGRADLATE SCHOOL

c
C
C
C CALCLLA'E I'v ANO 'U' VELCCITIFFS iND NE.4 '40CAL CENSITY
C

*3CC C AL L 0 T P17),2~

2,EF fPP2 3 R8 (1 NFZ4~ i, D-(r-3P 2 M.~.P25 9PP( :IP7) tZ ( I C I it .4p !I),

I N P 13 1 T 9R ( ' ;P 2 E I' , 2. (A P? ,N ) sk S P'II P (P 213 -P OP
C
C

CAtLL FC A L(Q'3(N F14 1, W,.1N16 )Z A vE 4, PE Pti)
IF e MP2 I Fq i ;81MP 1 , i 1 3(NP1'II, 12f UP 12 ),IZ:I(1l14 1 ,P 9(NP 11,

C
C

CALL STIFF('7!(r'P2,FE(NP'A ,Pq(NP3),5~t,ZA

2R8 (NF14 ) 9913 UP 15) y, B (qP-3 b12( FRP2 I. NNG0 *N49,iN=4, 'krCWS)
C
C
c SCLVE SYSTIE4 OF ECJATICNS

CALL DSIIC(R9(NPCI , 8(NP14P ,NNCOKS I
C
C
C

CALL 022PLAIR 5 NP 12 08 JP141 F. 2( N01 5) i NIE4 .%!PIE4)
C

SCCIPARE NF% ANO CLC STOEAM FUPMC T !'J )1!TRlbUTTZ"'S

CALL TESlr1(Ri (Fl2),Rq(NP13) ,X,NNJ'C,N4E4,,INE4)
C

CALL RFl(EX; N1 0P1)1 (NOT 2 ),PJ.JGD,NI4,Nr4E4)

IEST FCIR STREA~4 F'JNCT IC"I COKVERGE'IC
C

m KK z KK 4 1
IF(X.LE*;:CO-%;2 IGCTC 800

C
C

CALL MJOCM (X ,P8(,%P14I ,fl (P 2) trUP1bEJ2I ILNC),E
lNhE4)

C NEXT 1TEPATICNI
C

* 1ruFL.=C.C, GCTC qCC^
GcTci sic

ecc IFL - I
C
c
C

F ZX C.CT)O
R p N C C. c~li

C
CALL *OFL CT (Ir% (N P' r , AX(, ' % PN C 4 (P 1 lp ", ( .2 f *'( IP.l , 4 pliC C-

C
C sc

C
C
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FILE: TLFSO .FCAIRAN~ Al NAVAL FCSTGRADLATE SCHUUL

C

4*4*4 +*
C *+*** BEGINING rIP TH-I SUeRJ;JTIN! SECTT'JP4;4*4
C 4*4*4 CC hTt IN S FCAL v V:L. SL! \1E . JACIr3 **4
C 4**SHAFE9!WPLCT9 AlNC 'ISIMC* **

C4*4*4 ***

SLPQcYJTIW ITlfILt.V!T,LIMPvT rT1Fv ? Ta, NSAT3,Ll4,NAcjNE4.
C 4+4*444*444*44444444444 ...... 4+++ 444+4 4t44444..........*44

C #+ 44
C 44 +4
C ++**4444444 44 4444 444444 . .4+4++#... ..... ..... -++
C 4+*4444444 *4444444444#*444444*44-*44 44444 +*. . 4..*+444+ * +++

ITE,.=P*4 KP;.-C,Nv4 Tm C.jNr),16E4,klNS4vNP'-L4PIM

* CIFOC-S1C!k TITLEVIC)
C

iac FCANAT(IC6'l)

C READ IN NUPF ER UP f-OCES AN1C N~UMBER OF ELEVENTS

PE40(25.2CC td ,IFCht,CCL ,:4DC41,IICCL1,N!WTCB9,N'S7.ITF
2CC FCFIMAT(715)

NNE
NE 41rip ',C CL
NNCD =
NE4 NS

Y 'Ct4 4 1
NP; p 1
N F = ".F2 + \1 c c

NP5 p +P 4 K-L.

NRC No 1 NCC

NPIC NFS + NNCC:

NP12 z F12 + * Cl
N p' 15 KF14 + NNCC
PP16 x KFI15 + *IFl7 a AF16 + ~Nr
NP12 a KF17 #.NPKf
hplIq aNFL ; 1 k#
NP20 z KF19 + NLC

18 5



FILE: TLF~fl FCRTRIN Al NAVAL POSTGQADLATE SCHOOL

NF21 KFN2C + NN E*NN00
KF22 I, .F 21 + N P ( 6

NPF23 NF1I + NNCC
K P24 K F7il? + KN: E;
NF25 NF44 + K N. -
KFI5 NF25 + FNC".N

hpCZ w NF2E + * t

NPF1F2 FI + KN C
NF14 NF!13 + ChI
NF15 NFC4 + N 44N~t-

KPCr2 a~f 9FC + 0pr %

NE)CR a= 11 - NPF10
KNE)C I - L IM - Nf 15

=EC - lP4 P
IF(M(Ce. L To..) CZLL --iP-2 (:P!XC'

IF (N X(CLT.O0i C LL '3 ('eA C4

21C FCF94AT( 20, OAcpf- SPAC2 AALt.8BLE 19,/pI REAL 9 ='l~v2X, TNtECE
1R a I t15 @2Xv FE -'L1. / /

EKC
C
C
c
C
C

SLFRr'UTIN AC,%,c,~c~$,,JC
C 4+4+*44++#44444+4#44++*44 ++++++*+++++ ...................
C *++4444++4+4444++444444+++444+*444++4+4 +4 ...... +f* .... +

C .4 44
c 4+ 11-IS SL JCIUTI'C C APUTES THE JMrCelA,'J *,I.TZ[X +

C4+ FECUIPFC p;iq rtE 1C' I. TvVJSF-,R-1ATIdiS. +
C 4+ CALL STT"rPENr nt=1Ir:I c:
C 44 El z V-r~ rrThF F-%0,-T+
C 4+ Zi V LL t,-:- ThE: XC-- 1'"JPIU

C4+ CU) =Hz ;9(1~ ~.v7PC ) -iT Z
C 4+ E( I r~ r VITrr1- CF Sr(i!) 4P.T a
C 4+ PCs= Ccr-,I'..%7F3 :F TF=E ++~~''
C 44 ZCI = T= -r-'1*~~E T-;C %CF ++
C ++ IPJ4C 2 X2 J Li *4 .-IA1A1( CUTP'JT ++

444+444444+44444+++ 4444+.++++++++++++4 . . . . . L+4.444+.44.4.4.4. .,

C 444+#44*444s.*+44..+++++ ..+..444. . 4 + t+4*+ + 4 ..... 444*++44++*..++
C
C

IPFLIr. 11 FE.AL*et-tP-Z)

RJIC(,2 1= c
FjC) (E " .'AL CC.~~L

P~C(,2 j 4o Zi: * .W1r

c~l) a ( El 21 ?.6C1-* 2 C3*Zl *El + E*F )/4.JO

C ?I x (-Fl + 2.i-r-Z + 2.DIO*Z i*rI -+ g )411

C Ms = (1 1. 3 -11 .. '
E (Z -I 2.I+C - 1 t'IZ . + 2. Cl*Z 1*E 1 /4 .00
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FILE: TL~ABL FCRTR3N Al. NAVAL FCSTGRAOLATE SCHOOL

E(?) a (-Z1 + 2.CC*EI + Z1'L1 - .00*Zl*E)/.O)J
FM'u z -fl + El141I
Wl) a(21 + 2.UC*El - 1l'.tZl 2.r'O*Zl*El)/4.D3
E (ll a (-100C 4 ZI*Z1I/20.)O
EMi u (-I! + 2.E0*Fj - Z1*11 + 2.000 7.l*El)/4.00
Efe) a -IFi + 1E!)
CC 100 1 2 1,08

RJACI 1,1 a 4 04 1,)*I(1 )*ZCS( I)
RJAC( 1 s PJACtt.2) + D(lI A~ ' ( I I
PJAC 12v1) = RJtC(--,l) + ElI )*LCS( 1)
RJAC 21 a rj~ecl:,2) + E(I )*RCS( I)

lOC CCIKTINUE
FE7UIRN
EKC

C

C *

2 E. 'f lAL 0 C F '1 T ' F FC NJ r OPS IT,'tTr~ .T '%CF iF v.4' 4

C 4+ CAL +TTN~ )II!P~
C~~' L. %&n V VECIIE ++~CTSI~ MSC4+ THI EUPRCUTKER CIL~CL'S AN A~ NE i 4

C 4+ nA PCE*SI''Y FCf A K.C>JA EACHJINFTS
C 4+. H NCCES Il 7 .c 4z PSI~T~ -)IS,e6M:%
C 44 CL = TA1IC flF 3FeCFIC 3-S: 4,

C 44 PC AS~ CP N-NALCnT(Al.%ES+

C .411 = !ILE7 %TT. ,EV.FPATLr~
C 4*FICT a INLcT 'CTAL )E CITY 44
C 44 F I- CN * vi' JCTr: :, mM- Nlr4 rFl.PSITY 'ITSTL'IaUTIr'h .4
C ++ ZC ! P'AY CF Nt:9 )'L Z CMr11N +E

4 -# F 5 1 1 N'-raL ST-E.~v F L'iC T I i iCTrp 4
44 FC =2I.LSTaTIC ICNSITy V CTJP 44C 4+ F C A LCCK 4+~C

C 4+ LIKL T m I' LET AXI-. VEUCIT'v ++
C 4 %Z = NC\IL AX 16L ',+c:T

C 44 %F= NCUiL F )I LVLCCITY +4
C ~.FICSTA z IjLT STZ'TiC CF~I.3ITT +.
C 4+ tLP ?C.~ : I SCL ITS Ft.Ca Z'JCL 'ARr~ay

C, L4 kE :L .. ' FLU( (L V CTC?. +
C .. I- C CCAL Tr; -L tk''I-H, %PY %/=C TfU., .4
C +4 + G =FCTC; Sr'cEO 1% pAC/S'

4+ +4
S +... 444-+44444444444444444+4444+4++*4+444++4 ... +...4 ........ *++

C 44+44+4 44++ +444444+++++-+444*44+44444 4 ...... ... +

C
C

IPFL!CI 1
*CCFIYU'Z ,!CCU I / %(rLvN~CCLip1K ,Na

CCJ gf-j /rCC4/ Fl-CT, 4S A

0 1 ENS! CK 'JZ L I v I t. T T (I)) , PT(7)
01 kFNI.5IrN C ( -I E ( , :z 9 :' r- 19 C it I, )v C )v I -I ~ I)

cE II t, z:I- t's Ii r:& CF 1T = (*, T E N AI TIE CYC rLT

T~ikICLG1- FACH ELA EP;T.

4C
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FILE: TLeF~r FCRTPg(' Al NAVAL PCSTG!!%'LT;2 SCHWYL

C1'1 = G I .CDC
lSIA(Z) 3
ISI1() I

* ISTA(41 I

ISUd6) 2
ISTAM7 ?
ISIAU) 3
CC 103 1 - 1,MPOwi1

NI-(I a CP *(TC7 (I) * TU C, 144.000
HS451 )a CP * Ev'F(1) I STJ ;C 1 44 .003

ICC C C N T IN E
CC 200 1 = I

NT.1l a XTEMIf
II,-rl- 2) clu#2 2 0#2 3 0

C
C
C
21c CC 24C Y~ = 0N

ISTI1 x I STAf?"1
CA.LL SLI'r. P3IC 9PST V-' V;COEvV"! "FC'.19012,ALPI P,.TE,RHCI ,

IJ!( z -dl

I(I!.~.TJ '"OtTC 211

IF( I l. P.I 'GCT1' Z4C1

Ta -HPTr2l0

1-(! T:' = Nr):(I 1wi

IiTTE.IW) aI

AU2( 11%1 ALF2
V?( N4 I 144. C.) C )PC~ I I -- l i3 2 49 ~C!) Z 12 .U0

WV N., 11 1 WI *~ GT-!NULP!)
w - L( I RCI Z * 4 t,( %'I M)

ENTOM~ly)a UMT
;4C CC(74TI1NLE

Gr-'C 2CC
C
C
zC or ?sc i=th

1STAI, aSTrP'

C- L ~ ~ T' L !~W L 1,4- I-C Iv Jt C T H

3h NCOL L,41 9N, NZ'' 4 -*,

2rNFCAS)

Q1-ACT I.a - R'e(.z PASS)

Pr5N4 (F - FL 2.OICO
PfTUI(]) a T' + P-11 / 2. 000
TTf7T ( P.0) a (77f 4 TT 11 / 2 .000
TEA~ 0 AUM) a 172" TL?) /2.0r.0

188



FILE: TLFe3C FCRTRANt I I NAV.L, PCSTGRAf)LdTE SCHOf;L

HIN1MI arP * TTCT(NTI'I ETU ' Gr. t l4.OFl)
1~U.~IaCF * TFIOPUN\IAq PT'J *CC 1 44.000I

PHO~~m) (.'.PC" + Fh:' Il /pjr)
PHOTT IN.!141 a I 44C72 + HCTlI .CDO
ALP(hN%') MPF~ + ALP!) 2.02JJ

+~1 eFT*.I) 2.J.:)
VZ2 m144.CCC * GP IR2 / ( FC2 t?' PCI'-: I 12.CC)

2V a 1-.C * CPS I Z' I rFil4? 4 ? *RC12 1 2.0~C)
VZ( NIP I a WZl! + ' ZZ) /2.OC0
VR (N Iz = s (1 * V R '1) /2.UC3
VU( N TO) a W) + VA! CTA tI LD IN .A) 03 0*)
kl.( %1!) 0 1 V -v:t DTtN 1 1'1( N PIT)1 2 ?. 3X
WPL IN I IP I (UkCI12J VU(NI'1/-.c)O
FRIN1)') z= f - ,G*(RqCII + XlCI) * VU(NIMl)/2.00O
ENTRCF(Nl 41 C. 5COC * N'i

FlTr T(I I) = OT4
TTO( J) vTT2

TC4PIr~IM mT0c
HM(N I)' = CP *TT2 BTU * CC * 14'4.CDC
I-SU') r F *T2 STU * GC * 14'4.COO~

ALPINI") At =

a 44'CDC j ~Pel 2 /(''142 9 2 Q CT 2 / 17.101
VP I t - 14-4 J)^ 7,* 17 I2 Ik I<C 2 m2 ~RC 12 /12. )J)
VUI "I Vt'2 CTANI( ALOZ))

ki L(I)' u' I * i~ CT-X,%(-2Ti2)
WPL .IMi Re-I2 *Vu( 1 *4
Hr I NI' 1 = r1 NI" - wG * R C12 *O V(N!4)
EN:T '-C F IM =l.4z f
GCTrl 2;t2

WU! NI) = V Iv * CT' ET
1i~p( -%11. = If "M - %k, * R C1 I* VU(N IA I
ETAINJ?) (Tll/(TT2 1 THw'r/~l*U1G .00J)
PRAT ( I,,) =PlI2ID!Tl

25C CrNTIQLF
GOTO ;CC

c
c
C
23 C :)r VC M IN

ISTAI z ST=

pMIV x 1 r ~ -

C4 L1. 5 L ! ( PC. P I ,VZ W. ,\CrK'. ,' F(7 'I OC!, ~~OCr

PFAJz LF1

6264 OETAI = ALFPV~INI)

RF4CT 2 I 1Cl R ~P I 1 1 .C P S

TTJT( I )') z I TTJ + Tr'1 2 2. C 9
TE14P I IMI c 17 TOl 2.3)CC

R pe IN I rI = Ir-C + kr4.r) ?.330
OHOTT lNI'i) (HVI-C2 + -7HOTJ 2.CD)O

1.89



FILE: TLFOC~ FCRTRA h Al NAVAL PCSTGROLATE SCHIlOL

ALP(NIl') = (PETAZ1 RFT.A) / ?.ODC
VZ2 = 144.crc * 'psIru / (RI-C.? 22 * iC!2 I12.ICC

V2=-14t.MCr* rcOSIZ2 / (PH0.2 -1.2 *PC12 IZ±.OC
VZ(%TP)= ( ZI + WZ') / 2.jro

= ( i; + VR2) / 2..,Cc
VUU(.IpH = 001, vmiI) r TMN( LJ(NtMfl 2.3D0
ENTRCF(NIM)4 z C.51-JC -NT + rNTI
viRL(rNIM) = C12 *VU(NI-il
GOJTC 260C

6p PF SS (N 14 z;
PTflT (f I) =P72
TTq]T( !) =112
TE'4P(AAA T2
cFVl ( Im) C Cv

I-S (t\K I I-S

RHO T I(NV N I-0 T2
ALP(NI) P A

VZ(IH i~4.flj Pj1R7 (,'H,32 B- z2* /12lO
VRINIP') =Y'iM C>)SIZ2 / IL-AC2 -jz2 *RC!2I 2fJ
VU(NP) = Vfv7 * CTAN(bLP2)
hPRL( KIt,) PtCi2 * vONILt')
ENTPC(LV EN 7 *~
GOT'2 2cO

263 ETA( KIm ) = t/T
PRAT( Iv) =F',-/PT1

2tc CCNTIr'LE
;cc CCNTI"JUE
C
C

rcE7URN
CN

C
c LPQCUTI%; SI-4PE(FtZ,3F)

4C 4+ 4+4+4+++++4; ....- 44+. 4+--+4++4+4+4++4+++4 .+++++*44+4+-.++*44+.+
C 446 44.++*4++++4+.....4.4.*++*4++++++4...........4+,+ +..+.+.....
C 4+ +44
C 4+ THIS SURPC(JIN= CAL:JL.I1ES Tt-7 S -APS FU'!CT,ItN F- +
C ++ L'1OAL 'JC 'D F ~ cM LEFT I RIGHT, il'T-.-C 7C Tr'-
C 4.+ 1% 7t-E i-t PlA 3
C ++ CA&LL SP '. T ~I.TCi:
C 4+ Z = '4L Tri: Exr!IS !NFLT
C 4+ F ='YtLL7 c Th': TTA w["JT
C ++ SF =SI-.PE FLNCrICN vr-CT:I2 +
C 4+ 4.4

*C +++44 *44+*4q4++444*4*444 44.44#+ +*++4++4.+*++44. . . .. .. .. .. . . 4
C +~44+444#+++4...+. 4 ......... +..... -++ ... -++4+ ....

C
C

C5F(4) 2 (N) -F F * )
=F5 2 + Z ::k + Z*7 -ZW

S F( 12 I)C + - 4*ze
5 F7)2(Z * z (3 + 7v*= Z*e*Ic

F (4 .J Z- * E

* EUPC
CN

C
C
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RD-R124 987 FINITE ELEMENT PROGRAM FOR CALCULATING FLOWS IN /
TURBOMACHINES WITH RESULTS FOR NASA TASK-i COMPRESSOR
(U) NAYAL POSTGRADUATE SCHOOL MONTEREY CA J A FERGUSON

UNCLASSIFIED OCT 92 F/G 26/4 M
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FILE: 71.980 FCRTRAN Al NAVAL RMSTRADLATE SCHOOL

C 44 4**44 + 4.44 4 4 44* *4+*4.-4.**+ + ,*4,4. . .+.**.*4.4.*.*+ +
C ..........44****44*4+4+4,4**4$*+++

44.44
4*.

+***+*4+*+44*+++++4...*+++ ++++44#
C .... . ........ ++++4++

IPPLICTT FEAL*6I4-IHP-Z)
INTGER*4 N~CN?.C~NCtS.N4N~SLMI4

ICImhri /I'1CCII'T/ KCCLrC0L19Kk9NE
lltI NN&eC 1,, " I'PC

~C1014fIN' /F CA4 '/ C,~PT,~O.HT~HS
1IILE'vLCULiT PS YqATU, F I29FL1d,GC

CCOMMN iLIC/ INFEAL.MPRIT-S

CIF#SNSICN ec11 ( I'( 1)( 13 9P1)SU I )to C( 1) kior ( )
C IPENS ICh~ TF5,lp(1ACT(1,,RS(I,7)1,p.1
CIPENS1C N~ fj qNCCS(KNI1Cl13
CATA STCF/ISTCP'/

C
C

R REAC FNCUl hL~eSMS,%C CAL Cir7'OTNAT ES ITN 14CHF S) AND
CNCCAL ALOCXRGE F CT7U. INLET STPT!Cil ZCI) 74UST WE 0.00.
SLASTI NCIJAL ZC(4N2 MLST P.E AT THE CUTLET STATION.

CC 170 1 a * h
IREADf ;C ICGCZC( 13,pC (I) 8( I)

loco FOR M A 7P15U1r
17C CCN1IINUE

CC 171i 1 1,NN
e(1 ) Eli) * 0.91

171 C11E

112 11 I Tj . Ih

115 113 PCI
IE * IT! + mRCh1l
ITI 11 4I MA'%CW +. 1
111A a Ii 11 IIT2A - 172 + 1
T!A a 113 + I.
174 114 + 1

W IA a 17 + I
TE :16 + 1

171A UIli + 1
1138 1 13A * 1

C 719 RLCCK!GE FC 734 CZSIGN
C EIT31 s H(IT'3) * C. 60.
C OITS+) -a (ITZ3 9 C. -:10

C ef(T3 3( T5 * C.^71 1
e 8(IT3.) I 4(IT'6a) * 3002J0
e e(T5&3) j i(15A
P 173F3I R AIT 2 0 J I J.-7)3

C TIP 13LCCI(gtF FP 3134 C=S'fN
CW~ 8(3 a t,731 * U.256lc,
c e8144T) - 1( IT4) J 0.17) 0

Z, eIT3A a .3 f mlI * 9 .
e( T' A I a Bf:7461 * 0*1)3 00
I (ITS-*I s 34 1541 * j.~)5?1

t MR )T8 is 4II173P) * 0.92)%)

PEtC IN fCCiNFC7Iv1TY IPATP:X, Lr..%L NdCDE NLVhJ3E S STAPT
AT ELVEPTIS i.;PIi iR!G~e r~fANC LC,.% IND) TAV -QSi Mih.

C REIC IN 11-E FLEPOENT TypE ! iEIIV:TC
C

CC 180 J a 19%NE
READIZC9101C) NO (J,1),NCCE(J,23 ,N'kOE(Jt3ipID'101(J,4)

191
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FILE: TLR9C FCRTP th AA NAVAL POSTGRA'OLATE SCHOO)L

I ,4NNOE J5 C(J 9619NOCE(J 971 NOCE (J98),NE(J)
IC IQ Fr~mA7 (41.1
1 Sc CC!%TPIUEC READ lK MtLET T-EqyCYNA4!C CLANTITIOS, Finw RATEtINLETI VEL! ITY9%LILET ~J VFLrGC!TY,FHCT#RHIrsqtATrtC

UNITS AFE AS FCLLCWS; FLOW FATE ILev/S=EC)
VELOC1't IFl/S7C I ; HrOT AND PImr..TA (LA"/CU FTI;
FTCT (PEF) ; lT ( CEGREES RAr4KINF) ; SPEEO (PPM)

L104 REAflf25I 1C51PREIP? TEP4vTTRHCSTAvRl.c7
10?5 FCFOAT ( Fl I* t. 2r1.8

REAC IN FLUIC/GAS CCKSTAP4TStr%(GAS CONSTAINT)tGAMMA, CP(fPTU/t.3M-R)
c

FEf(2 1!9 17 J iCCI CP oRG*G *SPSBC INLET
10?7 FCPMAT(fI2.*7qF8.ltF13*8)
C
C FINC OP'EGA (RAC/SEC)
c

KG s SPEEC*2*CC*3*I41593C0/60*C0
LIKLET aLINtl1*12,Cr0

Cr.MFLTE TIE FIRST ESTIM4ATES (IF UVELII AND RHOIIl).

CC 166a I 1k
UVELCI) - U&* LST

TSO = TEM
7TOTIT) n TT
PR SS5(lrI FRES
PTO'7f I) a P
PMOVI(1) a F1'LT

16e CCKTZNUE

READ KCEFS W.HER4E PSI IS SPECIFIED

KKEC a 2 *NCCtl + P140iml - 2
CC 190 1= 1 btlic

RCAO(3!, 1c2 CI NAMC(
1020 FCR'447( 15)

SC CCNT. I NUC
RECIN TIAE FIRST ESTIMATE OF SYSTEM4'S PSI (1ISTRIBUTIC1

RE AC if93021jeFSI(I 1

9. PT I)

FINC SrCES i-ERE F(F,Z) IS SPEC TRIED)

PRINT ALL INP11T OATA

cc 'C l'.C1
12l iPITF~ftiTc,1C?- IT!7LF1C4e F /,M!/// T *2C X 1 -A 4

IC40 F C F AT (' I I Il.IhC. C F Nil0E S =*13 2 7 X
1INCe OF ELzIEN.1 ',21/1

jor I'S(%.F11Z J41 )vP ,ivf4CCL
IC41 FC,.I)4T(SP ff-*. CF JkC*+-S ,q13tzsx,

7104!.FAJ 2 x9 e'f-R CF %'CC AL CfOPF INATS
C cctC' Cn(s

It$ 17F (.%%P ~ I 1C51,

1 7XvOAR S FLO v *Nr It3X9 'lk L ILL; ANGI /I
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FILE: TLRSO FCRTRAN Al NAVAL PCSTGRAOL&TE SCHOOL

C a 1.

IF1T.EC.V1 GCTC 10354
IC a I
OG = FLCAT( IC) / 4C.
IF(CC.hr-.Cl GC1- 1052

10!3 Fnl~ms1i8)t~
ViRI IF (PdRITE910451
fog I TE (KIPPITEp 1C5C,

104C FCF-VAT(W 1 13, 2XF13.6,ZXE13.aZXE13.6a2XE13.6,2XE13.61
h I TE(MIh PITA.1

1042 FCFvAT1'*I -E7V1YTrj TCP 'r~yIXE-HN
ri ). IYcCF 1..vN'

IM4 1NFCl'T( 0v3X9CE(t,1),!J( 93 '1 '4IXI I,3XP13E(I,'1,NS)t~oXt

bii4,4(I-tTcC64)WCCT,atmf'Y.OTTT, SFTO,r-'LT1 p19,.vCp
1014 FCP'4AT(/I/f 9, X.ILET ?HEQ* CY-'tIV Vl-'IAieL9- Af; AS F'LL'OWS4

1//94A9$FLCa* 444f 0 *.Pl3.ejCO L.-"fSfC',/*4KtTf-T flENSITY x

34X:T' 4.@ITi: 1\FA SE~ NOU2?;!61 '! QP ',/
1 4)9811LEI J .cL,-Cl V ~ 1 * 9  FT.* St'//t
7 4X9,GAt rrkjcT0J7~ a ZE1 3 .,1/

jrg SET A c %SANT P iSLQ ~ E.
boIT'1Jmh. IT . , 1C#21;#(:

lots FCP'.I - 1 0 *X S , TIC CENSITY AT IPILET 19'E13.61

1070 FCr?'ATf 0 094X 9 INC 'S *H4ERE PSI IS SP ECLFIEf',///,4X,,

1, IT.: b lIt 91 .C ) 2C JII J,S IC( I 1), 1- 1 , NUC I

c SLeROIT ZSC I(F S 1 ;Mr- vU L vVWJL. , TVE L9Pl7 SS qC ZC 9

J, 91FSf' C9; L,*- 4%T,., LF9T : ;!o : l P T97M

44 +4

IN dt4 NAtCICN CiM.I4"'SLiI'

ILIftLTvLCLLTS!T,4?JIF T ,Fd,.C

l jofrf/CrJNT/ !'Fclm '4011% Km(

pp KS'T~h N III

C. IfhIAL ti ALL WATRCES
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FILE: TUPSO FCRTRA& At NAVAL POSTGRAtILATE SCHOf)L

CC 110 1 819NN

UVIL I I 00C
VVELI (J) *0.D
PPVS I) Uoc

"Ci!) a Q* c
ZCI'I) a 00OC
em1 a cc
KFSMI a C

CETAMX a CC

RHO(I ac

ENTQCF(Ii a - C

7WELIII a C.iCC
RC.(IlI 2 .CC

PRATI!) a C.OCC
IiC CCNTTP'JI

cc 150 1 KbN
00 15C J : 1IN%

E'!*(IOJI a C.0C
ISC CC1hTINUE

cc 160 1 aI pE

SUi,J) , O.Ca
iec cchT!"IuE

DC 1e65 1IO1NE
I4TE(I) C
00 It! j 8 a N

* NCCE(19J) a 0
l6! CCITTNUE

R I 7URN

C44#4f#4+++4#4H*444-+-++.... $++4f* .............. 44*..+*4*

C. 4*

C 4*+4+++44+**++++++++t + ...... * .

S. CCpawc~I /PCC'Jt T/ NL,?ICULlv ,%9, E

-~CCP"CN /FCC-4/ FG-,,,CFF?-,Tr(,,WM"C,Pt.CTPaI1STA.

CIPFS I1N -.VFLjl ,vTIA ,,V)~(1) CT E I I~
C IAPCStV1' ALP(1),FE(l)
MIFFL.eC.Ii GC'C 45C

1600 FCp,:Apr(t -;F;';M RMPJlTE^ rl IT-0rjr~ ,-4 '13,
It RESULTS IAM1CF CLLC' AR' FC9' CONVERGaiCE EPSIV.Nh 191.2

r CIll 131C
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FILE: TtRBo FCKTRAK Al NAVAL POSTGRAOLATE SCHOOL

C GC1104
4!GC AP ITr (NlbPIT vI ZC JKKX 
12GO FCP?0'l.Tfl 0*.1STOEPY F UMCTIN~ CIVErlEtCE CqtTFRTr"I SItSFIFO ;jN IT;-

~rAl1C4a IbVzI39 *,:,i, SLLTS AAE A~S FOLLOWS FCR Cnl!4VEPG'-ICE

Wo TE CUTRESULTS
4, L GclC M'C

CHANGE LNITS OF VELOCITY TC r-T/SEC

1,04 CC 600 1 0 1,Nl,
UVELtIl v UVL (Il/I Z.CO
'VEL(II a VV'L(IJ / l2.1'0
TVEL(J) a TVfL(T)/I2sDO

ALP I - ALF(I) *57.?C576
WQL( I a iRLM ! /l'4.J:1O
eCC(I) AS I * 57.21578
1HI) I)M / (GC*144.U.i3i*91U)
PSi1) a 1Sf!) / (vC*144*0C03TU)

fOC CCKT1'4U=

1110 kin 11 ////,7XOF 4'E ELE45%T SLLTS,//

CC 11.22 I

CC Or FLC,*I(IC)/4C.
PF(C NfqCG) GCTC 1123

GCTr' 1121

Ct] NcT IM'P) E

C a~I4 to

$ : ;ClT fIC)14CeF(IQ.rvaECC) ;,CTC :323
C 0 C #' 1.
hRTTS('DiF T=,lCS23)

1314 hC1riNhFT;,1C~l3
IC3FCGPM4T(OS )

1312 CCQT! "U'

kq 17: hjjpIlL 14?11

hRFITE(NWP11I ).(T I

119

J4 2 1ld
42C



FILES TLPGG FCRrPAN At, NAVAL pCSTGRAOLATE SCHflL

bPIE1416b !'E 914?11

1422 C f1TINUS

11C FrR,411(2x, lIA1,' ALPHA'92W, BETA*//I
CC 100 1 pN~ T.10 IAP1~~I

1310 p E 7UPN

PCIALFPLFZ.CpS gC SIZ'IST%1T,TT-2, 2PT.H'2,;40T2,.

%P*P2W 9A4* 4, 0Cw'

C 4,

C IPFLICIT PEAL4e(1-H9P-Z)
IISiGER*4 %RFxcq1%1%Arc1T~c NCC4,4NNE49NP'OWSvL IMRvLI'4
CCPMrjN /hC:.%T/ CC:Lv.'i.CLLV,hF~tE

1tUIrLSTvUCE P?*,r-TUvF22,F1I1,Gr
CC#ppi;4 ifccufi PFc.,'C 4WIK

* SEGIIh *ITl' 4ILD NODS CF FIRST SE~41ENT AMC TIEN CYCLE
THIkCLGI- EACH EL54ENTo

IM(STAI.-=C*I) GCTO 300
*17 0
CPI! G - 1.100
G111 I a .iO G GId
EPSI : 1:.C-6

VP (RS'Q '144.000O3
1CC CSLF2 C?7.!i(PFCU Vol ' n'Ah1(±LPO) ("CI' * W21)

T2 TT 7'3 -GI *(Vf'*V'A2*41.0C + 0AIL2)*) ?)
I 6 * G CC * 14e !)

* ~~~~pt P71*(T,1** eI
PC2a (F2 * 144..3) / (0- * T,)

IP2 -~.!.2FI/2.C 144.CDC J
q 1FF I . ciesfvpz"- v:')

F(Q FFI*T 09 PS1 GC'J 350
V92 aVtI2F
17 IT 4 1
IF(ITeGTs1C0) C.CTC 2Cc)

f~, FCF;AT( CCNCGSNCS NC PSACHEO IN 20 ITERATP'*4SCUCT'/)
356 rcCNT!-uE

RivfCm2 a +~2*~t~(.0 (CT!:4(%LF2I)**2) /(G*RG*GC*T2*14.A.Cs
A!NT a 1.0 4 (G'AI/2.00)*fkM4C4Z

P~ 11

RPCT2 v IPT2 * 144.CC) / (RG * 7721
3CC WTp4UE
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FILE: TLR8OC FCRTRA. Al NAVAL FCCTiRADUATE SCHOOL

ENC

SLRCTIWE RCTC(FC!1,V41 *BTAl.85TA2t.IPACHR,*t4%XlPIltl
lft~jr~j2,Ff4.-31ZH(2#T! T T#L vFj..T!.:4OT2Cvri2*7-J ;9PSIRZO

1P Z.,L C ar. SS,%f(-M1

C ~

PFIC- RI *E ACHIO7

FIND3 HP.Y)3*Ah TVE AT *C NCCE 39450T'J
FE11 Fa ~ Pc* ~e l 'tC'!*14u I

ItCAPP' FC11 * C.1 16 CIZ-7R114-3*~I~
PIL tt )Cl 0 PCII 16!~* )IIC1
2 3.A203c-4 * t7fCHC~
2 .255 Pcil * CSiltC1I

see5C- FI*! CCJ7.cU 7244S4*?SIFC

TR aT + w* tPCCrlI * 1440l~-!l*IC;(Ci

I. AP :~ C.061!6 * QC~S(F1Z -J.'T4LC)1 * CIC11Cfl
I 4C'0611 0 r 9(~1 - L111 *OS CLN(PC1

C2 92035 C * Ct(C
TC C a CV *.'4d 3C,.S2 6 3* C1 851115 I2

sic.1 . ?. T4c 1 I ErT 51- RCT?+ .l66-!* C

2*97iZ105 CT W Cl 2.TA147 S ILC',(C!

pl-2 a SIGZcl 2.7*I- + 07~)l ci
C I53ajC*I? * )cS 113 RX -U*4 .' C411 )

PCVC a ICVCS * PPAS
7$%C-~ -l~r. TPPA

BE!I1 a S4 .73t1C
PTIYF S t e S~ (.PM~T.4 . 3C!2*~A6

E~FI1 S*7J' - 1.U1PPAS* .35PA2

p ~ ~ ~ ~ ~ -v 9.-07. ,%1



ME ILABO FCRTPAN Al NAVAL FCSTGRA3LIATE SCHOOL

EXPO2 a (11.0828 -C.144*R.PASS + 1.5f?*RPASS2)fq'ACHP1**EXPC1
RIIP -2.4 4 Z.55*RPASS + (5.275 + 7,SVRPASS - 2e! * qpjSSZ3j

I * AkMAC1-**iXPC1
NIFEF a 0124) + RICIPP-
FPCCELS a C*7JCO

RXCET a4.bo?*Tr.C + 24045*TCVC2
C1Va I-O*0C193 +* J.0257*SIG + 3*CC(,144*SI1-,2*6rT7A1

-2555C-4c* SIG - 3.102C-4 * SIG2I*FizTAI2 +
*I 51,;4 + I 39621 SIG21*1000-6*3S'A13

SL .7 = .25 * ?*06C-4 * FETAI 1.2161l-5 * BIFTA12 + 3.1080-7*
1 eeTAI32I 3T1

AC~~N a 3*~..- CoC12', *BETAI. - C.J004e4 *5T1
C CN ac.ca7 C.50 T 1. * SETAI - 1 .30.~-5 * ROTA12

CC[LfD1 + (ECCN/s1; '2I*(CSjN(3-.1415q;3*StG/
2 1l.2u57*2q57eM*l*2

ea Qqt- O3*3IG * OFTAI * 6*1950-5 * SETAL2 - 1*47PqD-6
I OETA13
CEL211 a KOELS,* '(CELT * 0ELTS4 + (SLCPEM/(SIG.**al) * PHI+
1 PIOIF * M~EL I
AECN2 -1.75 * 5*.;PASS + PPASS**6o5S 72R*S3~AS

8 F1 C*Z9 5.'59*PASS 4 31.R4 * RPASS2 72PASZAS

* ~CN; !.*41 S 5.6 * (IOASS - C.5353**2
to ACN 4 FCCNIQ * R%'ACHR**CC0K

CEV a DEL'fF 4 A~~ - R1RkEFM*OILD1
eTza wSil - ,. - RK~icn . cev

UlIl a EiTAI /57.2578S
8 1 A2,v(r 7~A 2 12 c573
p OR Ki cP~ 12 WC/.,300

RK2C = PKCL*0.7'5
V2a tC$Cf TlCPSTF!*CPStR~.DPSIZZflbS1Z23) 144.000/

60C ALP2 a CTtlb4IC2-V..2*CTPN( -ITA ))/IP'2)
OFAC a. I 0v1?*Ms 3ejT1 'C(1/4.(+4 !*C1f ETA! 10
1 RCI1 - %P*Tt~~'A)Ml)CfSSeAI/2DfcI*ILRA

CFAC? : ;C*C:8~AC

ft. C FAC5 a F4.2 4 f"l-AC3
* CPEE; (0.OC.211i5 + 0 .3q;4Z37.AcFA~C - .33447*3FAC?+

1 C.S54(qqC~rF'.r - O.C(027d.c*:1F.,C5i *23l'~~~~AI
TMEG! (C.,;C!2Cc$3 * U.L 1iqzjQ*1w-, C.L.3447S Or-40 +

1I.2~tFC 0.C4345*r.FAC5j
TCIFF ('Tr47tG1 -Trv,-G3)

TCI'EG -1CM'EG3 4 (rTC"-G1, - TC'4EG3) *((0.3-RPASSI/0.ZO)**2
GCIC 120

liC 1CPOEG a 1CIV'TG1
GCTV JIG

2C T IG T2 + hG*6G *(PC12*0C!e' - 'QC11*RC!I/ (SCCN3 *144.3001120 a~i PTI * (TFI/TTI).x*(G*!+%41 )
PIa 071 * (T111**GrMr

PEZ a PEI - TCWE~G*(Pn1 -01
1%2 a V"A2 -Jc:(EETA:)

72a T'11- W'?t*') / (&.CCNI * 1.',4..OCoI
P2 - pe it (r2 / TEI1In*(G*G-k41I
Rh-C2 a F~4,Z)/(D. *TZI
V112N a(C T(IlF*Pc.ZC tLiSZ21*144.020 i

CTEST u CAPS(V02 - VP'Th

IF(DTES!.LT.FP!1 Crl)TC1 703

ed FCiT11 ,ECCIEG C t4CT KEACHED IN4 2017PTOS/

0' 199



FILE: TUPSO0 FCR TR A I NAVAL PCSTGPAOLATE SCHOilt

7CC CcIhTINUj
P-vCPZ VP02w*Ve2rK*I1.QC' + ()TAuJ(A-LF2)**3/(*.G*C*TZ*144.oCaC

CL4KT * IC!C * tG:1i? ')03*RPACIIZ
PT; a P2 * QUAKTISIG*u.PiI)
TT2 = T2 * QUANT
PlCT2 a (PT2 * 144.CC) f (P,(*p TTZI
El v -PC*CLr'GIP12IPTI) * GC * 144.0CC
A F. URN
El ftC

c
C
C
C LPUIESTToC7I*M RTIr-T.20Aqq,44 MIt

1 CEV,,CIZLRHr]:,FH-C,?l,TT1,P1 PTl,2dI Iv OT IHOT2,t11 =14T#OPSIR29
2pCFIZ2,CFAC,lLF2vP2,0 2,T2 OT*Z, Ii G ._'2 RA-4.V,~,N

C . . ... .. . . . . .. + +*++44.+# . .. . .. . ++*++++++++++

E 4
444444$44+*444***44**++*4++++*4*4*4444++44*44-44.....4 4......+4

C IPPLICT1 Rts'aL*6I4-mqp-Zl

CCPI?,r"4 I-CJe.T/ N.ULvN rL KfNN4,E

CC!-r'j / Fcr," FC, C, C', ;T T,~GW PWCPHCTtR140STAt

CEPIP513 jIPC%.J l/ vkn~h ,IROW 1,KK

L FPJW HF EL ,14PLtANO TWEL AT I.CC KOES 394954PCTORP.
PCIlZ a PCIl * PCII
RC113 a Ml * FC 112
P(114 a t- It * RkC ii.
QC115 -a FCIl * PC I1It
RCI16 a CcI * OC Il5c
~C117 a FC 1. * RC116

* P! Pa CI * PCIl7Ps CI :~I LC1 * Rcl8
kl u VPP1 / ILCSFETAI)
eilN ! .CDC * IF * QC B TU
PPACHRNCJ (?*~'*1 + 0TAN(S~rAI)*T-%Md8~lAlI)I

I (C*rC*OC *Tltj44*C'%J1
IrKAPP-i a 64,L-522 l.R~C34qS Ci +1 *63514O-3 * RCKL7

I- .!74COL * CflS(" -rI) + .314' * 1) SIMQCI11)
TrtiC a G*CI~nC%9 * Z .311570-3 * RM~ 4 l.a,1OQIfO-i * RCI112

I1.f994ju-5 *DCCU C!1 + 4.f32ld0'-5 * D -. I!)[1 + 3..;410O3C-.
2 CTAN(.'CI1)

Fli a l'e.58d * 1,1117cn-lo. * igCrII, - 0925595 * r)Cr (pCIt)
I. I.!2365*fSI74IAf!1) - .0214,Z7*CTAN(RC~I) - 45.774eSCL:Gt-(Cll)

MK~2 w CVC * TrvC
* TC'VC3 w iIVC * Tr',C2

RE IAl * F7A I f £7.;578
WEARZ a SET 3i 1 F, At
SCI 13 a d?1 *rI EE7#112
tPE1114 a PET-1 *PETA13
P.FT-iIS PESTI *E!FTAl'

* tEIA6 Pr7TAI * EThIS
cIC*2 a SI * SIG
1103 a SIC * SIG-2
APASS - iP4aX - PCI!) (RMIAXI - RT4TNII
OPASS2 a PS * PPASS
RIICil - ETAI - FKAFFA

PKjt a . C, *TC'4C - 79I.O6*TflVC2 + 119 F*TOVC3
WIEN G ! * (0*C%*P9TAl - 2.337fl-l2*~'TAlA])
SLCPEN *G.24*(2o9-SIGl - O.C02264*(i.d -SII3I*ICRI(AS~.
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M~E: TOGBO FM TRAN Al NAVAL PCSTGQAIUATE SC1K1OL

PT20 a RghISH * KIT * P!T'Ai + SIC' N* P1-
E)PFCI a i.7)cv4 - 1.1375*1PASS + '.4375OPPASSZ
EXFC2 2 Mt..JO'19 - 0.344*-"PASS + j.5 ?*UPASS2)/Q'ACJ4QI*XPl
RICIFF a -2.8 4 ?.liS*IPAS.- 4 15.275 # 7.5*RPASJ% - 2.5 * PPASS21

I * RI'&C1-P**%XPC2
ploff F125 f PICIPF
RKCrLS C C7COC

ARM 4.60U4TrVC # 24.45*TC'vC2
CJLTF4J a (-J).OG143 + ).025?*SIC'+ O.C(,144*SI! )2PtiETAl +

1 1*1 -' - l'3C5-4 * SIG - 3.102! -4 * +1~'.1
2 *z.7 7.343 * SW~ + 3.621 *-SIG )*.C)-',*TAl!
SL E-14 0.?5 # 7.060-4 * BETAI - 1 iaea-i * ilrA12 + 1.10.9D-7
I 9eTA13

AC(N = 30!5 - Co.124 * BETAI - 0.0COC'~ * Bc TA12
Bih, .0970 - C.C?Ol * RETAI + I.!(-5I* r4TAl2

C E-I q.XO(-ACCN*SIGl + ieC!JSIG2J*(,03IN l.4I5(C1*SIt /
2 (1.2*157.2C5791))*2

da C.qei - i.o.COC5 * 8ST * 11l + 6ol)50-5 * BST 12 - 1.47383~-6*
IIETA 13
ILZO a FWCELS * 9KOELT * IDELTEN +(SCLJPPEI'/ISIG**B)) * PHI +

1 RICIFF 4 !;JLLI
ACC?.'Z -1.7s # Z.5*PASS + PPASC#**6.!

LCC~j ~ -C2,;5*55*FI')h + 31 .84 * PPASS2 -57.2*RPASS*r-PASS2

CCCNa !o43 + !5.e * APAIS - Z.5!5)4*2
C.EL0!F u ArI- (CC? * R~4AChiI**CC3N
CEl.9F a CSZ + M5LtIF
Cov a- DELFrF; + IFI;4Cr) - qIREF)4!:OELDI

eS3 FrTA" * Fl-I , FJNCC + CEV
REPRa W11- + RC!2)/2.00
IT111
OETs a FETAI !7.2C578

WA a IFAZ /!7o2957R
GVI G - 1.C

V24 CTAMNIlr!A)*0TAN(GFTAl)))

eO3C V' a f)SCAT(V''24Ww!O(..010 + rTAN1ilr-T.Z)*OTAN(B;.TA2M)

*TC~rG a lC.00312ZCQ4 + 2CiF .O46)~
1 .223311000'.43 - 0.0 3,1')25*-,r-.-C5, * (Z2.)nO*lIG/rCcCS~e!TA2fl
PT 2 -071 - TC!.r:G(PTl - Oll

J T2 'TI - .?'l * (V!''*VMZ2*(1.CC +(D1AN(ALP2))**2)) ,'(2.00

1 G *RG 4 lc i 1440'rol
F, PT2 * 4 T_ f IT1I)**(G*GMIp3
FPC2 a (FZs144.CZI / (RG*T,
V,21g a (C ;T,,(C 1Ri2*UPS~i%2.b+PSKZ2*DPSIZ2)) 144.000/

I rIc2* 2t Mi 1112 .00)
* IjPEST x C1MS(VMP - VV2N)

IF sETE LT.FFS) GCTC 700
IF 1T. LT:13J COTC 600

~CNT a 1.CDC + fCm1/?e.)Ql*RqpACM2
Pboe72 a /PT C!j4 jll(N * Ti?)
FIa-R(.LCC 1)p * li 4..3CO

* RS~TURN

SUrFrUTIPE RC*TBI(ZA4EA ,WrLXKK, LT!t 1,LIiRLP44)
*C ......*4**4*4***~*** *,4*4+,,,,,*,,,* 4****
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P!LE: TURBO FCRTPIN A NAVAL PCST39AOUSTi SCHOOL

C .............

19PLC!IT REALWeA-Ho-Z)
INTECTR*4 k.t-~% ;j~IvP1DK~,' 19RWS '

1JESIN A (5) EA( SI..( 9)

KbPI1'E a e
- .RELX *Co24COCO

c INPITIALIZE STREAM FUNCTInN ITEQA'ICP CCUNTER ,KK. SE T SIZE
E Cp REeL*a ANc INTEGEiA*2 STrQRAGE

KK a 0
LIPPI !eC

£(J 22 wC15fq2l8
Z(2) a 221OCCCCC0
lA('.l a 222
lA(2) x Z

ZA'6) figZ

ZAASI *-Zzl
ED(1) ill2
EA(2) * -Il

EAW x ill

EA451 - 21?
EAW9 a -Z22.

C

1*12) * 2*Wt-l
12

WA)

W e) V 24

CCNTAMT! LSEC CCF UNITS CONVERSlOMIS

6TL *771.20C
Fll *12.01.0

F313 FIII * r-212
CC a 32.i1740C

RTURN
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FILE: TLFBEJ FCRTRAN Al NAVAL POSTGRAOt.ArE SCHOOL

c

SLERCU'PINE ERRI(EXCR)

ICC FCR*ATII EXC.ECEC 4AXIM'UP ALL-'I6ABLS SPACE FOR REAL*P ViRIABLES, BYs
I~f 10//i

SLeROUTIPE EAR2(hEXCII
NE).CI = -t.EXCI

hPITC691t)INEXCI
10C FCFMAT( EXCFECEC 4AXIMUM ALLOIPABLr: S'O1CE FOR !,qIT*2 VARIABLES BY

SUCP
ENC

C
C
C

!L eRCUTIjNE FFP?(k=XC4l
N X)C4 -- SC
lpPIT-:(6,ICC) ftSXf4

ICC FI:FVT(I ZXCEECEC 4AX!I'UM ALL01%ABLE SPACE FfOR REAL*2 VAR.IABLES OY

CC
IN

sL eRr'JT Hl E MPL :T(C M AX,9k I M, VZ CVE L tCRC 9 rBE .A L P,9NCToq tALP, 9 PLtCO'

C 4444 4 4 44 + + 4*-*++44 ++ ++ ++4 .+ + + ,++ *+ ,4. .. .. .++++++++++++
C 44$44+4*4444+4+444+444++*+4444* +*++++++++++++++
C,,4
C* THY! SUIIRCUTIFIE CRA'F A TEI(TRCNIX 618 OLCT CF +

STHE FCLLC'#IlkC- Pb;V1FT-S: +
~ AXIAL VCLrCITY t THE 'CTOF !NL;T I3~

C 44 AXIAL VtLCC!TY IT Tt-g 0C'*3 CUTLE:T +
C *. Pt LA I I, Fl , -v iL~ -AT WCPr -'4 TC; I'!L 'T +
C 4.ASCLUTa ri"., A. LS T rl~ 1 + r I~Q PL-2T +
C 4.AXIAL %',L'Th'ITY IT T~ S-NTrA- 1:LFT +
C 44 A13SLLUTEC Fl_'l A7-.;LEF At 'rHZ'_ TA T!- 0 _:T+
C 4+ AXIAL VFLf)CITY e T THiE 3747'rk 1I.TLET  +
C 4.Af3SCLL7E FL'lt ANiGLES LT 7 ! ST~lCl r'UTLET
C 44 AA71~C - FTCIErCY AT THE PC)TrP' T'JLET
C *4 ELA71V= C7VTATIONj !NL NT T~i; Ci)Tll'; 1JTLET +
C 4+ AgSflLLT _ %iVATrN jGU:; AT 'NE S~'.T.' ZUTUET

4+STATr FRESSJRE QATIC F',R T- STATJ.P 4

4+ +,
4:4444444... 44++44+++++++++44+++++ ...... 4++4+...........+++++++44

% ~ C +++ +4 *+++ +++ ++.*, + ++$.4 ++4+4+ 4+ ......s44 + . .. .. 444444++e*++

IPFLTCIT QFlL*(_'-rvP-Z)q PFIL*4(12)

LCGICALOI TITL! (V73,Tl TL2(1?3,TI7LA(2P71 TI TL4(2 ')t .ITL5(3'3)
LCCi.L*I TITLE( ?tl TlL?(36)),T'l)( if- ,TlT U -71TrL)( 351

C Clom iNCU.jNJ / X (QV% ,ACR'1 , 1,K-

CI PENS CN CCLVLl .v(1'EICL() ~Tl
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FILE! TUFPn M cTP A h A I NAVA~L POSTGRADUATE SCHOOL

C ** LOT THt RCTOA IN.LET VELCCITY DISTRIBUTION *

CATA TITL2/ItXIAL VFrIC:TY PRPFILO AT 7-47TOP CJTL=T'/
QATA T1tL3/$-X!AL VFLC!TY rP~UF!L' AT rTtT'fR~ IMLi:''/
CATA TITL4/@tXII[ VELCCITV PP(F1L A~T STAT:- n'J-7LET'/
GaTA TITL.5/$*IFLATIVE FLr'W AN(CLFS I.' QflTOJ !AgLIT#/
CATA TITLI/'PELAOIVE F-l~m AMGLES A'r PCTfl, OJTLq''t/
CAIA TITL7/I.%crLUTE FL"N AW'!LFS AT R!ITCQ OUTL'-T I/
CA76, TIlL.5/Il&8iCLLrE FLOAi ANGLES IT S7ATCRP. ILe/
CAIA T ITL j/ 1 48SCI LT;: F Lr% A'NCES Ar SrAT C Pf;JrLT ~II
CATA TITLlQ/IAtT,.1.TIC r-FrICIch<CY 4T ll-'Tf7 1LSTI/
DATA TI7Lll/'naVi!T1C% %N(;LE PCTOZ aLTLETI/DATA I~L1~OcV!ICN -\L S7ATrr -r''
CATA TITL11/ITCTAL P:)FSSU4E PA TW InICTCP I
CA7A TITL14/?CT-4L PIZ'-cLPc- QATIC. STATU'P#/
hR ITF(SvICC)

ICC FCRMA.T(5)',' )OC YCU WISH TO EN TER THE FRIOT S=-0USNC=? %/9
1 1 = YFS*; 2 raNC. It/)

IF(NAPIS.EC.2) CCTC 500
J 'ROTCe

CC 30 1 I 1MRCWI
ORC (1 I lc(01

CBEU (I 1= BE (JI
'ALO(I) a l*,5J)
CRAT(I) PRAliJ)
ja I 4 j

~O CCINTI!I
NP14. a MFChI
CXYL(ll s -50.CCO

CR'L(l) 7%?'C.CCC
CXVL(4) QAA

CALL PLC1PhIT~M3h',I1,VLCCcY,7TT
CALL S;S

CALL :)T~-

IIC F C ; jT ( 5) > CC Y CJ 1. 1SH To C." KT! NUE F LOT SE0U E tC S? 1 ",1
1pi0YFS; 2 a. NC. I )

An( 13 0 4 N 4- 5
lFfNA'IS E' "I GCC 5'CJ

CALL
CAIL '3:;-c-
CALL ,JLr71M~~~
CALL OLI1,1G
CALL OS1r.4
hRP ITE( ', I ")
FEIM2 94 ) tN

CALL OSITT
CALL GSEFSE
CALL -P,.rT( '* v(iN .WWL',NR14,f:'AT,'1 C 'XYL,27,T ITI 13)
MAL OLCI(S4!,GN\;i.L@Nl4,CT,,'C,XYL,2TI~TL13)

CALL OSTEr.P
ioP IT ( 6,11 CI
R REIC(13, 1 )'AN S
IF(NA.l5.SC.2) GOCTC 500
CALL )S IN!-
CALL GS~t
CALL PLCT 7 'M 9

9 A M140,I1 :Lp rC,cCXYL5,T ~1 1
CALL PLr 71 J1 I fr1 AP9'C9X Lt3 ' rLl
CALL DSTm
IbP tTc I SIC)
RE40(!5*41 4AINS

MN(ANS.EC.2J COTC 500
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.~~~N . . -4

FILE: TLPSG FCRTRAN Al NAVAL PCSTGRAOLATE SCH11LI

a j + 4.DpCW + I
CC 40 1 , lMRCthl

*ORC(13 I Rc(J)

GVELMI VZ(.1)
OBFMI BEW~
CALPM x CEVI(J)

4C CC?'TPIJUE
CALL OSINIT
CALL GSFFSF
SALL PLC7(.4VGNPN3NWL8,NR14,CVEL~rQC.CXYL,38,r1TL2)
ALL PLCT(6 4GNNN3%)WL',NR14,CVELJ)QC ,flVL,3RtTTL21

CALL OSIERM
bP ITE(A,11C
PEAC(l594J N~AbS
IF(NA4S.EC.21 GOIC 5CO
CALL flSINIT
CALL GS PSE
SALL PLC71'4mGNNK2 4WL,NR4,C'IE~fl'C,CXYL36'1TI6I
CALL DSE;
bR1Tr!(6,llCl
FEAC(15,4 ) NANS
IP(NAINS.eCC.) GOIC 5Co
CALL D'S1NI!
CALL GSEFS5
CALL PL I ,NO14,CU~P, CRCtCXYL,2epT ITLllI)
CALL UII9mKk3oWL19oR19CA LP fPwI,,lCp. -R CXL 9 rYIL 11
CALL 9STEFY

AEAMlh5,41 'JAKS
IF(KANS.Er.Z2) CCTC 500
1 * J - pl
cc 41 1 aORC~

CSE(II v ALF(J)

41 CC~kTT%4UF
CALL O)SINIT
CALL GSEPSC
CALL OLC 7( I MG ~Nt NhILI ,NR14 9CP S],.9 CYL9169 TTT. 7 1
CALL mLCi(0'GNr.N3O)WL.N14,CE,1tRCCXYL,35 TITL7)
CALL OSTEP~f

IF(NANSeEC.2) CCTC 50'J
a.J * + cw + 1.

CC 50 1 x lt,OiCl
flFC(!) = O*J
CVFL(I 11x-Zt.JJ
CFAT( 1) - PRAT(J)
CBEMI = ALF(J)

.0 C C hT M'U E
CALL OSIW!

SALL G;3-F~
EALL PLCI(' PGN h!WL.,N*4le..CVEL,1IC ,CAYL,3QTITL3I

CIM AOJ( GN% 30 wLS 0 M H 4 CV SL 9C; C , CX Y L 18,T TL 3
CALL 0,T

IF(NA!S.E.!2) CG!"C SCO
CALL t)SIPIT
E ALL GSFFS':ALL Mt T "lA1Ni?4L tlj r9-(lr: XYv T!TL8?
CALL PLCT(SMlMtN3OlLI ,%R'4:C3E CXYL,36tITLS.3

REAC(15,41 AAPS
IHFN.AJS.EC.21 GCC 5CO
A*LL :)SPhl
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FILE: TLFSC FCRTP*A% Al NAVAL PInST4RADLATE SCHOOL

CALL PLC7(lM'PW'MNL@ ,NQ14:ERArClCpCXYL9213,TIT1j4J
CALL PLC7('1!'GhOJ4hL' ,N.l4 ,flATv-'C ,XYLZatTl'L14)
CALL DSTER4
IPPITE(6,Ilc)

J a fj * j
CC 60 I 3 igtpRCw4

URU (I x a
OV LIIJ a kj
OBE(1 - ALPIJICALPMI a CEV1IJ)
j a J +

60 CCNiTI'IUE
CALL DSIrIT
CALL GSFF
CALL PLH I(IMGIPt.N20%Ll vNP149 CV CLtCOC oU-XYL,34,T TL4 I
CALDl;TFQM
ioR ITE ( '11C)
REAI3(l5,4) NmI.S
IF(NA-NIS.C. 21 GCTC SCO
CALL QSST'IT
CaLL GSEFSE-
CALL PLCT( f'4'GhNNI2lWL :N~l4,C2!%Jo3C,rXYL.37,T!TLI)
CALL P1(1 (@'AmGSM%%)iLNRlkCc-OC(.A,37vTITq)
CALL DSTERMI

PIDl,4)il MANS
IF(NANS.EC.Z) GCTC SCO
CALL OSU IT
ILL GSFOS'c
ALL PL P ON Nlt4LtCCCYqTIL1

CALL PLCI14uGrNN3CWL094,1CAL,C-!CCXYL9,v!LlIl
CALL &)SISP(4

!0C CC.TI'4tJE
F E IUR 114
E14C

C
C
C
C
C

C 04+-#4 *i A4+*44+* . .. .+++**44 +4-4.+ 4+++4+4 ++44*++*444-+4
C *44,4**4*4*444444**4*444+444*e *4*e4++4++*+*4+4'4#+ ............ 44++4-

4* ++
44444* 4 4#4+ 4 4444 4444+4*4*t4+*44-++ 44+44+++++4.4+++* *. .4* .4+

C 4*4+4# 44*+*44+++t*44 .......++.4. + *++ *4+*4* ............ *++,-,+*

CCPIOUU?' /FL.C.4/ FrG,-Cf,DP~ TT , %Gqwor7,Pt-CT,RHrcS'rA,

C1 PENSICF 4 E I ~( I ),N TE( U 9NC CF(NE4,l I

BEGIN iorm mi0 NcnE CF FIRST ELEAEN4T AMC TI-EN CYCLE
THRCLGH EACH ELEM4ENT.
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FILE: TLASO FCRTR*N% Al NAVAL PCSTGRAntUAT:- SCHOM~

KIl a Nt")e(!Jo')
pu PSIINILI
IT c
K'!I

-7. IFfISjA1.lrC~l.Aft'CNT'EI*SQel) GCT1O 700

jSloQI GCr ?Q
82 a E(NII)

C CHECK TC SEE IF P IS bsITHIN THE PRESENT ELEMENT
13C IF(PoCF PSI(hCC71(X95))3GOTCl4;)
C CHECK NEXT -TL-M,=NT RELCw TIE PRESE64T ELEMENT.

K a K +*I
GCTCI 3C

14C IF(P.Ct.PS!III'CSIK,4I i)GCTCI17
EL x, Elf4)

JALL'tlbP t F) W C) SF)
A a !F3)F +'C(K) SF141OPSI(MOOE(Kt4l)

c CHECK FCR FTD#A"LIhE CONVERGE4CE
EPS a 04951FA - P1
j F(EP~oLT. l.C-Cb JGZTOIq;O
MFIIT .15)GC'fliC.
IF(PA .Loe P )GO'~uc16
EL a E2
GOTOI 'C

16C ER a E2
GrTCI!C

17C IF(P.ClPSI(N-CEIK,31))GCTCla5
le! EL = E113

GOT; I'!C
C CHECK NFXT ELEMENT AeOVE P~tESENT ELc.%iNT

C ~IF CCPAV~rG"NCE CRITEF!A SilTSFIED.
CALCLLITE w4IRL ANC STATIC SNTH~ALPY

19C ~ OW c3E(I(,!)

NK5 z=%' t1 !
RCIL x SF(3) 4 ;C(NKI) +SF(1 R C(f4K'3+

VZI a fi SF2 +?'3 r F't) VZ(NiK4)+
1 5F(5) * V('K.3)
VRl a SF(?) * z( -K3 . SF(4) VR:(hK4)

1 SFI ) * '.'1'K!)
V141 * ICS'.JT(V7l 1 * VZ -l * VQ1I
ALPI x SFIJI -*L!)INK31 F4 ~LIK.

1 SF(S) *ALP(--:Kgl
RHOI a SF131 * qhCM31 + S.F441 * IC(NK&Ij +

I SF(51 r-WH('IC5)
PHOTI aS (~(t~ SF(..)*PHr.TTfIK) +.

1 FSF1) * FHrTT('.JK5I
TI uSF(3) ?'4P(NK(3) + SF14) TEf*QlN,;4l

1 CF(51 TtAF(,%951
IT1 !F(H3) *TC7(NK.3 + SF(1 TTOT(NK.)+

1 SF( TTrlcNKR)
PTl cF~(3) FTC (.% 3 ) + F('.) OTOT(INK41+

IPF r~1) *PTCT'(NKSO
PI. Si(31 * r:R7S:("K3) + SF14) Pf.ESS('4K4) +

1H S5) *F-Zi~r
ENTI a qF ( ) 4 "!?CPt,.K31 + SF(4) * FNTk 'P(NKO +

I SF151 * EFjThYIP(PIKS I
HI $ F(1 * r18Wiv +. SF(4) * kl(NI(4)+

1SF1 51 * NN-15)
14S1 S F B ) * -S(43) * SF(1) HSI(4)+
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FILE: TLFPO FCRTRAN Al NAVAL POSTGRADL&1E SCNOr'L

K tj
GOTfl 210

VF1 voe-Itl)
V1 CSOF T f Z1 I VZI 4 WI VRI I
ALPI ALP MN )

PMOT1 a (rE! I

ITI aTTIr%!1)I
TI a Ei'PfhI1)

GFTCi5CT 
0;1C I (47111.cC.1.LR.ISTAl.EQ*3l -OO 0

21! ITa

C CI4ECK TC SEE IF P IS WIT'41h THE PRESENT ELEMENT
230 IF(P*CEePSI(NCCE(Kv,711GOT'2&)
C CHECK tEXT =LE?4ENT ?ELuw TIE PRESENT SLE!4ENve

24C IfflP.fi.*0SI 'CCE(Kv8)))GQT0270
EL 11(fl
ItR afi I(

2!C S2 a(EL + SF/2.C0
CALL S I-AD =( F2 -1. CC 9 FI
PA - $FIJI* S1 CC(C.1)I + SF(7).oSIxwn3,Ka

14 .F (A lla' !E\1 ,C (K 9 311
C CHECK FC? STiiEiAL!NE CONVERGENCE

FPS a CABS(FAi - P)
1F EPS.LT. 1.0-CE IICTr2CZC

IFfPA*L1.PI C3TC?6C
EL a 1
G01TO 2 .C

26C ER a f2
G0TC2tC

27C IFf P.~.P5IENU*C!('C,1II)GCTC285
26! EL a 11(l)

C O0! CHECK ?,PXT ELE4F4T AEOVE DRSEMT EL=-4E-NT
28! K ! I - L

C IF C(NVEPGEMCS CRMTPIA qATISFIS0.
CCALCLL.ITF 'L AN4C ST.AT! F~.i4*

29C RC[2 SF I I 'C ( h W E ( K.I J + * CU,0FfK71
1F P 4 (K .

82 a +( tCE~.,i SFt7)t!3(PCDE(Kv?))

C C': TC NEXT MLMEW*T
3CC NI a I-CZ:F(K 9L)

N3 WC (K,31
N& h cr,: (K 941

W6 ate(K,74

C51) a ;C "Il
QCS(31 Pa 0
RCS(41 a4~q

RCSI61 a C (NAl
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FILE: TLFBG FCRTRAN Al NAVAL POSTGROLATE SCHtJML

PCW() u PC (N? I
RsIEIa PC ON'-

* .ZCSI I a 7c (pl)
ZCl(2 1 a 1c(N2 I
ZCSI 11 Zc (N2)
ZC.S14 ) - ZC I P'.)
ZCS(S) aZC(h5l

aM ZCIN7)

C F INC 1-f JACOB IA~f.

E i RJC111)*R C(9t. - RA~t 2)*JAC(2,lI)
c FltIc INVERSF fir- JACMeAN,

D~lb!,a JAC(i,1I / t4 ET)4RJA~ 11) a rJC22 CETJ
RJACMl21 a -PJAC(l,!)l / CET.)
RJA E2911 a -PiJCI29lI / OETJ

J$(2921 a P!

FIND) CNI/DP AND CNI/DZ
c ~ DC 400 L 19

CLL !Jfir~lII*O(L) + RJ2"CRO1*c(L)
CRI L) aRJACI 2 1 1*94L I + JAC(2.2)*2( L I

4cc CCP71INE

E ~ CiS=CX TC SEE IF SOLUTION IS AT INLET

tc '0*5I~7 * Ctr )~[(;~

cC FNEI CTI:Dr 41 -Sl/Z8*SI
OP1SIRl..' ;C70OI(~ +6002 P M1
OPSRfa I- lPSj(Nj SF17) *P JS 1V441 +

3 ERF(S *P iS I () SF117 ) *P S IZI?)
OPSIZ a F11 * (!PSZ(Nl P 1

!c I N SF() *PSZ(N) ,~l*Sl8
G0TflECI 7CC60

6COPSIR2 a lll*!qkll+S(1* PSR7 +
cSsrz2 * P*11

7CC CCNTJM..S
c PETUPN

Ch
c

CAL SPET lTrN i~FN= 'V 4 S

EN+444YC#+...'~ 444 444+NVCPV. 4,+++*++§-+++*++

#+F THISi ItRL IN CU ti YE V TI !J -4N TZVC
5-C h+ F0ti GFtUSI .q~!GHT RAWL .CT. . h0'AOV WH4L

4C 1- a MCCAL Tt1TAI Cl.,THA~LPY YV-(rlT-
A a RPAYCF ETA GALSIA:J VAtLES'
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FILE' TI.PBO FCRkTPA% AlI NAVAL FCSTGP3F)LATE SC4OflL

C 4+ % a P'COAL AXIAL VIEUrCITY .
C ++ PC = Appay CF N00PL A COOP?)1N.TTS
C4+ ZC a APRAY C; N09t AL Z Crir'%M!NAT S ++
44 *. 1L a INCCAL A'4GJLA't ?~1cYJ1J-1 V,-CTflq 4+
4L %U a INCD6L A6SCL'JTS T - t2'ETISL VFL3C!TY VFCTCP +
44 AeC = h~InES 'aHERE irLN.AtY CCkZI7I J,'1S APPLY +

4+ NCCE = ArtPAY I~F FLE'4[E-,AL mfl- ASSYIG'AlM'TS *
4+ N w &Lmeck CF NGICES IN THE 02SH 44

4+ Ne - KOOPER Cr ELEMENTS IN TI-z MESH *
L4* a 1ICAL R LATIV TANC':I,4TI!L VELOCITY VECTOR +
C *+ AM - TYPE tJF ELEME@NT ARiAY 4+

4+,
4 *44+*4*..*,,.44,,+*++.4.,,*4+++4*+ 144+44444*444

C *44*44 4,4444**444++ **++*++44444 444444 .4....*4 ...... *44444444444
C
C

I&TEC.~q44 %,R1FAC'-W14 ITE,IC, 'NWNfE4NP.E4,NROWSL1M~tL1MI
CCf,.4O' WfC'tT1 hCA:L9ACOL1 ,NNNE

lihf-ExNNOC NNNrAC
Cmu N *i I"&'JNT/ wQ9ia,#vvRr~tKK

CC f, 1CN, /FCC'4/ A 9 GCP90T9TTvGW)CT* PICTtRHOSTA 9
1LIlWL ILCLLr!PI ,22F.1;
C I "St.sI C ZC()V"C(!, 1() P(!),TTIT(t)
O*~sc CEZSI% ?3CII%T511 I 1? jv-l' 9.SF11 I
c I 1E ,s I C.-.;c I jL, T ),E ( IJ ),I-'!E4( lIEi9~ 1

LEprIZE flUT F14)

CC so Iz I, " E

MA C CTI

E CYCLE FCR EACH SLEPENT.

dCC 10018 ItaI o

N4

*~K A~~3ICCII1IA)

ACS1 I I 1 a
AS21 a 'C(hN:)

prCS(3I FC m .1
PCS(41 r.CI!t
PCSI5) Kc (oC ('
RCS(e) 'C( I7)

RCS(E) * rjN9I
ZCSM2 l c(Nz)
ZCSU!) I.C(NI)

ZCS(51 a ZC(Nil
ZCS(tl aCf,
sCSM? ZC(K?)

* ~~ZC$(EJ C(E

CYCLE FCR EAtCH LCCAL NUD')F.

CALL S1,-IP('G5(J)oZA(JlqSr)
CALL JAM(i~IILI)', 1CZC JC)

% SETJ - Pj4C(1,1J*"tJ&CI!t?) - F~J1C(1OI*RJACIZ,1l
C FIKC 71-r- !NvERS',- :F THE JACO6!Afl

RLio 1) j VJACII / CF
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FILEs TLFBC FCRTtIN Al KAV&L POSIGP40LATE SCIOI'L

* SRJIC(l.2) v -RJACI1.Z) / DSTJ
RJICtP1) a -PJAC12911 / DETJ
RJAM9221 a OP

FIND NIL4L1Nt'%rT-TA1N*RIDIWFL/'R#O(H)/JR
c

p1 c 000

7Ut C.9C
CURLO O .CC,
OR A C~

CC IIC A'L a *N
41a NMCCE(1IKL

SW'MT aSLP4T + SF(KLfrFTT1T(M4l)
IF INT21II ZZte.2G+TC 135
SUteV a SUW4v + jF(KL)l*vU(%41
DN4CA a ChW-O + [RJAMPIC(WW~L)

+ R Ac I 924(1KI I It'-:~411
CSCR as C5~I~( V cI V1KL I

I~~~~ * £AC( , I {LJ)*?JRPI
GGTC IC6

105 $UFV a SUAiV + SF(.AL)*v.JIN4j)
DfrCR a 01IRP + tqjtC(,tI*r(KL)

1 A JAC IZf, ? *L IKL) ) ai\.f -1)
CSCR - CS')r + I JAC(l?,14'"(KI(

10 Su P.JAC(i 21 *fct LI lztC'NI.l
l~~t SUPR - SUMi9 + S~(L*~.

I + RJAC(Z,2)*S1KLj1Ar.L(N41)
lIC CON4TINUE

C

XaITflSOR - )CI + SUM4V/SU,4Q)*nlRLR)*(SPI)/ tV"U)"QETJ
Fill FW1l + XXK%.lJ)

*CC CCNWME

C ASSEfPBLE RIGHT HANC 5ImE vscTntfl

FMI) a FIN.:) *FSIZ)
*(I F~IN!) *Fl(?)

FW a F(441* FZ(4)
F(Aft a FOfA~ FSl5)
flfi#) v FffA) # F;(6)

-7FM~) a F(47) + FsMT
00FlIA! a WIE) # * P-:5)

acc a:I 11
10C 5C-TNJE

INC

4444*4#444 *4*# #*+# #4###44S44444*4
4

t4.4'*.4***444

44 ~~ 52B 1PIN CSIWf) W'CN-IMSL1
.4*.

444
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PILE: TLR8~n FCRTR*P. Al NAVAL POS'GRA'3LATE SCHOOL

C 44 USAGE +
C 4* CALL. 0SI10JI,5,1,N,KSI +4
C 4+ .
C 4. ESCPIPTZCN or PAQ~iICTEQS +

+ A AN.3 F MLST PC 9TAL*9
:4A - MATRIX CF COEFFCIENTS STOQcD COLU'4ISE.

C 4.THESE nAFE C-ST~r.YF !'k THE CCMPUTAiT!ON* TI..E
CS17E OF 4ATRIX A IS 1% AY N.+* 44

L 4 8 - VFf'CTCR CF CRIGINAL C9'NSTAMITS (LENGT!f *11* THFSE
C *+ ARC FSPLAC--l tiY FAL SCLJTf[CF, VALUES;, VEC-TC X.
C 4. - WI4PER CF 1-NUATIrONS ANI) VARIALES 4
C 4+ KS - OIJTPIT fOICIT +
C 4+ 0 FC A NCRF'AL SCLUT ION *
C 4* 1 FCP A SINGULAtR SET OF ECUATIO4S
C 44 4

~ REMARI A vLST P= GENERAL. VA+4 t ~MAPG
C * IF I'ATKIX IS SIV'GULIR vCIT0 AUSA? EM4- +
C **LE". AN AL7FP?,.T!c SCLLTTC1I VAY eij r43TSINEC Pv ;Jc!N +4~

4* MATAIX IKVSRSICJ f'4INVJ AN6 a4ATRIX Pvn'flUCT (G.PPO). +

44 SUIRRCLTINiES AfC FLNCTION SUePPGRAPS PEGUIRED

~ ~.44**44+44***4**+4.*4**+++*..4++**4*4*4+++444+.+**+~+++**+

SLEPCU-iE fSIwC(A,8,NvKS)

sLeRCUTINE flSIPPQ NC.T INCLUDED NOfJ-I4SL LIBRARY SUBR(rI.TI4NE

C SLePrTIAF STIFPU(4C,7CP.E4S9lA.F' ,i9lFgqHfl,

C 4444444+4+44444444*4*4 44**+4+*444++...........444 .........

C IPRICIT ~LP.-'PZ

C0t'v*% IFCC:I/ GCV, cp ;TTT 6,'7T96.CTPI.CSTA9

cc '.00 11r 11 ,NF
NI a fr(il)

N4 NCCE1 1.4

N6 ACC(II
h 7 ? ~C C-: 17)

RC621 a C(N?)

2 11



FILE: 7LPAO FCRTRAN Al NAVAL PrOSTGRADWAE SCHOflL

~j.RCS(51 RC(N15)

ZCS(k) LCUN El

ZC$7 2 = 7(N71

ZC117) a ZC(N23)
C

PERFOPFI GAUSSIAN C'ACQATURE INTEGR.ATION
C

CO 32C I Il
CALL S!r4AF..IEtd(l ZA(I ),SFI
CiL. JM"CP((ifll.AT).Z~.EQC.ZSi4JACI;ET N a C('1,1I*qJAC(Zo2I - RJhC(134-JAC (2,13

C F~lC 1hVfQSE CF JACEB!AN
:)UP RJM 1 / 05TJ

Q-JIC 1 911 . KC(Z t2 I fCo-TJ
t 0CI11o21 -AJACIl.2 / LE rJ

RJACIZ*1) a-PJACI 2.13 / 'ZTJ

cP..o(il 1"*( 1: I~)*lfj) + RJAC( 1,21*F J)
rjflF. ( j I ojaC(2 .1*(j) + PJ.AC(Z,2)$E(Jl

321 CCU'T 2?JF
IF(HoPFe11 GrtTO WO

FIND Puff, Ao AMC0 8 FOR Nt-ERICAL I4'GAIN

CC 30L lIh.E
FI1L a tCOE(IIL

P10.a RHlORB o SF(Ll*PHI(lIXIL*C('!!Ll*S4IILI
33C CM~I4F

UP' a (100/1 Rf-CPe *144 .0040 12.J00
C

3Cs CCNTIPIJ
DC 310 K a 19KNE

EMiSIJPK) a -34(J*K) +il W(1 S*4K * (C-PJ0Z(J)*IACZ(K)
; *N;())~)(l -)*

C 0 4~aC
?IC CCN1INL.E
? CC'~ MAE

3 CCATTIUE

k ASSE02LE SNSTE4 INFLUENCE '4ATOIX h/CUT REGARD FCR
C bOUhC4PY cc~rITICNS

N(11 * K4
N1) a N
N13) 1A
N14) N4
N(I51 NS
K(6) N6
NQ?) IN N

a(R NS
00 3!C It a LANE

I a It
OC 353 J1 '&NNI. ZERCIZE CUT EMS(I 3FOP NEXT SLEMENT
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.... i . -- . .-.z . -

FILE: TLPBC FCRTRith Al NAVAL FCSTGPAOLATE SCHYJL

00 37C 12 a 19NE
DC 370 J2 a9K
l:-14*II~,J2) C.D

* 5 CCNTM~E

C RECYCLE FOR NEXT ELEMENT
400 CCNT INIJ E

E MODIFY SqYSTEP OF ECUATIONS TO 14CLUDE BOUNDARY CCKCI IC%-S
C CC 410 1a ih

Otc 41C J w lqA8C
JX a ,4ec(jl
F(T) a FI) - r7M(I.JX)*PSI(JX)

E i(.;X , JX)m 1.Co
F(Jxl x PSIIJXI

410 CCFAT14UE
C

PE7URN
f rAC

C

C SLEPf"UTISF REFLA(FS! ,FRNS9,IJACNE4,NNk'41
**.44444..*4*+444*4*444+4+4..,.44,*4,.++++4...... ... 4....4. +

L*,+**., 4+++44$4+4++ 4 .. *.. +4t. 44+4 *4.*44.+44++4*444*+#....+...

C +44+4+44.*4444*+**4+......++*+*+*++++.....+...+......

C !FjL CIT F=LqPHpZ
IkCGER*4 N- AC,P'. 0ITE 1,NC NNE 40N4NRWP MR *LII'
CCivou /ftcrCj!TI (7v' O
C CP~d.N /hCLJNTI /'ppr~,,mpCW., KK
CI?)F~.SJCfA PSI ()PIl,( ,IS1

REFLACE PSWII WITI- SCLLTIClN VECTOR ANC RESET F(I) Wli' P4S(I)
C

CC 100 1 a 1,Nl
psI (Il = F( II
F(Il a P14(I)

COC CC1NTINJUE
FE TUFPN
ehC

C
C
C

SLPRC'JT!? ,kzr~ 4,~4
C 44444##+0,4.44* *4+444;4 .. 4.4. . .4+4++.+++4 . . . .+ .+4 . . . . . . .++. ...
C *,,4+44++4*+#,4*. .*. *,++* . ... 44*'**++4+++4++ . . .***++**+***4

44+4#44444+444...*4*4.444.4.4.+++++*444.44.*++++++++ .*4.*4.4.4. . 4*.*4. ..

IPPLIC1i ;AL*t?.-Hqp-Z)

145 (1 5 /P dJT C;,9v~l(t

IPESIC hn111

IF "' CE it PFRFCRM IIN(rFR QzLAx-7 1014 z):cOFF
COPPFLTINai IN: V!LCC17Y INC ~'.I4SITY LUST')I0JTICN.
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FIUl: YLPbO FCRTRAN Afl NAVA~L PCSTGRAOUSTE SCHOOL

CC 1C0 1 a 1N
DO 2CC J rNB

L IE Ui %BNC(J)
IFILTEST.eQ.O) G(JTO 10C

ST(j a PSICII) *RELX*(PSI(I) PSICI(tIl

1C N4,I 4

ENC
SPLCTT EALE44
I 4 P4+ T4FGR4* ++++#+++++ .....?sy 4N'tN4,4 ...... ........

#4a 45!

C
C FL I REARE fC( ATIT#Ar"'. -ZI
C STFF'~S -'TRI I ff ICN"r,, i4? HM"9- SOE StL TRo

CC M 60NT 1 * 1,NN!'4q

CPSIOgCS) P1 v'(IND9& Fl

CFJ

C

C *iPfC PSO )WT4+OF-N AU-o-pl
C4*.

IF *C

F111C) CU1 NfLCLC N,

CK

C

21

C SUERCUI 
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FILE: TLPMO FCRTRAN Al NAVA~L FOSTGRADLATE SCHOOL

CC 100 1 a -q

biG FPS a CIBS(FS!C(I) -PSIM)f

* 12 F " GTC 100
X EFS

10C CCMIUE
REU1LR N
ENC
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21PPENDIX G

SAIPLE PROGRAM OUTPUT

8EMCRY SPACS AVAILABLE:
PEAL 8 40~9 INTECEF - 988 REAL 4 - 424

NAS; TASK-1 TRANSO"ItC CMPRESSUR
KC. CF NODES a222 NOl. OF EL MPNTS =63

NC. CF R',%S a 7 NO* OF COLUMNS q

SUPMAPY CF NCITAL COrRUI%4TES
NOCE Z(I) PIT) tlE1I ASS FLOW~ ANG P~L FLCW4 ANZ;

I C.C C. IAE78CD.OZ c.90)CC.oo ).a 0.0
2 GoC 0.18 ~+12 C1911.) ZOP&00 0. 0 J.C
? c.c 0.176124l+C? 0.91:,00CJoo 0.) 0.0
4 ~Cc C. 17C, ?20+2 C. ^- I jtC..Qj 0.i 300
I C.Ca 3.'- 3 0~9 j 2 (O.- f3C65+00 3.0 0.0
6 C.C C. 1571940+02 c. 00 3JC')3 6l*0 0.0
7 0.0 0. 150t~e 1jc 2 C. I C C )+ L C 0.3 3.0
e .Co 0.147614 0+02 c.9 ioj '3CC4~0 1).0 0.0

ic C.c 0. 1 (.3Dc 0 C 1) ijo G Y .iJ0 0. O.C
11 C.C j c.173fl+U )o.3CJ'J 1. j
12 c.c G.11"(0J C.3t.-)3cC2.fCc Uu 0.0

13 0.C 0.l7 0J3.0oi C. .3JciD+00 J.33.
16 ~ ~ ~ ~ ~ ~ .C.5l0t40..1*Y .;oo3 .

11 C.150:)ccc.cl 0.1135C21:1+2 C.',--X)C-.c-0 J*J 3.3
11 C* 53cocci-li ift 237qn+102 5.~i~.u .o 30
is C.1450-)CCC.c1 C .14. 5o+ J 2 0 1)u z %1 +, .3.0 0.
2 C C.!503CCC.C1 0 .13 3 F 42--'+G.2 +,U)Xjo (J. 0 0.
21 C.15k.).Ccc .l o0.11 6..3b+07 c C. Jt+oo 0.0 oeC
j2 C~~CCC CoS646241+0i c.,:.' 0 :+03 0:*3 091

4 C ? o~iC CC +01 .1 14 400+C2 u . 30c 1: +0 0.0 0.0

26 J.3iJJCJ+tc1 0 * 7 3 - 1q, 0 2 c.0)1JC ;1 J. 1. 0 .oC
2-o C!CCCoCE +cl 0.1671061+Q2 c.)~C~) 1) 0 3
2e C.iCOO)r~tl C. !607Y4 J*j? .2.JC2 3.3 000
29 C.;Cojo'CC.0 3.1 4 1.5~J C.I +tor:0 . .
3c C .4c0o oC C +Cl 04.14 7 '5 2D +o 2 C .1-1 Q '3k;r,- +0t, 3.) 001 a
31 d Jo~j.) 0 4,l C.14 C 0 1 0 +) C. 11 J0C CD+ .C 0.3 0.0

382 C. 3C00ICJ QC C. 13 2 7 1 j1 C 0 uCC ua jo) 0..)
,4 0.'iCOCC.A 1. 1P4'.65Th2 C091C~'. 31ca.()) 30 0.C

AC C.4500Ja. +1 001155971"2 C.71,O03L'0 I.0 3.0

C. CC3-CC+l 1,. 1,51 n~c2 .2165 1' ; 10 0

it Ca?0)",C#%t J15 1!)u .u L+C U. 0)



SUIPPARY CF ISODAL COCOD INATES
NOCE z I I I41 rl(1)fI ABS FLCW ANG REL FLCW &A!G

41 Ce45000C+)1 Co64401 C.1?Iococioo 010 0.0
4? C '5)CC+"! C. 146;ql+JZ ,),)3Ccl,' 0.0 0.0

43 O.00 oio 0*4321440+C..2 C.qI9C0t-JO 0 0.C
44 C.4'50CCCC+01 a.11A4ii0rj? L..1JoC0D+Jo 0.) 0.00
45 C*45~0CCC*C1 C. S5 i1-+ +- C.Q '(0 o0c+1C 1. 0.0
46 C 045c'~l3JC +0 L C. 7 1 9140 Y)+01 C.qi3o CC~o4-33 0.0 Qec
41 C*6c~CcCGL 0.a1,Q4C -100 + 09 11)1014+0 1 0.0 00.)
48 C 0. % "o IC 4 1; 0.1 7 !; L +0 2 C 0 1 1C) cCD+ u0 0.0 0.3
4 1 C 0 6Col G + 1 Gsl7?QZ4i)+Q? C .4 1) 0 , +0 0 0.0
!c C.EC~oVCC+Cl 0.016 644 6 + 02 C 130 C c '+ 91 0.0 0.0
51 c.FOO0OO1c CC C eI6 3 70)2 0 c.O13 JC C,+u 0 U .0 000
S2 CofCC.3CCC+CI C.15356;1+07 0.9 100 C00+00 3.0 0.0
53 C.eCOJ.ZCC4cl Co1467C 10+02 C. S 30 !W+oo 0.0 0.0
54 C. F-CC CCttC L U. 135 A+o2 C .iocoo 9 03,C) 00 00 o.c
5! C.. C c CC + (;1 0. 13Ln170+32 Ce 41 Ju 2.0 0.0 0.00
C6 0 .fC.3J .C +c1 0 . ,1 Q-*J+J? o C. 10 C C, % 0.0 000

57 C .6000;)OC +,)I . 1152- 4.'. 0 2 0 * 9 10 10 +() 0.0 000
58e c.6clo^c.. C. 105q2g+2 c.,ivo-.ci(.o A 13 0.0
sq 0*Lc6o0000+o 0.9571.)171+01 ce^Cl3jc(,:0*00 0.0) 060
6C cC0JcCCCUl 0 .i&?61 5(+jI 1 .9 loo CQC+(0 1).* 04C

6.cC*~ COO 21j3f000 0.31 0.0
6 C .fa S o Z)C * i:11 J .1 A4:12 5.1 02 C 0 1 0 c 0.)+10 0.0 0. C

f3 C . esC +C 1 0.. 171474 )+,J7 0. 91J.3 j0:)+1)0 3.3 00)
64 0.8C12UC*;J C .ltC2)+,12 C.,11.0CC",00 3.0 o.3
65 C0l~CJ 0.146' Oql-)Z C .9 JJ 3(XD+I30 00 0.0
66 O.0pl2CJC+u1 C.131e6)-02 C.-loo C()')+JO 0.0 0.3
67 0.00C1 C..115 22 10 +2 C*91 UCCUL00 0.3 00
e C.f J2ccc.C1 C . -,5 -i D+01 %;01 DOcoc+'J 0.0 0.00
6 c C.EJ02CC~c.C C.2 iC6f61 C. 9 130 C",'U+ 0 0.3 0.3
7C 0.1lqj4jr+CZ 0.! 131 .30 +32 c _-:'3c ,a+ (0 0.0 oeC
71 C * I -j4 C C +? Q.17- 1l+J 2 ZC .9,07+00 0.0 00
72 C . I11J4AE+W2 0. i7Z!24-'+J2 C.9100CCr-,+,c o.u 000
73 0.l118040C.2 J0.! , !3rn.-? oqlak C. i0+O00 3 J.0
74 0. 111, C + 02 C. I6.CC46i)+C2 ce 9 1'o ccc+0 3.3 0.0
75 0 112%)4C.r +32 0 .1-3 -. Ib) )2 4; LJ')c X'+ 00 3000.
71O C. 11PJ4CC.C2 C. I46'3J,1+02 C *91'j3CC,s+,o 0.0 C
77 0. 1 lhk4C!+ " V. 13S.,E300 C. q 0:5)3c5+00 0.00 0.00
78 c .If e'-540 C+62 0 .13 1 z174f!+.2 C.910.J C ro.D. 00 0.
7S 0.e J4CC.C2 0.12 3 F.670-J2 G.9 J0 06C+00 0 .3 0
SC 1 1.8-j4 G C 2 0 0115 il10 +j2 C.Ct0JCCZ.Ua 0.03.
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SUMP4RY (r-P r'CAL COIDCO INATES
NOCE ZM! R I I 3(1 ASS FLflw ANG REL FLOW AIG

81 0,llPJ4or.02 3ol3'5!93O.0! C.N.00"100 0.0 04C
e2 C.!l-d4'CC7 C.;ISo,62).3lI C.91)3C-JC+0 J .0 000
83 0: .(4CC +C2 oQ 4 2r'2 2i,0 l coQd0 t0 11.1 0.3+ a oo
84 O.1113C40C.03 L.1~1.1~.!3C~ 3.n 000
8! Co128V1l.CZc C. 13c 353e)C2 c*91jlczo+.jo 003 0.3
Be 0 O1Z0191'C+C2 0.172"A,-iD,2 Coal.)O0C..W0G 100 00
87 C.12b91!C+02 r.b'4Do .9U0)C3D+uO (0 000
88 C. 12&'!C+Ctf C*14721t!J.32 C.'l103Ci.Z+0 0.0 00
a C 0 oI cUl5C C 0 o1"2 74 ) +0 *311) C.-C3)+J J .0 0.C
9C C 12a?!5FC+r.? 0. I 473).dZ o 0.0 )C+Ltt) 3 0 3 .0

9 1201)C! C QC2 0. C 7.+ I C.,3!uj~CCJ+Uj 3.1 0.0
9Z 0.t2"35c+.Jz 3 .n qUu)+ , CO'7100C10+~00 1.0 0.31
S? C.1 3'17CC.Cl . lS2cjcl.O C . 1 -30C 11Z+ k J*O v.
04 0. 1171L CJ + ). 81 -4 n+ J C. 13.)Cjfl.C 3c-.0 000
q5 C. 13u 79C C~to 0 1L7 2 4,151+,z c 61:~ 0.)r, 3 .0 U. 0
se Q.13s"7ccrc? 3. e Vj )2 C.0 9 1O 30 0 .00.
97 C.1,3Q79c(.02 C. I 0?41+-,? C.6110CCi).Jo 0.3 0.C
se C.13e79CCc2 ') . i.42bfl.'! C 0,4 00 C 0r+ J0 3.0 0.)
ss C.I31*?5ccc? 0. 147,::8u.j2 C*13jjcc'*Ji J. a 0.0

I oc Co13Q7'ltJC.02 C.140- 1 n+o' .U0J?3 0.3 0.0
101 C.11';7SCC.C2 c.1E~. ~ C.1JC00 .1 0
102 3.13140.C+012 0,1i'q7A-1*J2 (.31J0 . 000
1C3 C.13C70^CC,)7 ~ 17795'* 7 .L3,C20 1 0 06C
104 C.13c7?4CC+C2 1.., 1) + 71 Z.41 W C30u 0. )*a.C
ice C .I?*717C E ,/2 0.? 4iZ33+0il 00? J(3CJC+OO 00 e
107 C. 13111C I+CV C.7sp~j.;)Jil 2'13u cc>JC J0.0 0.3
1C83 0 .1z4.'Ut+J2 or-Q*j~l*) 1,10 cfl+%j4 0.3 3.0
1c'; C 16Ze5C+C2 C.17z2r.5;)+O C.9l0 ) Cdr+)u 0.00
110 0 ).72c*C2- 1 .C 71 n+!)2 c. 23Co O c 'i+ .0 00C
ill C: 1(3135 C+02 C . 41'J,,+ 0* 00* ii C:JCCC+JJ .30 0.0
113 C. !Ac95C.C2 C.1!03,'.0n2 co c ;",)+00 a.0 0.0
114 C. 16C2 I C *%;2 J .1 ';07 01 + C .0 ) 06 %+,.w 0.0 0.1)
11! 41. 1~~CC C. F4 ZJ + C I C. 9 .), ccC40 0.0 00

11 .;!t+3 014tJ03 0*.(q O 30 0 0 "1 .0 (3.01167 .'-; I !C C ? : C .172'1+,2 C. ---3443!:+JO 0.0 .
III C. 1 E 45C +C2 -. 16~?~~2 Q~4j~3 . 300

12C oe1d365CC.0Z C.If12860+J2 C. Jol520+ co03.0 0.0
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SUfIOPOAY CF MODAL cnmfl0DNAT -S
NOCE (I) R () 8(1 AKlS FLOW ING REL FLOW VIG

12 .1156C02 .1576+0 ,C31 57;)+ C (1.3 D.C
CtA5S+Z 0. 143';00+1..2 Co 3,46 ? 70+ C 0.0 0.00

* 26 C .1'.4 4CC * 0.1241016+32 C. jq53 E iu C 061 0.00
127 C .l1oq5t02 3. 11675-30+02 0,P1 S .1 + CJ 0 o) 000

2F 1:IC73CC+C C. )172 10+02 C 3*245L.00 0.0 0.0
229 O.183365C*02 Co.JU475D+'Z C A;32V0U 3.:)J 0 0.0

3C C.1P030CC.0: C.q12500*'. 0.Sq77',!DC0 0.3 C1 l 1944Q5C~.? CiL:C?05a*j2 C. 70120*00 f.) I.a
232 C :Iq q 17 E4 Cz 0.L?045531*02 C*9 3 3 21J10+0 0.0 0.0133 C. I 46'-sr~c? C.lI.jzj503)+t2 0 47 1-7 1,> C, ~ 0
234 C. 1C4zc31IC C2 C. 15U IPC3+02 C. 855 C17:+J3 3.0 300
135 C lq4')34 C 02 0 ,11A J 211 +0' 0.J 14441 +JO 0.3 0.0
137 C. 1;51 Q dC cl2 C. 112?4 1) .r I . 71-;; 5f ++ 0 .0 0.0
13e C.1r-33CCt~ .93-Y2K 3.72?3. ?50+JQ 3.0 0.0
135 C .2C 37 '1 C C 2 116 l7C!) + C. 43,10 D 00 0.0 0 .0
14C a 0.2iJ.C7 C +;2 .*17442q).- tG.0vJ3,)+j0 03 0.0
1 41 C *?C-&4C#C2 C. 169-351.o0 Gc*jlq 9 w+o 36.o J.0
142 C.235il1le~z C. 16SH C0+,j2 C.1u14'!-CC 0.0 00
143 C.ZC,6 -lcv.2 1). Zo047%1+2 C .q133 5 -1+ 1; C 300 0.00I 11 C. C')q(C+C 3.1 57&'3c*3 C.CC4,00 3.0 0.00
45 0.20A6 '"C#02 C.l15 1'2 2') + C.o- ;C4 7 9.)+C 3. 0 0.0C

147 C.2C7lR6C+C2 C.T'l4.nC2 .753 3.0 0.0
148 C *20,1 ,74C+:_ 312 4,2--za 02 0. q~,-T7c6D,0 0.0 00
145 0.%QoA.71C+12 0. 12 813'3eY Jo4O560.00 100 0.0
Ise C .20%!fI AC +C2 C .12 2iA- 4)+ 32 C. !41 P-)+c J00 00
151 002aCc-6o C .2 ~'1&0)3 v:)+~oCO '33 .
152 C 2 il c IIs FC2 C. l1676,:)+ 1 C. I j641C.CO 1.0 300
153 0 2WiVSCCe+ 01:1'32 C,3L;77CC9'+JO i. 0  0.C
154 c.2~'~C0 .7~~U 0.410.3CC^+j3 J.0 0
15IS!eJ'~C C. 16 S 6,-i 51 uzOC:2i 0.3 0.3
1!6 0.217s51 C+02 Cl3 f+J2 C.-i1oiC-5+90 5.6 0.0
157 C 2Lr2ZC+C2 0.0114317+J2 C.-? jJ0.)Cuj 3.0 0.0
Ise5 C.21AQ~1C+C2 C. 1-3a2 ,i.J2 C. 4ijoCC> %,C U.0 3.0
155 Co?196. 9C +Q2 0 . 1Z,70 0+ .) C. a13 EC'~+10 0).05 0.00
16C C.12c347C+C2 0*1175240+02 co 91,10CJ0+UO0 30 0.0
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SUPPDARY CIF MnfOAL COMcO N4iTES
t~cce V(!I RU) d( AS FLOW AtJG REL FLOW %-IG

61 c.;210!r!c!c C.105~30.0? C.qlo1d0C~C~G 0.0 0.0
e. C:22E71 C.Z3 j. 174iII1~oz C.e9qq3?c.ju 000) 0
64 02205V)OC*? ;0 q. f93,0+U 2 Z, At68 Iyn!0C0930 0.C

16! O.j~~i;CZ C .I 5 U * 4 . 3 44 -5 C 1+ 3.a36 0.00
167 c 220~5.;;C+(2 0*l5o5l$D02 o.9Qq1430.+ja 0.3 O.C
1 te C.22'764C.CZ 0.1517720+.02 C.:!j7 8 7? r jo 06f 0.00
16 0 ?20q?lc*Jl 3.1468740+J2 Co -305 71fl.3 GO coo 0.0

373 C:2301 0C.C2 C,.141 Pt).002 0 o 72ic+00 000.
013jQt~c 0 1 6!5M 2 . chd 40.0 e 0.0

174 0.2;3Ic2cc.c2 C.1154J40,.32 a; ,OC 3.3 0 0.00175 C.?3!?3q) +0t2 0.113 1131 +02 Co.f50419.00 0.0 0C
17e Co214'Cr.C2 C. n106490+2 Co8'-44?7u.)O ')*00

177 0,2.' Z5CC+C2 0. 178 ?6023. C.RAl!S@ 4.t+fC 0.0 00I78 C.246161C+02 C.1701660Wt02 O.4217 710+)o 0.) 3.0
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?2 C*C co C 104 C.C C.0

33 3oC 0.0 1ca 00C 0.0
14 CoC 0.0 109 00C 000

37 C.C 0.0 112 0.C 000
3e coc CO.C 113 C.C Coe
39 0.0 C.0 114 C.C c.0
40 0.0 0.0 115 09C 000
41 C:0 0:0 116 C:0 tE.524267

4.3 0.C 0.0 118 0.0 66*2367CS
44. C.C 0.0C 115 C.0C L65.?32eE2
4.5 0.0 c.0 120 C.C 64.C11'.eE
46 C* 0.0 121 QoC 6392853L47 Ceco122 C.C 62.32E51148 0.C coo 123 C.C 6 1* cc14 4
49 C*C c.0 124 0.C 60o427729
!G 0.0 c.0 125 COC 59,47E407
51 Coe 0.0 126 0.0S,01"
!2 0.0 0.0 127 0.0 St.. ti Ai5
!3 0.0 COG 128 C.C Ir4.830135
54 0.0 0.0 129 C.C 3X.45??35
!S CoC COC 130 C.C 50. 544'037
56 C.C 00 1-1 179S355e7 6,310772
57 0.0 0.0 1'-'21Z.0Ul"261 tu.5CC622

17 8 C.C C.C 133 18*Pql04.A 58,484825
5q C.C coo 13'. 2C.1C1512 S6.133

60 0. 00135 21.t743e! !2 C47CE
61 0.0 0.0 1?6 22ECc334C 4A8.159885
62 09C 0.0 117 21*e!4282 4C.85l7t4
63 0.0 0. Q 1S 24.2E -751 11.0OS144 7
64 C.C C. U 39i .71c 56.11328tf,50.00. C 140 36.IC2' 4 1 cc7230
66 Coe 0.0 141 4C,7C3A'.F !4.NC~eC-
61 CoC 0.0 142 35.728J.5 54.007690
68 0.0 090 143 ?E.121CS2 !2. 235C6eq cC coo 144 4C*C?41577 !1:45!Q52
70 0.C CoC 145 41*2C'ZlJ3 4C.807077
71 0.C 0.0 146 42.3E82643 '.?.IC45'.8
? 0.0 co0 147 4 3.:i'~d32 4'. 27fC!Z

73 C.C COG 148 44. .'CZ ?) 42.l787C6
7409C 00a lin 4f.ei:'794 3'E.2!55
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1!2 4F 2C5312 2C.13777C
153 40:!51344! 11. e3E7S5
154 37.SZZORC C.0
155 3,:1';41 72 0.0

it 3. 24553! C. C
157 4C.2f4267 0.0
158 4' .644 14 0.01!C, 44.8?717 78

16047. 7768 C.0
1461 41;,63456 0.0
162 R. ff203f C.C
163 37:!17501 O.U
16f4 37*45O0388 0.0

16C6 i7.C6'66' 0.0C
167 ;7.7PIP-93 Z.0
168 38.75-lq6 0.0
11-5 39o.!2242E Ca C
170 4g.-;77704 0.0
172 43 150?34 0. C
173 44.477 0.0
174 44 t78 C 1  C.C
175 46,4P21R2 C.0
176 47.CCS7274 0.0
177 16.1(4504- C.C
178 17.77958e 0.0
17q 18.C1.631C C.C
180 I1*.9l79Z8 Co.C
181 20926766C 0.0
152 21.4ZE172 C*Q
l1?3 22.185938 0.0
184 23.C20279 0.0
1F' -4.123041 C. C
186 -2.7244 e- C.0
181 -I1o 42182 0.0
189 -1.C48351 C.0
Isc -C 9.q 7 a coc
151 -0.8826;6 C*C
1S52 -C~e'0042 0.0
IS3 - C.o5F3 7 R C*0
1 14 -0.o l t7 4f 0.0
155 -C.2qc?)q7 0.0
1s6 -C.13535S C.C
197 -0.33RIZ! 0.0
158 -C.83.6Q2 C*0
199 -1I. Iq!69 4 C, 0
ZCO -4o.776527 0.0
2C1 -2.C27(6C? CoC
2C2 -1.1ZPS87 Co0
2C3 -C.VS067 0.0
2C4 -C.6e9791 Co0
2C5 -0.2!2444 0.0
i C6 -C !C4.10! CoC
C7 -2.82594C 0.0

208 -4.56014 0.0
ZCS -2 8S4146 0.0
210 -3 SC1Z8' Co C
211 -1.:2SP30f 0.00
212 -1 C7E031 Co0
213 -C.5e632! Co C
214 -fi.q623s2 0.0
21! -C.6??38C Co C
2 1 f -C e859?OL 000
217 -C.55663q 0.0
218 -Co22b61C 090
2 1 ': 32J''7e 0.
2C -C:5202'17 0.0

221 -1 .28?1 0.00
222 -!.Clg~n2 C.0
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>D )c You bISI- TC FNIFR TI4S PLOT SEQUENCE?
1 a YFS; 2 a NC.

)OC YGU U!SIH TC CCNTI,\UE PLOT SEQUENCE?
1a YES; N C.

>CC yru-I 194 TC CCAkTINUE PLOT SCQUE41CE?
I - YES; 2 a Kc.

>CC YCU ' ISI- TC CCNTINUE PLOT SEQUFNCE?
I a IFES; 2 aNCO

>DC YOU 61SH TC CU'TINUF PLOT SEQUENC.E7
Ia VES*; 2 aNC.

>CC YO)U lmISI- iT CCATIN'JE PLOT SEQUEJICE7

>CC YCUto 'ISM TC CCKTIKUE PLOT SEQtJE'ICE?
I r. NES9 2 NC

>CC YCU kISH TO CChTINUE PLOT SEQUENCE?
1 a VES: 2 N tC.

)OC YTU W hIS1 TC crNT[UE PLOT SFOUEP!CE?
I - 'yES;. 2 - C.

>CC YOUJ swISM TC CCKTIKUE PLOT SEOUENICE7
1 - 7ES; 2 - AC.

>CC yriu hoISH TC CCITINUE PLOT SEQUE4CE?
Ia YES** 2 a f-C.

>-CC Yn!J hvISM TO CCNTIN'UE PLOT SEQUENCE?
- 1 xYES; 2 2 NC.

>CC YC U hISI4 TO CCKTINJE PLOT SEQUENCE?
1 - YES; 2 a NC.

>CC YCU imISP TC CCKTINUE PLOlT SEQUENCE?
1I YES; 2 a AC.
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