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ABSTRACT

The finite element method is applied to the
two-dimensional, inviscid, compressible radial
equilibrium equation foOF axial COmpressors.
Isoparametric elements are used along with thrze-point
Gaussian integration for stiffness matrix evaluation.
The radial equilibrium equation is put into
quasi-harmonic form for stream function formulation
and results ars presented using an isentropic flow
assumption. Axial velocity profiles at rotor and
stator blade edges are compared with published
performance data of tae NASA Task-1 stage transonic
compressor and with numerical finite element results
of Hirsch and Warzee.
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I. INTRODUCTION

R A

A. PROBLEM STATEMENT AND OBJECTIVE

The prediction of meridional flows within turbomachines,
be they compressors or ‘turbines, 1is a difficult baut
important part of the design process. The difficulty arises
from the presence of three~ dimensional andé viscous effects
within all turbomachines and the importance arises from the

necessity to design accurately and efficiently.

To simplify the problem of viscous, three-dimensional
analysis, Wu [Ref.1] showed that this complicated flow may
be analyzed by solving two intarrelated flows: on2 being the
blade-to-blade flow describing the flow betwean rotating
blades and the other being the meridional through flow which
describpes the radial equilibrium. These flows are depict=d
in Fig 1. In addition, an inviscid and axi symmetric
assumption 1is made in the through-flow thereby simplifying
the flow to a two-dimensional, axi syametric, inviscid, and

compressible analysis.

Three methods may be found in current reports regarding
the solution of the radial equilibrium equation. The first
two are the streamline curvature method [Ref.2,3,and 4] and
the matrix method [Ref.5 and 6] which is basically a finite
difference technique. The third, a relatively new method, is
the finite element method. As shown by Hirsch and Warzee
[Ref.7]°, the solution of the radial equilibrium =quation by
the finite element method is achieved by arranging the




equation for the stream function in quasi-harmonic form.

Due to the excellent results reported in R2f.7 and to
further the research =ffort for finite clement technigques in
fluid flow problems, the purpose of this thesis is two £fold.
Firstly, the goal was to formulate a computer program for
solution of the radial eguilibrium =2quation paralleling the
steps as presented by Hirsch and Warzee. Secondly, aftar
suitable verification of computer results with those of
Hirsch and Warz=se, the goal was to compare computer
predicted flows with measured performance data of the Naval

Post Graduate School's transonic compressor.

The purpose of this paper is to present a report on *he
results obtained thus rfar. In Section II, the derivation of
the radial equilibrium equation is presented follow=d by the
application of the finite element method to this equation.
Section III describes the computer program in some detail.
Section IV contains selectad test cases which wer2 used in
program testing and checking. In Section V, conclusions ars
presented along with recommendations for further study and
work on the project. The appendices contain the prograa
listing along with a sample test case for referenze by the
user. In addition, a list of references is contained for
further reading on the subject of this paper.
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FE. TEHEORY

A. THE DERIVATION OF THE RADIAL EQUILIBRIUM EQUATION

The following discussion 1is taken from Ref. 7 with
slight changes in notation. The basic turbomachine geometry
to be analyzed is depicted in Pig 2. Although the machine
noted 1is one stage of a compressor, a similar analysis to
the one that follows may be applied to other machines such .

as axial turbines and mixed-flow machines.

One begins with the Euler egquation assuming the viscous
forces to be negligible.

i%» 2 (V V) (7: VP/f {II.4. 1)

The continuity equation, assuming unsteady flow is,

i_}% +y ({\7’) =0 (IT.A.2)

The FPirst Law of thermodynamics in a fluid fiald
becomes,

T¥ys= Vh—VFIf (IT.A.2)

10
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Substituting equatioa (II.A.3) into egquation (IT.A.1)
leads to the Crocco equation,

JV

= - Vx (vx v) Tvs - vH (II.A.4)

where H is the total enthalpy.

Assuming a steady and adiabatic flow, the energy

equation becomes simply,

(V.V\Hzo (II.A.5)

which shows that along a streamline in a stationary systen,

the total enthalpy is constant.

In a relative systea, such as the case in a rotor blade
—
row, *the total relative velocity,W, can pe expressed in the

following form,

Sy . . .
where @ is the constant angular velocity and U 1s the

constant peripheral speed of the relativa systen.

Now, the Crocco equation in a relative system becon=2s,

— 1 2p2
*W T - W ok (7xW)=Tvs-V(h+ 5 - &5 ) L.k

parallel to equation (II.A.5) for the statiomary system, the
energy equation, assuming steady and adiabatic (relative)

flow in a relative system, becomes

e
.

12




— VR

gy (II.A.8)

where HKis the relative total enthalpy expresed as follows,

HE: hf w? wzez (IT.A.9)

* Z

From the following velocity diagranm,

Vm!wm

j e




o

equation (II.A.9) may be arranged as follows.

Since,

2 < & (II.A.10)
Wt W = WH = Vil 4 (Vo -U)

then,
Wie Yo, €N, - W U (II.A.11)

and,
N1= V1+ ;S 2U\s (IT.A.12)
Substituting equation (II.A.12) into equation (IT.A.9)

leads to the following relation,

“z’h . !i 'L&Va= H-u\/& (IT.A.13)

Equation (II.A.8) shows that H& is constant aloang a

streamline in a relative systenm.

Upon intesgrating equation (II.A.8) between thne rotor
inlet and outlet, the Euler equation for turbomachines is
found,

out -
av| < A (U Ye)

}ouT
v N

(IT.A.14)

14
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It may be shown [Ref.9] that by circumferentially
averaging equation (II.A.%), and under the axi symmetric
flow assumption the following relation is valid,

-V (VK\_/’\‘-' T VS-VH «F, +F (II.A.15)

where Py is the body force of the blades acting on the fluid
and all variables are mean values along the direction of %he
circumference. dence egquation (II.A.15) is an approximation
for axi symmetric flow. As a final note on equation
(II.A.15), since the viscous forces were nejylected in
equation (II.A.1), therz must be a force introducing the
entropy variations along the blade. This force is
proportional to the pressure loss coefficient and is labeled
Fy , the dissipative force. F; produces work which in turn
produces entropy production radially along the blade. Under
the axi symmetric assumption, entropy varies axially and
radially only and is assumed +to be proportional to the

pressure loss coefficients [Ref. 2 and 8].

- Due to boundary conditions imposed on the problem and
the axi symmetric assumption, cylindrical
coordinates, (r,6,z),vill be used in all subsequent analysis.
Therefore, equation (II.A.15), in cylindrical coordinates
and with axial symmetry is as follows,

Vo ) M s e
'éo'je(f\‘o) 'V;k%\u i %{Vz)= PY “T}“@ i Fy“ﬂ aiheo chi

‘\%"?g(f‘/@) - YCE %@(f%): FG (IT.4.17)



y -
VE(T;Vz ‘S‘esz -\-/95 (R\Ie\= . { %% —Fi (IT.A.18)

It 1is important to note here that wunder +the axi
symmetric assumptions, eguation (IT.A.15) reduces to the

following,

-— —
V- FL= @) (II.A.19)

Likewise in a relative system (rotor), the axi symmetric

assumption leads to the following,

e )
. IT.1.20
W Fi=0 ( )

Equation (II.A.16) describes the meridional through flow
radial equilibrium equation for the finite element mathod.
Since one 1is concerned with the meridional plane, the

following derivative expression is taken from Fig 3.

X & X (IT.A.21)
V3= VeSe + Vo 53

Therafore eguation (II.A.17) reduces to,
g &
RFe 7 Vmam (f‘/o) (II.A.22)

which reveals that in a duct where there are no blades and

therefore no blade forces, angular momentum is constant

16




along a streamliine. In that case,

B!
Tm(ﬁ\/o)=0 (IT.A.23)
As shown in Ref.3, the circumferentially averaged

continuity equation is the following,

%Hgb\&) i %;%(ffb\(g} =0 (I1.A.24)

where b is *he blockage factor defined by Hirsch ard Warzee
as the tangential area resduction dus %o the thickness of the
blade.

t
E=i' s (IT.A.25)

where + is blade thickness and s is blade spacing.

17
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Figure 3 -
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One further step in the formulation of the radial
equilibrium equation for solution by the finite element
method involves introducing the strean function. In
cylindrical coordinates, the stream functions are defined as
follows,

L 3¢
s “fﬂ’ = (II.A.26)
N 4 (II.A.27)

Ve= — T(b %t

Substituting these expressions in*o equation (II.A.16),
the equation becomes, e

<(€b§:> %% (*\:Kb%k‘\l‘-:) vi@fz T (I1.1.28)
'f%‘ (BYe) - F, - E.J

The right hand side of equation (II.A.28) is applicable
to the absolute flows in the stator and duct regions. For
relative flows such as those in the rotor, the right hand
side is modified by replacing the total enthalpy,d, by the
relative total enthalpy,ﬁz, and the quantity Ve/R is
replaced by We/R.

As a last assumption in the formulation of the governing
relation for the meridional through flow radial =2quilibrium
ejuation, both the radial component of the body force, Fy
and the radial component of the dissipative force,F; , are
neglected. This assumption, [Ref.1,8] does not hamper the
accuracy of the results for conditions at design speed.
Even though published compressor performance data used for

19




the test case in this thesis was obtained at 0.5 desiagn
speed, these force terms were also neglected in the computer
program. As will be shown later, this assumption could
possibly have had adverse effects on the predicted axial
velocity profiles at the rotor hub and tip regions.

The final representation of the meridional radial

equilibrium equation to bz solved by the finite element

method is as follows,

}é(ké% + %(K%) _‘_f =0 (II.A.29)

where,
K= .?Tb (IT.1.30)

and

4
n
5
e g
01%—
R'wn
|
&41/
RITF
+
<,

73 Sl“i(ﬁv")] (II.A.31)

B. THE FINITE ELEMENT METHOD APPLIED TO THE RADIAL
EQUILIBRIUM EQUATION

In order to formulate equations (II.A.29) through
(II.2.31) in matrix form for solution by the finite elemen*
method, one must apply a weight=d residual technique to the
equations for numerical solution. The weight2d residual
method used here is the Galerkin's Method. The following
discussion 1is taken from Ref. 7 with only slight changes in

notation.

Rewriting equation (II.A.29) and dividing through by R,
one has,

20




5 (ITI.B. 1)
el 5 )-f] -0

where this equation represents the flow in the volume,V.

The boundary condition for this partial differential
equation, after dividing through by R, is,

Jﬁ{kﬁ_‘;“\ - UP_%) =0 (II1.B.2)

where this equatioa solves the flow on the closed Dboundary

0of the volume,or,S.

8y applying th2 weighted residual process to equations
(II.B.1) and (II.B.2) and wusing an arbitrary wveigating

function, W(r,z), one has

{
Sw(f,zmudw Sww‘z)rsws <O (rra.y
v Y

where er and er are the volume and surfacs resijuals

respectively, or,

L) ,L‘P\ Lo -
s - sl B0 - [l oo mn

Lol
Ysr T EIRT * 4 (LPWO) (I1.B.5)

If the solution to equation (II.B.1) was exact, both rVOL

and Cour would be equal to zero.

In order to <clarify the boundary condition, eguation

(II1.B.2) , one may analyze the ejuation as follows.

21




On the surface,S,where 41 is specified,

¢- 4«6 (II.B.6)

and,

oA ~¥ o (IT.B.7)

o

Similarly, on the surface, wheceSﬁ’Chsz, where

(EX.B.8)
4| =o

S‘lnsz =0, S, US; " Yy (IT.8.9)

Due to the axi symmetric assumption, the final egquation
will not involve AV and 4S but the intersection of 4V and i3S
with the meridional plane. Therefores, on2 must transform the
volume integral,dVv, to 21 surface integral and the surface

integral,dS, to a line integral.

Hence, let,
da
dC

intersection of dV and meridional plane

intersection of 4SS and meridional plane

BES» dV= 2nRd

With this transformation, one may rewrit2 -equation

22




(ITI.B.3) as follows,

g-w&.i)\f&(l(% (K az\ ﬂZﬂJQ +
i fw(fz)K W mdC = O

where on the contour, q)%’=%ﬁ.

(II.B.10)

One must now 1integrate the first term in equation
(ITI.B.10) by parts to obtain the following,

~§w{i‘a (c32) L () )enda - fw.}‘l.rz,

WiwW WY
+§K Se3%* é—zﬁ‘;‘]Ja*fwkm ndC=0
N

Inspecting the first term in equation (II.B.11), one may

(II.B.11)

use the following integral theorem to simplify further

f).@f#d.n = fcpnpdc, (II.B.12)
" <

Rewriting equation (II.B.11) ,gives,

o odac gaa 028 24 8) e

(II.B.13)
3
- Wk 3 S5 (ndC =0
[
Finally, since
ad *¥
i: = SpMe + 33 M2 (IT.B.14)

equation (II.B.13) reduces to the following,

23




Y[K(%}}'g*%%)‘g‘W]JQ:o (IT.8.15)

n

One now has the final equation in the form for use by
the weighted residual method using any arbitrary weighting
function, W ({r,2z). As noted previously, the Galerkin's
Method will be used here which implies that the weighting
functions are the same functions used in approximating the

strean function,‘v S

Before applying the finite element method, one must
discretize the continuum and then approximate the unknown
function ,W’, by a set of polynomials. For this particular
problem, eight-noded iso-parametric elements were chosen for
discretization, see Pig 4, and the following approximating

functions were used.

8

¥ %INL (ﬁ‘\‘(\% (TT.3.16)

where,

Ni(ﬁ‘i) = shape functions
¥
¥

location within the element. The shape functions, .,

here are defined by the following relations as shown in
Ref.10,

value of‘P at the node

value of Y at anv arbitrary

usad

24




N (€)= 1+ 86 (o) (& oy - 1)
M‘H"’Z)z ;- (\-f‘)(l“ﬂi) (I1.3.17)

Ne(6n) = £ (1+ 58 (1)

where the following coordinate transformations are used,

%
= %\ N: (%,‘@r’. (I1.B.18)

§
2= 2 No(§ e

25
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At this point, one is ready to apply the Galerkin Method
to equation (II.B.15) by substituting equation (IL.2.16) for
the unknown function‘? , and N, for the weight function, W,

which yields,

g\(&(%iﬂ@)»r %il\{_(‘%) da - SS.‘ N. da = OaI.2.19)

“v @

This integration yields the follovirg system of

equations which is solved for the unknown nodalW¥,

K.u Kiz " Kin W' . S‘g‘ (TR 0
e HELE
where,
ANCINS NG N
K;jz [k {M‘ W 3T d (IT.B.21)
a
and,

S_L-.- KS,NLJQ (II.8.22)

N

In addition since both the 'stiffness matrix',K, and the
right hand side vector, [(F], are functiorns of ¥ , the systen
as defined by egquations (II.B.20) through (II.B.21) must be
solved iteratively.

At this point one has the total finite element
formulation of the radial equilibrium equation as defined by
equations (II.B.19) and (II.B.20). The problems which
remain to be clarified are basically two fold. Firstly one

o




-

must evaluate the integrals 1in =2quations (TI.B.19) and
(II.B.2) by numerical methods, and secondly, th2 =solution
procedure for the non-linearity must be formulatz2d. In Part
C, both of these firal steps are presentead.

C. NUMERICAL INTEGRATION OP STIPPNESS MATRIX AND SOLUTION
PROCEDURE

As noted in Section II.B, =valuation of equation
(II.B.21) must be perfocrmed numerically. In addition, one
realizes that the derivative expressions enclosed within the
interval nust be evaluated by a coordinate transformation.
This is done in the following wav,

Since,
8
s ?élhh(?;i)(z
(IT.C.1)
§
z= 22‘ ML(?,“()ZL
then,
W oNigr e
}q i }? TF )ﬁ (13:Ca L)

('
2
£
-
-
-
o
-
F.

|
|
|2

v
=

Q-

39
i

Q-

5
sl
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and in matrix form,

s SO U T\
)-ﬁ )ﬁ }ﬁ P
Wl (& Ar || o
M M ML

Furthermore, defining the

Fﬂ_ £1
U b BN

< R Ly

HE

then by dividing both sides of equation (II.C.3)

has the following transfocrmation,

i o

>t -1 )i
- [3]

N PUE

Y 311

(II.C.3)

Jacobian matrix as,

(LI.C.4)

by 3, one

In addition, it has been shown [Ref.9] that

drdr = |7]dgdy

Now, with egquations
(II.B.21) becomes the following,

29

(EL » Gs'S) and (IL.Cul) 4

(II.C.6)

equation



N

K.;f“ ‘s’%_\g(ﬂ %[:I} 3? Aet[‘f]dg&l (ITI.C.7)

-1 =t

Equation (il 1) is best integrated using the
Gauss-Legendre inteqgration method since it 1is of the
following form,

Vo

K;,J = “G“ﬁ'ﬂ““‘( (II.C.8)

or £inally, [Ref.10],

2 ,'_E: {ALB.; 8(%‘ ,Vl‘-ﬂ] b

where A and B, are coefficients (Fig 5) for both +two and

three point Gaussian Quadrature.

At this point, one has the tools to «calculate all
the elements of the stiffness matrix. In like manner, the
right’ hand side vector,f, 1is calcualted by numerical

integration.
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Figure 5 - GAUSSIAN INTEGRATION POINTS
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2. Solution procedure

The following is a synopsis of the basic solution
process. Specific details concerning equations and methods
of computer coding are covered in the proceeding section.
The proceeding is meant to give the reader a preview of the

solution process.

a. Discretization

Initially the machine under analysis is
discretized into eight-node iso-paramastric elements. The
axial calculation stations are place2d arbitrarily in the
duct regions and along blad=s edges and centers for the rotor
and stator as shown in Fig 6. At this point the syst=anm

topology and nodal coordinites are specified.

b. Initialization

To begin the iteration process, one must assume
an initial internal stream function, velocity, and density
distribution. In the program, the initial internal stream
function was assumed to be that of the outer boundary
throughout while <*he velocity and density distribution was

assumed to be that of the inlet.
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c. Calculation of thermodynamic variables

Before calculating the right-hand side vector,f
, one must obtain distributions of angular momentum,
enthalpy, and entropy. This is done by first calculating
the thermodynamic variables at the inlet axial station from
the given inlet conditions. In order to proceed axially
through the machine to calculate the nodal angular momentun,
enthalpy, and entropy, the following three equations derivad

in Section III are used.

H = ch = constant along a stator streamline
>
(wr) ,
HR:C€Qr' =~ = constant along a rotor streamline

v’Ve = constant along a duct streamline

@®
Vo)
'J-
(@]
=

An example of this calcula*ion procedure for the iuct r

is shown graghically in Pig 7.
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In this figure, the angular momentum at point X

is equal to the angular momentum at point Y. More formally,

5
(rVa)l = EsNL(ﬁlyp {YVQ)L = (YVO\Y (II.C.2.1)

Since the previous axial station's tharmodynamic
"variables are known, one must now find the values of e and
n at point Y. This is done iteratively in th2 following

way. Since
S
Wl\f= ‘P(x= 2 N (g T AW
=3
and along the left side of the =element,
€= -1 (I1.C.2:. )
(

then equation (II.C.2.2) may be solved for 11 by a suitable
iteration method. As will be shown in the next section, a
half-interval method was used to obtain the unknown M .
Once ?1 is known, then equation (II.C.2.1) is solved for
the angular momentum at point X. The rotor and stator are
handled in a similar fashion. In addition, ths rotor and
stator deviate the flow creating a three-dimensional flow
field between the blades in the respective blad=s row. Low
speed cascade «correlation data [Ref.13] was used to
calculate the effective turning angles in the rotor and
stator. These effects are calculated beforehand with known
mass flow rate and unifora axial velocity assumptions at the
rotor inlet. The results of these calculations are part of
the 1input data routine in the form of relative and absolute

flow angles at the rotor nodes and absolute flow angles at
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the stator nodes. This will be shown more exactly in the

next section.
d. Calculate matrices

At this point, the right hand side vector,f, and

the stiffness matrix ,K, are calculated.
2., Solve system of ejuations

The system of eguations as shown in eguation

(ILI.B.20) is solved for the nodal strean function.

£. pPerform relaxation i*eration

Due to the strong non-linear propertiess of tae
system of of equations, the following iterative scheme is

necessary.

q)_m‘ : q," % i [q;“*' 5 q;‘“} (II.C.2.4)
¢ .

e (3

where d is the under relaxation factor. As will be shouwn in
Section III, tnis scheme 1is performed only 1in certain
regions of the wmachine and in addition after a specifiad

number of iterations.
J. Update velocity and density profiles

Using the current nodal distribution of the
stream function, axial and radial nodal velocity components

are calculated along with a new nodal density distribution.
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Again, this calculation procedure will b2 shown in the next

section.

1

h. Test for cenvergence of W

Stream function convergence criteria 1is now
tested and will determine if further iterations are
necessary. The solution is said to converge if tha following

equation holds for all nodes.

k{{_n— q}dnbl
d(_nu

.

2 (1. Cs2.5)

where € is a designated requirement for convergence.

i. Summary

o+
-
D

In summary, tne eight steps involved 1in
solution are noted below;

(1) Discretize the continuum.

(2) Assume an initial stream function, velocity,

and density solution.

(3) Calculate the nodal thermodynamic variabloas

from the given inlet conditions.

(4) Form the right hand side vector, f(r,z), and
the stiffness matrix, K.

(5) Solve the system of equations, given by, [K]

= [F] for a new stream function distribution.
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(6) Perform r2laxation iteration if ragquired.

(7) Calculate new nodal velocity and density

distributions from the current stream function sclution.

(8) Test the solution for <convergenc2, and 1if
required, repeat steps (3) through (8) using the current

nodal stream function values.
This concludes the solution description and now

one is ready to nore completely wunderstand the computer

program which assembles the preceding eight starps.
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ITI. THE PROGRAM

A. OVERALL FLOWCHART AND DESCRIPTION

The overall flowchart of the program is depictsd in Pig
8. Those blocks denoted by the letter 'S' are subroutines,
while thz remaining calculations are an integral part of the

main progranm.

After proper dimensioning of all arrays and subseguent
initialization, the input data are read and then printed.
This not only presents a physical picture of the problem but
also serves as a cross check to the user for correct data
insertion. In addition, a subroutine is availabla %o obtain
a computer drawn plot of the mesh (Fig 6) and is a further

check on proper data input.

At this po4int all +the necessary variablas ravs been
stored and the iteration counter for strean function
convergence 1is set. With the current nodal valua2s of V and
the given inlet thermodynamic conditions, the thermodynamic
variables throughout the machine are calculat2d. Froa the
calculated values of =enthalpy and angular momentunm,
(isentropic flow is assuned), the right-hand sids vector is
calculated followed by the stiffness matrix <c¢alculation
(equation II.B.21).

The system >f eguations (equation (II.B.20)) is now

solved for the new nodal stream function distribution. It

is here where for all itesrations but ¢the first <that a
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relaxation factor is applied as noted previously in equation
(II.C.2.4). The reasoning behind not applying the
relaxation scheme to the value of nodal W after the first
iteration is the fact that the first iteration produced a
close approximation to the correct stream function
distribution. With this close approximation to the streanm
function came a velocity and density distribution which in
turn was near the correct solution. It was found that if
the first iteration was r2laxed, the second itaratinn becane
unstable since in fact the velocities and densities were
themselves farther from th= true values than w2re assua=4

initially.

After testing the nodal s+tream function for convergsance
by use of equation (II.C.2.5), the calculation process 1is
either repeated or ceased by virtue of convargence or

limiting the number of iterations.

As stated previously, low speed cascade correlation Jata
(Ref.13] vwere used to calculate turning angles in the blade
regions. These angles were assumed constant throughout the
solution and not refined after subseguent iterations.
Further work on the <Zomputer rogram could entail an
additional ccmputational routine which would <calculate the
new turning angles after each 1iteration. A saaple

D.

calculation of rotor turning angles is shown in Apoendix

In the following sections the program structure is

examnined in more detail.
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Figure 8 - PROGRAM FLOWCHART @
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B. THE MAIN PROGRAM

1. The input routine

The following 1is a description of the input data
required by the program. The data are arranged into twelve

categories described in the following manner,

a. category 1

Problem identification.

o

category 2

Number of nodes and number of el2ements.

c. category 3

Node numb=ars, nodal coordinates and aodal

blockage factor.

d. category 4

System topology.

e. category 5
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function.

Element type; duct, rotor, or stator.

category 6

Absolute flow angles for rotor and stator

category 7

Relative flow angles for rotor nod

category 8

Inlet thermodynamic quantities.

category 9

Physical constants for fluid under

category 10

First estimate of internal stream

category 11

Node numbers and specified

category 12

4y

eS.

nodes.

observatioan.



Node numbers where the right hand side, f (r,2),

is to be calculated.

Before describing in detail the format to be
followad for data insertion, it is 1important <to note the

following assumptions.

(1) Uniform flow conditions at 1inlet and

outlet.
(2) Uniform flow conditions at rotor inlet
for calculation of appropriate turning angles. This

assumption is necessary to calculate the values of rotor and

stator flow angles.

With this in @mind , the discussion will

continue.

The following describes each category in wmore

d=tail.

Category 1:

FPormat: (20A4)

Number of cards: 1

Procedure: Enter the title of the problsm in

columns 1-20.

Category 2:

Pormat: (2I10)

Number of cards: Egqual to th2 number of

nodes in the systen.

45




Procedure: Enter the number
columns 1-10, and the number of elements 1in

integers must be right justified.
Category 3:

Format: (I10,3F10.0)

Number of cards: Equal to the

nodes in the systen.

Procedure: Each card contains

nunber followed by the Z coordinate, R coordin
blockage factor. The <c¢oordinates are 1in
inches.

Category 4:

Format: (91I5)

Number of cards: Equal to ¢t

elements in the systemn.

Procedur=s: Each card contains

of

nodes in

$1=20. Both

ate,

number of

the node

and nodal

dima2nsions of

he

nine

number of

integers

right jJustified in columns 5, 190, 15, ete., through 45. The

first integer is the element number followed

by

t

the eigh

nodes associated with that element. It is important to note

that the nodes ar= read in starting with the

up

per right

hand node and proceeding in a counterclockwise fashion

around the element.

Category 5:

Format: (2I10)

Number of <cards: Egual ¢to

U6

the

number of




elements.
Procedure: Enter the element number in
columns 1-10, followed by the integer '1¢ (duct) ; "2°

(rotor), or '3' (stator) describing the element as either in

a duct, rotor, or stator region.

Category 6:

Format: (6X,A4,I10,F10.0)

Number of <cards: Equal <to the number of

rotor and stator nodes plus one 'STOP' card.

Procedure: Enter the node numbsar (right
justified) in columns 11-20 followed by the value of the
associated absolute flow angle in radians in columns 21-390.
The last card in this category is a 'STOP' card =2entered 1in

columans 7-10.

Category 7:

Pormat: (6%,A4,I10,F10.0)

Number of cards: Equal *o the number of

rotor nodes plus one 'STJP' card.

Procedure: Enter the node nuaber (rigat
justified) in columns 11-20 followed by the value of the
associated relative flow angle in radians in columns 21-30.
The last card in this category is a 'STOP' card.

Category 8:

Pormat: (7710.0), (F10.0)
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Number of cards: 2

Procedure: Enter the following guantities in

the prescribed order and with the noted dimensions.

First card

Mass flow rate: (lbm/sec)

Inlet axial velocity: (£t/sec)

Outlet axial velocity: (£t/sec)

Inlet total density: (lbm/fé]

Inlet static density: (lbm/ftB)

Inlet total pressure: (lbf/iﬁj

Inlet total +temperature: (°R)
Secoad card

Speed: (RPY)

Category 9:
Pormat: (3P10.0)
Number of cards: 1

Procedure: Enter the following guantities in

the prescribed order.

Gas constant: (ft-lbf/lbm-°R)
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Ratio of

Constant
(BTU/1bm-"R)

Category 10:

Formarc:

specific heats

prassure specific

(F10.0)

Number of cards: 1

Procedur=a:

internal stream functiion to be used in the first

Catagory 11:

Format:

Number

nodes having a specified value of the

*STOPY card.

Procedure: This set of

stream function

typical card contains an integer,

W1=20 " 7

the specified stream function in cclumns

card is a 'STOP' card.

Category 12:

Format:

Number of cards:

nodes where the right hand side is to be specified.

0f cards: Egqual to
str

boundary

which is the node number,

(5%,A4,110,F10.0)

cards

conditions to be

2 =3

(5X,A4,110)

Equal to the

49
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Enter the first estimate of the

i teration.

the number of

eam function plus a
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right justified in columns
3 3

value of

last
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procedure: Enter the node number, right
justified in coluans 11-20, where the right hand side is to
be calculated. Again, the last card in this category is a

'STOP' card.

After all the data has been read by the progranm,
the input data is printed and the mesh is plotted for
verification by *the aser. The saapla format is shown in

Appendix C.

This concludes the 1input routi
section Adescribes the calculation of the stiffnass matrix,

K.

2 stif fness ma+rix =a2valuation

PEnE Rt et SfmemEmem e ———

As shown previously in Section II.C.1, th2 following
equation describes each t=2rm in the 2ight by eight elemental

matrix.
[

y.Ll._ S‘ (k %% %{J K\m-‘ T b [ﬂdﬁd\rk (IIT.3.2.1)

In addition, 'k' is defined in the following way in order to

numerically integrate th2 egquation.

1

k % % S
%‘ f’; N;(q,"l) : éﬂ- N: (%,‘rl) b

(XT.8.2.2)

where b is defined as the elemental blockage factor taken as
an average over the eight nodes of the particular elemant
and ("“) are the definad sauss-Quadratura integration

points.
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Figure 9 - STIFFNESS MATRIX EVALUATION
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Fig 9 depicts the flowchart for both =2lemental
stiffness matrix evaluation and the assemblage into the
system stiffness matrix. More specifically, the figure
shows a three-point Gaussian Quadrature scheme but can be
changed to a two-point scheme by simply inteqrating four

times instead of nine as shown.

The actual coding of the stiffness matrix evaluation
and assemblage may be found 1in 1lines STR03510 tarough

STRO4770 in the computer progran.

3. Solution of systems of 2guations

At this point, th=2 system of equations ar2 modified
for the boundary conditions and solved for the nodal strean
function values. An equation solving routinsz, DSIMQ,
available in +the system library was used for this purpos=.
It was found that no coaparable savings was r=2alis=d by

using a banded equation solver.

4. Iteration schemes

As noted previously 1in Section II.C, a relaxation

scheme is necessary for convergence to a solution.

Two distinct differences with —regard to the
iteration method were noted from that of Ref.7. Firstly, it
was found that relaxation was necessary only in the rotor
and stator elements and also in the duct region b2tween the
rotor outlet and stator inlet. Secondly, due to the extreme
non linearity in the rotor-stator areas, a switch was
required which changed the sign of 4 in equation (II.C.2.4)

as required for stability of convergence. Clarification of
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this change follows: It was found that during the initial
three or four iterations, the stream function values of +he
rotor-stator nodes sometimes 2xceeded the value of the upper
boundary. Due to an absc2nce of sources within the domain
of solution, this occurrence was 1incompatible with the
boundary conditions. At this point, it was necessary to
make o negative in equation (II.C.2.4). During subseguent
iterations, as the solution converged, the rotor-stator

regions became stable and the sign of &£ was raturned to i*s

i<

positive value. This 1iteration proved to stabilize the
solution wit respect to stream function values and

velocities.

The iteration ©procedurs 1is coded in the computer

program from lines STR05070 through STR05200.

5. The output routine

Once convergenc2 1is obtained or the number of
iterations have reached the limit imposed by the user, the
results are displayed. A sample output is shown 1in <the
Appendix. In addition, the units of all dependent variables

are the same as those noted in the input routine.
C. THE SUBROUTINES

The following describes each of the six subroutines in
the computer program. Each subsection contains a3 1list of
calling arguements and for subroutines FCAL, SLINE, and VEL,
a basic flowchart. 1In addition, for these subroutines whose
mathematical theory was not presanted in Section III, a

brief treatment is also given.
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1. Subroutine shape

This subroutine calculates the shape functions

(equation (II.B.17)) at the values of ﬁ and q as requested

in the arguement list below.

SUBROUTINE SHAPE (%,Z,SF)
E = value of ﬁ (input)

Z = value of n~(input)

SP = eight by one vector of the 2ight shape functions.

2. subroutine iacob

JACOB calculates the Jacobian matrix as d=fined
equation(II.C.1.4) for the value of S ,q\ denoted 1in

argquement list.

SOBROUTINE JACOB (EV1,Z21,D,E,RCS$,ZC$,RJIAC)

Bl
T
1}

E value of'q (input)

[aN]
-~
1l

value of ? (inpat)
D = eight by one vector of (calculated)

E = eight by one vector of (calculated)

YT
>4
SN
-

RC$ = eight by one vector of the 'r! coordinates of
nodes associated with the element (input)

ZC$ = eight by one vector of the 'z' coordinates of

nodes associated with the element (input)

RJAC = two by two Jacobian matrix (output)

! 4

S4

the

the




In addition, the subroutine assumes that the vectors
RC$ and 2C$ contain element coordinates arranged in a
counter clockwise fashion beginning with *he upper right

corner node.

3. Subroutine sline

This subroutine calculates the tharmodynamic
variables throughout the machine given the inlet conditions
as described in Section II.C.2. The calling arguements are

defined below.
SUBROUT”.NE SLINE (UINLET,RC,PSI ,WRL,H,UVEL,VVEL,TVEL,
NODE,NNODEI,CP, T,KK,ALP,WG,TNEL,BE, HS)
UINLET = Inlet axial velocity
RC = Nodal 'r' coordinates vector

Nodal stream function vector

el

w

[
1]

=
=t )
e
"

Nodal angular momentum vector

H = Nodal total enthalpy vector

UVEL = Nodal axial velocity vector

VVEL = Nodal radial velocity vector

TVEL = Nodal absolute tangential velocity vector

NODE = Matrix containing nodes associated with the
elament

INLET = Vector containing node nuabers at inlst station

NNODEI = Number of nodes a* inlet station

CP = Specific heat

TT = Total temperature at inlet
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KK = Iteration counter

NTE = Element type vector

ALP = Nodal absolute flow angle vactor

TWEL = Nodal‘relative tangential velocity vector
BZ = Nodal relative flow angle vector

HS = Nodal static enthalpy vector

As shown in PFig 10, the basic calculation procedure
begins with <calculating the required energy and momentun
values at the inlet station. At this point, beginning with
element one, the element type 1s intearrogated to distinguish
between duct, rotor, and stator elements. If the =2lemen
in a duct region, then the streamline intersasctions for
local nodes 2,6,7,8 and 1 (Fig 7) are determined along with
the associated values of energy and angular mom=ntum. Por
the rotor and stator elements, one must initially £find the
energy and momentum values at local nodes 3,4,5 (Fig 7) Adue
to the discontinuities imposed by the Dblade =2dges. Once
these calculations are performed, th2n the procass for the
remaining nodes in the elesnment proceeds in a similar fashion

to the duct elements.

After all the el2ments have been cycled tarough, the
new distributions of nodal angular momentum and energy are
returned to the main program for further computations.
Specifically, these values will be wused by the next
subroutine , FCAL, for calculation of the right hand side

vector.
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AT INLET STATION

FIND ANGULAR MOMENTUM,
TOT ENTHALPY,STATIC ENTHALPY,

DUCT

[BEGIN WITH 1lst ELE

MENT]

TYPE ELEMENT

ROTOR

STATOR

FIND H ,rW ,W
E 8 e

AT LOCAL NODES 3,4,5

FIND H,rV _,V
e e

FIND STREAMLINE FIND STREAMLINE FIND STREAMLINE
INTERSECTIONS OF INTERSECTIONS OF INTERSECTIONS OF
LOCAL NODES REMAINING NODES REMAINING NODES
2,6,7,8,1 AND AND CALCULATE AND CALCULATE
CALCULATE H, H ,cW ,W ,h H.rV ,V ,h
rV_,AND h. Wil R .
[ - ]

‘"——{NEXT ELEMENT

Figure 10 -

ALL ELEMENTS
HAVE BEEN
CYCLED THROUG
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B Subroutine fcal

e —————— ===

PCAL <calculates the right hand side vector as
defined by equations (ITI.A.31) and (II.B.21). Using the
identical coordinate transformations for numerical
integration as described in Section II.C, the final equation
to be coded is the following,

b
}\ _Ni_ ZNVe (LJ_,,
Ny S L 3

S (TIT.Cal: 1)

VT ”j{) - 4t T d gy

where isentropic flow is assumed, and,

>
L

i

anguiar aomentun

(£1X.C.48.2)

total enthalpy

m
]

The arguement list is defined below. In addition,
only those variables in the list which have not been dsfined

previously are described.

SUBROUTINE PCAL(F,W,H,ZA,EA,UVEL,RC,2C,4RL,TVEL,NPS
,NODE, NN, NE, NNFSP, TWEL,NTE)

P = Right hand side vector, £ (r,2z)

W = vector of gaussian quadrature coefficients )

ZA = Vector of ﬂ;gaussian quadrature points

EA = Vector onU gaussian quadrature ooints

NFS = Vector containing nodes where the right hand siie
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is to be specified

NN = number of nodes

NE = number of elements

NNFSP = Number of nodes where the right hand side is
specified

Fig 11 depicts the basic flowchart for the
subroutine. To initialize the procedure, one begins with
the first node (upper right hand <corner) of the first
element. A switch is then applied which determinas if *he
right hand side 1is to be calculated at the node or if a
stream function value has been specified. This 1information
is +transferred from the main program through th2 argusment
list. Once the node is allowed through the switch, then the
inteqration process is started at the first integration
point. As in Section III.A.2, the flowchart depicts a
three-point Gauss Quadrature scheme. After the integration
has been completad, a switch determines 1if all the local
nodes 1in the element have been cycled through and if so,
then the assembly of the =2lemeatal vector, F$, is performed
to build the system right hand side vector , F. Finally,
the subroutine _determines if all the =elements hava baen
examined 1in order to signal complstion of the right hand
side vector. At this point, the vector, F(r,z), is returned

to the main program for problem solution.
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Figure 11 - SUBROUTINE FCA
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S o Subroutine vel

o e . oy o —

This subroutine calculates axial and radial
velocities and also desnsitiss at each of the nodes from a
known stream function distribution. As noted previously 1in
Section II.C.2, both v=2locity and density profiles are
updated after obtaining the latest value of nodal streanm

function.

r
}e)
D
n
(e
H
")
o
=)

The velocity calculation proceeds fronm

function eguations,

o bt

(III.C.5.1)

V, 2z - — .
r fr‘b pes (III.C.5.2)

where 'b' is the tangential blockage factor. Since r, ,and

are of the following forum,

g
Y = 2_(‘,‘ NL

U

f-: Z fLNi (2XT.C.5:3)

then the equation for the axial velocity, W

! ’
. - 1
: \.,Zi ﬁ;_ Ni. Zil Ni.ri.

™

becones,

(3

S }__M;&P (IZ1.C.5.%)
\iﬂ v s

Again, since the shape function, N;(ﬁ,m), is not an
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implicit function of 'r*' and 'z', one must use equation
(21.C¢1.5) to obtain the proper derivatives for computation
of equation (III.C.5.4). Por example, from equation
(III.C.5),

% 3
Z-_)_l:l_ 2(3- TE: )N; +]"(lll)l>*’i{l {ITX.C.5.5

At this point, with equation (ETT .Can.5)
substituted into equation (III.C.5.4), one has th= completea
expression for the axial veldcicy as functions of? '7: One
proceeds siwmilarly for expressing the radial velocity, 7 ,
in terms of § andYL.

In order to calculate the nodal density, on= usas
the following density relation for flows in the stator and

duct regions.

i
% (|_ % ’)1""

where ?f is the stagnation density.

Since,

—
-
-
4
.
@)
w
.

B

Ve (V] V) (1+ o’ &)

then,

—

(J.. (il frb) (q, *j(\*ﬁu&) ‘dl'—l (III1.C.5.8)
s
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Since the density appears on both sides of the
eguation, the new nodal d=nsity is obtained 1iteratively at

the node.

For the relative flows in the rotor, the following

relation for static density is used [Ref.14].

i,
i - 1_(,5,_'\%19 () W et - (IIT.C.5.9)

Again, the solution of “he nodal density is obtained

in an iterative fashion.

In the following arguement lis®, only those
variables not defined in the previous subroutine

descriptions are noted.
SUBRCUTINE VEL(NE,NN,RC,NODE,G,RG,TT,RHOT,RHCN,2C,
PSI,R40,B,UINLET,UVEL,VVEL,RH0OSTA, NTE, ALD)
G = Ratio of specific heats

RG = Gas constant

RHOT = Total density at the inlet
RHON = Work vector whica contains the new nodal density
distribution

RHO = Nodal static density vector
B = nodal blockage factor vector
RHOSTA = Static density at the inlet station
The basic flowchart for SUBROUTINE VEL is shown in

Fig 12. Beginning with the first node of the first element,

the Jacobian matrix (23uation (II.C.1.4)) and its inverse
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are found. At this point the partial derivatives with
respect to 'r' and 'z' of the shape functions are found as
noted in equation (III.C.5.5). A switch then allows those
nodes not at the inlet station to pass and calculates the
new density and velocitizs at the nodes. Por those nodes at
the 1inlet, the velocities and static densities are retained
at the given inlet conditions. This is done +to maintain
boundary condition 1integrity for the solution. After
cycling through all elements, the subroutine returns the new
nodal velocity and density distributions to the main

program.
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[BEGIN WITH lst ELEMENT, [I=1]
T

|

BEGIN WITH 1lst NODE OF ELEMENT'
I=1

[FIND JACOBIAN] LIT_IL__I"

[FIND INVERSE OF JACOBIAN |

l

N N
ND =—+ > S—
£ ar iz

f=

YES
AT INLET STATION
FIND ‘{Jr’ Y, ]
vV, =UINLET ]
n+1

?s,in

| _Fmpvr,vz |

NO IE ] I
8 NEXT NODE

I

Figure 12 - SUBROUTINE VEL
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6. Subroutine mplot

—_—_ = ——

This subroutine utilizes the Calcomp plotter to

depict the mesh *opology of the machine under obsarvation.
SOUBROUTINE MPLOT (RC,2C,NODE,NN,NE)
This completes the description of the main progranm

and associated subroutines. In the next section, a test

case is carried through from data input to final results.
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The program was tested by using published performance
data [Ref.12] of the NASA Task-1 stage transonic compressor.
The compressor was discretized into twenty-eight elements
and 107 nodes with 15 axial calculation stations (Fig 6).
The speed was 0.5 design speed with a mass flow of 107.6
lbm/sec. In addition, uniform flow was assumed both a%t the
inlet and outlet stations. Turning angles for thz rotor and
stator were pre calculated assuming uniform conditions at
the rotor inlet and using NASA SP-36 blade correlation data
[Ref.13]. These absolute and relative flow angles were
assumed constant throughout the iterative procedure as *hey
vere an integral part of the 1input data. Th2 Appendix
contains a 1listing of the input data and output ressults for
the NASA Task-1 transonic compressor with test conditions
noted. To compare the accuracy of the predicted flow with
actual laboratory observations, computed axial velocitj
profiles at the rotor inlet, rotor outlet, stator inlet, and
stator outlet were comparsd with experimental results. In

addition numerical results from Ref.7 were also comparsd.

Fig 13-16 show the computer predictions plotted with the
experimental values and the numerical solutions obtained by
Hirsch and Warzee. The profiles shown were obtained after
ten iterations and using a rslaxation factor of 0.2. The
figures show that the best overall agreement with
experimental data occurred in the stator inlet and outlat.
In this region the worst error was 17% which occurred at the
stator tip inlet. The average error throughout the stator

region with respect to experimental data was 6.6%.



The rotor hub and £1p outlet area exhibited
instabilities 1in density convergence using equation
IIEC:5:9. Specifically, the density solution converged to
within 8% at the rotor outlet tip and hub. It was found
that by not allowing the nodal density at these nodes to ago
below a critical value of 0.06 lbm/cu ft, the solution for
the stream function converged. By allowing the nodal
densities at the rotor outlet tip and hub to go below this
critical value, ¢the <computed velocities at these nodes
became increasingly large and the arguement within the
brackets of equation III.C.5.9 became less than one. This
prevented continuation of the iterations for the streanm
function solution. In addition, the =rotor tip outlet
exhibited more instability than the rotor hub outlet. The
static density at the rotor hub outlet oscillatsd about a
value of 0.062 lbom/cu ft while the rotor tip outlet was
constantly driven to the critical value of 0.06 lbm/cu ft.
One method attempted to alleviate +this problea was the
following. Since a half-interval iteration routine was
used, one trial run involved reversing the direction of
consecutive guesses when the density 1iteration did not
converge. It was found however, that after thre=2 to four
iterations of the systean of equations, the static densities
at the rotor outlet tip and hub were again driven to smallar
and smaller values which led to instability once mor=2. The
nodal densities converged at all interior points of the
rotor edge and mid-blade regions and also at all the rotor
inlet nodes. By including all rotor nodes, th2 averaje

error with respect to experimental data was 27.5%.

Fig 17 shows a plot of convergence criteria,E, versus
the number of 1iterations for a relaxation factor of 0.2.
The stability of convergence is shown to initially decrease
and then after the third 1iteration oscillates about an
approximate value of 28%. It is important to not=2 that this

curve represents the maximum value of € 1s shown in 2quation
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(II.C.2.5). In addition, the curve in actuality represents
the oscillation of nodal stream functiorn values in the
rotor/stator regions since in fact this 1is where the

non-linearity is the greatest.
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V. CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER STUDY

A R E SR eSS sl mS St ammefeiEialt mms mmrmrs e ma=ms

Agreement with both experimental data and numerical
solution of Ref.7 was best in the stator region to within

8%. Predicted axial velocity profiles in the rotor inlet

area were within 26.23 of -experimental results. The
instabilities with respect to static density solutions are
prevalent. Oon=a of the reasons for this numerical

disagreement with Hirscah and Warzse 1is the 1sentropic
assumption 1imposed by the present program. Recoamendations
for further study on the project 1include the addition of
entropy variations in the rotor and stator blade regions.
This would necessitate the use of blade <correlation data
(Ref.13] for 1loss predictions and involve additional input

data plus program additions to Subroutine’s SLINE and FCAL.
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APPENDIX A
COMPUTER PROGRAM

elelelelelolelslolololelolelelclclalclolelslalclclcloloclelolololalolalolclolclelelolalelolelolo]
~ANNTNO~DPO~AIMIFINONDRO ~NOTNCHDCO—~OMIVONDPO~AMEN OND
COCCOCOOD it vt vt e et ek e = NI NI NN N A AN IO O O A AN O NN T 8T
00000 COOCOOCOCOOOOOOOCOOOCCOOOOOCOOCOOCOOOCOOOOCO
lel=l=l=l=l=lol=l=l=lololelelelololol=lololololololol=lolelololel=lololololololol ololal ol ol lal o)
X Xy X X X X XX X X Ay XL XXX L X Y A X X A XA LA XLy X LA LXL
oG S S s S S W ey S
DLV NV DNV NNVNNDNNVVNVNNNNNNVIONVL VNN NDNDDNDNDNNY

7 -—
— (=
-y —
« TW - - S
-t | xwv o P —
qCOITZ g -~ o w
Z0Z~0O - » — =)
OxQ @ -~ - = K
— J - - I - w — NN n
NI Oa — f~ M - oo - -
= (> 4 N = () - -— (o= =0 o a
w9 - e — - o N~ =
T ww OO~ -~ P~ —~ Ny [g¥] .
—Z ) ~— 2 S -— Qo L 3 a
c—D0Z QUN O - b nwn N <1
| Q. a<aZZ I - - Mo o =
(@3 {7 =L g =) - N~ 0 @ |
XO =T ——e - w N i et O = -
- e o b—— - Z ~ nn Volal =z D
T J S - - ~ - - . o g O
= ) — — . e o o~ - il - ey - — o
- O et OOt - O - e A Y
- oty CONT~—~— N~ -— co M~ O oy -
oqunX O~ZwHh O © ~O ~ o = B
(SO S ~—ll U O - - ~ NN~ Ll o RN < o~ e\
-—n>DZZ B eOD L~ - =z oN 0 O OO
s u ST~ e~ 0o - no -0 o Lolmlm]
Al N L ~~O J —_ an QP B ¢« DI
cxcwo w - r— e - < o o] ~@ e O O =N\~ OOIN
gl U JU SO A ) S » o= P=f= O NI VOCaA mMLh-
= W QN ~~O—D - 0O s NP = &~ OO o —
c0Z w < cODwe~=T I~ Ne= N Z NS NAINM e
ovouvx - Ne~Xawoe Co . Y & mt Qv 8 I oNT
T e S AR W S FUU R S — Wy 2 - | o wvli N~NNX C o0
—C b~ — I U e e~ - C = O A L s ~000 Mmoo
W Q< > OUue==qal- T o O O Nolw] QoL oOoC
TOZUWx LAY O e =Zvs A =0 Z2 D | OO0 O™
OO > = O Snsrhg om = NN < NN COWOV) — o o
——Ug < L memed T mOe s T ON = I OO0OOZ N~ -
> XD X NIS=NOW Ofefe= O nNC v N CNG NOO
wZs a9 o@ eON amiN ~O=DC = MmN UV ~O I~ OO
S —<ga q bt & et N ) N~ D oL OfiSE— MYS
W enCZ - ——C 0 Jm Care= V1 NN~ -0 a~~0 O0O
_caxuna N - BUwUUNS =L =W D N O OO0 O e o Z TNO W
L bt o bt ey | ol O i >E VEZV- « o0 S Q113 LS ol [
G o A «T o N D QA e e Z O | o = NN s el oMM
W wwuw - - ———T - e Z I+ OO ONN =
=W OO T 2 ~CN=eamL et~ em = OC — NN NCOQO Oe=®  =ul
—Z Oal | O Net *ONX~NOO0=C Z QOC O O O e e Z NOM 4
ZIwZowdg N e o Pt e D=y NN A QO NSO~ OOy -
—=Z | V)~ e UV NNl rta=C - O Ny | OO0 & e~ MNSE —e—
e V) bt b = DO A 2Z O eV =AUV O O w v *OLO0OT O oo —
I TIZ # NC W U~Om ww S —~wl I N W OOONOCOQY e e A=
Wre QO NS F =00 U VP ULWVnNg © MM g NcTnaNN-= $0O0 «CO
IXg=C AN = =SF X>DUADLAULD X M=~ T & NIFFrITL CCC wwn
FIIWAqUNUWe O JWOAIDNIEFxZZ=— = NS = NOOKRANNIE OFEN X -
L=~ FalVal N~ s OO oon =
a=—Q e e T EETITEZZ I OO0 00 a2 L <
—weo CC0OCCCOOOCO0 NN NOONO0O o— Wi
— B o b, Bt e ot B Bt et et B <« <« qd g OO SO - [0 d
UZZV DNV AV NN NN NNV ~NWw NOoOwnwWoON i SoVIN 4 P
— SEZITZTITZZZTIZZTZ g N o of¥o) —
—-gada s s U U U ) i W g qOM~gqIT T L= daaleo] Q
Qb= ZILIITITSAIZTX - M-~ 0o <
2qqadq Bt Bt By ot Bt Bt et Pt g Bt « < < & s~ g™ e
-cCoo (ol mlelalalalalalalale]= co (=t =T W Qe > 4
—_— - —~N
(S L UL WS L WS 1 W] W OO LVOLOLLULVLO O W (L

76




COOCOCOCCOCOOOCOOOOCCOOCCOOOCCOOOODOCOOCOOOCOOOOCOO
PO~ FTINLCNDO O~ TNONTRO AN FINIODOO~ANMFUNONDP O~ O
R T o o T YT o Ta R Tal Vel TakVe IVORVO RVe RV R0 RVGIN, RV, RV | S MY S Y ST A N T RS oY oX - ofe oF= oXc ofc o 1= o ofo YooY oa¥o Yo r¥s o s
QO0COCOC OO0 COOOOOO0OCOOOOOCODCOOOCOOOOOOOOCOCO
(slolelolelololslslslelolclololslalolololal=lslalolalolelolslolalelalololalellalololslolol el ol «)
Y YO X XA X X X X XX X A XA XXX X LA ALY XX G XXX
L e e S S S B e e el e e L e e o o o e e e e e e S e e e e T =
DDV NV NNVDNNDNNU NV VN VNN NVVNNNDUNNNDNNL DY NV

v
—_—
-
wi
=
Ul
w
=
[« 4
uJ -—
= -~
posy -
< w
-l
o o
Z —
<
Q
(%) =z
' <
Q
o —
=
(Ve g
o w
)
>4 =
(s8] (Vo] =
s o] w
= W o=
o R A =)
4 - o
< -
- & < w oo
— - 3 ~N (]
—_ - QS &8 Z&
a O =2 [elolale] o o [ NOOooC 220 oo
ada QO 4Z OC Qoo QoQ (ol x = L, - e ol
- U rdemal & SO0 0 0 0 oOC O ¢ OO0 O WeCO ~COu i —r— O o
<3 (4 QO ~O o ¢ OOCOOQO © ¢ OO0 OO N o
E-4 O=~Ww i Qoo ¢ IO OO0 O O . o T T T (] nou
o < —n . HnnnNeoo « N e 1o =t "
— W= e O Il ] o~ on "nn o " ) et b o S D L e ™)
p— X~ Pt g o o || — — " - bt T bt e el e ) —
- T O | o o ot bt et bt | = ttomami || et Z e ZO s =T OO0HZOO
<l [t -t et bt () S g et e o Pt o Bt Nty et St o ot —t e e bt $ ek P U= D &= O O
b o O T b rdom s ar ™t ) U bt 5t oy st bt e et T 0 et e Wt o e UL L P ot St e (T () o e et Bt e ek ek
[+ 4 QU = VNWL WL WS~V JO U~ O i~ el D2JO0Z2 -z
o WCZO=WNIASS>O>DUUwLAII-unJ2WO CZDOCO000CaxxcllCcsTCOoc
W XU ~QULAXZODO>AaNDOZZIXXIIgq—-Ccu O=~—gplCocouaduQCcwecc
(=] C — (=) o
o o Lan - < 0\
NOCLLL ™~ Ll &) = -4 -

i




00000 CO0O0OOCOOOCO00OO00O0COOCO0OOO0OCCOOCOOOOOCCO
NOOO~ANMTNONSNDOO~ANMNTNOCNODND =~ MTNONNTCOO~NMITNOMNDOO~oy™M g
PO OOCOCOCCOOO D mimt mdrdpmd e e o et = N NI NN AN O M MO O O O T T T
D O O vt ek 1k pomd ek 7t ek gl et e et gk et el ek e o e ek o g ek ek | ek ek e et ek 1t o gt et e g et e e, d gt o . g e ek
O0CCOOOOCOOOODOOOCOOOCOOOOCOOOCCOCOOOOCOCOOOOOCOO
(o o - Ao Ao Ao deds Ao do Ao Ao o Ao Ho Ao o Ho o o fo Ao oo B Qo o ol o Ao o Aol o Ho e Ho Folo Ho Ho Go G Ho 5o 4
L sl e el ot el el S Sl S e el el e el el e el il o ol el el ol ol ol ol ol ol ol ol ol el el el ol el ol o
kY LY o XV VN Vol Vo XV oV ok Vo Vo kW YV ek Vo KV KV e KV o IV R Ve XV R VAl Vel Ve RV olVa Vel Valve kValValVa R ValvVe Vol Valvekve Vol Valve K Vel Val Vel Vol Ve RV VeVl

Q
Q
= . . —
o [%2] X -
(=] (o 4 C <<
o Wi -
L) @ = (%)
- o o =
il o =20 - ~ 2]
-— 20 3 N —
Vo - " -
Wi — w<a = —_ —
I = e ~— (oo
Ch—<a (=74 w w =
ZVik Zr— [} - wC
L = pelE) = - =
P gaZ - — o=
——— (L [ —_ - b =
~—— ) ow M € e
(%] 4 (o =) w .
NN D w =3 (= = (%)
U= = a> e ~ o= w
- Za W — —J 0L il
qC W < C 1t e D
Z—I — [ - w =z
— b . Z~ - N <1
O« (== - w - ab-o
O = b= = - - = <D p. 4
Qundg s N = o
L= - ~—— - ld
O W Lx b T W o
wae -~ Wi ~ 0 . (=% =
i ) — L s u.o — [ -
qZr - weg 4 QZ = Zwv L
o= XD -0« Q - w wn o
0 2D = wo Z -~ = o<
Z 3T - - W Lo w - i
~r — O —_- sl —u w <
N0 o~ w2 — w (= il o
=2 O o<t J -~ 7 oD o
woZ < — = = - N 2 o
oI~ - Lo B - % -~ Cx =~ (4 < &
T - >0 w = O . =
2 N = (4o Jpo ol - cZ (O8] -— =<t ¢ -ec o
2w ~ 0V C - T W I - - 0— —
Ol O —— et > = b b L coc =
W N C«x -0 - Z Y ol X - o
axo ~—— a w = e ~— - L ouwc
QLOQ =O e [ 4= - =y T2 Z Ui X «O -
ZCZ = [l VP —— — ] -— — —_— ) -~ —
o W w 2 a @wouw L — SuU ZN~Q
0 € o ® (=S dar Fao Z~0 C~— ALO Z~=—Cuw o
. Lol = O q UV eOuw wo>Z OO0 <uw ~O < E- O wi= <
[ L W i (O — D e Z -~ L b e ek LU C =g AND W,
CC # add - - N=C - -0 xZ O X < o7 > 4
" "o an nao >ax I Qe~— IO ne «g«g
H e &= <[ — v anocg < - X W
_—Ur= il OTTW = U e U Q -t e~ —ONWw —wgo e it w
D - - XwD 222 [~ S = X~ D - g = [
eZ N e || N\ X OZFZ rmwmiQ OZ b2 NZ - OZ =
et bt O bt ) bt P~ p—— OO <T - QO <L Q< C I
e ol v L ot L ~Q3I~ CxI ~CCIF ~C T ~OE T~
WwWZ WO~ COZ aQxZ <a49v aCxZ qQxZ qdx-a Z
ECCOI~CQO CwCO Wweea CQwZzoo CwgQo Cuwouw JC
woutZxxGZo OCxuUL gunuh Cx *uwo Cxuwy Cabmay
-
o o — ~N
(=) n o0 —0 —n0 -— Vo
O 0 oM~ o® o o oo}
- ~OOQ Ll (SIS (SIS —_—_OO W —_—_OOUOLC — ~OOLOU

78




COoO0CCOCOOOO0OCO0OOCOOCOO0O0OOOCOCOOCCOOOCOOCCOCOOCOCC
NOMNCRO~AIMNMINOMNNOPO~AMITNOMDOCC NN CNORO =N MATN OO T C e~
TNV OOV LV O OO OO OCODETDXTXCRT O
ek gl g o g gl G ) ot g gk gt et rd e gt P o gt g . g, 7 gt e ot ] P e gt g G ] P o e, W P e, P g g W k. Wt gt . ok
Q000000 CO0OCO0OCOCOCOCOOOCCOOCCOOCOOOCCCOOCOOCODOO
(o> s Ao Ao qo Mo dls dods ool HdlodoadododedledododqodlcdododcqodlsJodsdicdodsqododldodlcfodsqoRq 44> 4o 4
e e e e e o e e e e e e o o o e e e o e e e e e s e e o e e e e o e e e o e e e e e o e e
[TVl Vo XV o Vo XVak Vo X VoLV RV lV ok Vel VeVl Vel Ve lvalvalVal Vel valve lVal Vol Vel Valvalva Vel We lValve kel Vel ValvalvalvalVelvalve lalvatvalvatvalvalry

U I
— o dd —
u! (]
-l w - (o'd
LZ - = -
— - -— & Wal o
- (= 5 xu
wo e Z (4 —q
| - <z == w
TP ~F —@ o 0
o = +a ¥y WK o . >
[ = 4 Z - p: - c2Z
=0 e o~ - — o
S D I -~ Z -
A =OC - — Z o O
U eONW M~ (%210 a] = e et <
quIT U - < - — o (-
se—NECA (&)} — 2w
NN 2 ~ O > aQ (v a]
WO T - - x o © = ——
—T e < — < W
- T — -2 o 4 =g
— O e [ - - el s
—— v O wa w — —D
=CWwOE LT . forc ~— acC
ITH-ITw— & — - o s
b (o <0 s S 4 - -_— w o =
Qex Z %) — > wnz
> O«g C .- wv = a<
O=X2Za L wna a
— O < @ = u. ——
2L v - & - Q Wi
ACuwpr—w M~ < o il asd
Z4 Cw W -0 (%] -z
> Lo J o N u! w D
Q> sex O = o = - - o
S _ v w O - . o « < o
ED XLy D O O QU b > ca
w & Q - W o Wi — — >
- W e~ — v N wna — - awv
(4, EWDO w N O awn ) %] W
- —L0OW-  J from B = < w wi -
< ¥ =L Z << m NuW wo
— ) -2 N — x o Qo a — — -2
=l wWCownkre 2 - 0N — o v v o -
L ] - gL - o - SO =~ - x c = =il
o0 O ‘wwam = W g & —lraem (D — — . o
O i - © W D - G- - U on— N ~N U -
owo —>N O Q w . gE O TV — -
X -0 Zuod~a XX v T =« 20— X Zwa = % <O
- -~ (O rtr e - o # —— Y -~ Nt e o — — —~ I g
Z M- —NO n M~ o aZ O NO 2uidg = by o
Z i Cwk=Chk Me—m c o O M~ A>m~ A Zo- - wa
O "W I>=J0 OO0~ Z . T O TV~ < ) —— ki
3 W ZUWhk e~ 0O = N g —_— L e-O u bt (et N < r—
el oD [ o Fovrs (b~ 10 O =0 W # xouw O @\ = x DLva ol
ne -z o~QoOo o O Qo h «a
< XUl qU T~ w qu < - " 1]
—C e W Wr~wu w e Wi -
W N D OF ~=r O - a o~ X~ — —_
20 Z Z—-Z- w - b O bt s o ot
QW < (=~ ~— ] <] ~— ] ~ <l D S b ot S et
~-OZ 2O cICXT ] (= b (=} e~ O
< L~r~— qada < <a L Z
owouwwQ wCwo (4] wo wo O>IVno
OXUL~TO [s4 S 4V S = o u. u. OIXA AW
laa} ~
- o SN o~ 0 o
- O — MM ™ S} —t O
QO =~ oo © = oV} O
— LLUOLOLOLULVU M~ ~OO0L LVLLLCLVL ~=OLLL =LV -

79




00000 COOOCOO0OOOOOCOOOCOOOCOOOCOOOCOOCOOOCOO00OCO
MNITNCN~ DO O~AMNMTNOMNDPO~ANMITNONDC O ~ANMINONDORO~NC N0 IO
CRPTTORCOOOOOC OO D it i i e vk ot o ok et et N O O I NN A MO O OO O N N NN OO T
et gk ek e et et et O\ O\ O N N OO\ O O N NN O OO O N NG O N O A N O N A N ed N g O e N o
[eleloleloloslolslolelelaslololalololslelolvlololslolalololololelslololslolololololololelslolelale)
(o0 Mo Ao Ao s Ao dlo Ao Ao Ao Alc Ao Ao dls Fodle Ao Ao Ao o Ao Ao Ao Ao Ao Ao Ao Ao Ao Ao Ao Ao Ao Ao o Ao o Ao Ao - Ao Ao Lo He Ao B Ao 4
[ e e el el et el el e Sl Sl e e e e e el e e e e e e e e e e e e e el e e e el el el el g
NNV NN VNN NNV UVVVNNVNYTNDNNVIVNDNUIN

<
—
4L v
cao
43
(22 -84
w —
2
i
o A
2T E
P—
u
T
<<

ol

-z
N e
G
(=il 3

2
zn
WO

2
ax

Z>—
—u.
==
Z—
-
wad

FIND NODES AT INLET STATION

(SIS LS}

-
M
~N
C
b
=
S
o
20
Z o -
- -
— . v
Wi =
N S~
[1%01%]

O =

NN LOCH-
V) wnJdQ0OZ
=—OU=ZZ0O
YO Z

—
(2]
od

AT OUTLET STATION

FIND NODES

C(NN))GOTO232
I

NN

9.
1

v
U+ —
Il e
[X%1%]
Pty ot bt ()LL)

O =¥ 2D
Nw «C2Z

OO ==
NN W -

V) wnNJOZ

=OW =220

YO X~ZO

NOO

PECIFIED

i,

IS

READ NODES WHERE PSI

QL =t b= (%2}
wa
2 ~0 a
—~O~ "
ZC=—a.a
Zou— Qv ~
- SO ——
et 7)ot

. et -

— O e )

XwQm—wnna 2
SZ-EeQ 2L
P CNZ =
—_ e T Xt O

L~ i L
cCwouavinge
cxu=Zaoauv

(=}
o~
o
—_—

80

SPECIFIED PST
DISTRIBUTION FROM

HAV ING
NLET PST
E
(
E
L

COUNT NODES

F=

NNSPST

(VoL Vel Vo lValValValvalVal VeVl Vel Valvalvael v

VEL DISTRIBUTION.
2
%

)
N
1

1
E
I
(
+ NNODEI

w4+ -
v -
e et ot
— ) bt et
Il A~~~
U)o 'L
—ZWU Ut
2= D
N Z Z et Z e
QN U g o i
e et e e (= O
) bt g e T
canuvwncz
Q2aanawZ

—— —

NNSPSI

192

VEL DISTRIBUTION

l(_’l

ON FROM

{

DISTRIBUTI

OQUTLET PSI

INSERT

oavnnng
QZaaaw

193




<z

00000 CCOOOOCOOCOO0OCOCOOCOCOCOCOCODOTOOOCOOOOCOOO
—_OANOFTN OO~ MNMITNOMNTOO=AMETN OO0 ~NET TNONTCTOO~NMTNLCNND
TITT T rIrrnnNnnnnnNnnnNnNN OO OOV OOV O OO OOOCT 0RO
SN AN NN NN A NN AN NN NN A N o TN Vs N sV N N e N N ey U oV
OO0 O000OOOCO0O0O0OCOOOCOCO0OOCOCOOCCOOODCOOCCCOOO
(oAl H o dls e Ao Ao Ao e Mo dfo Sl o s Ao dfo ds o s &l Hodlls o dodlododledlododndodedcdeoMadedledledodledodsdoalodsd.u:4
el sl el e il e el e S e e el e e el e e e e e e e e e e e e e e e e el el
VOVNUVNC NV NNV VNNV UVVNVNYINLDNVDNNNV NV ANUVNNY NVNVNVIV NV

O
—
a
it
=
Q
=
—
)-
foal
—
v
Q.
a
w
— (=)
w wi
— —
(%) w
o —
a: o
(%] uw
&
= 2 v
—_ .
—) %]
2w —
(=
o -
wz ~N
Q -
Q= (5
ZWw ~
) U
W=
L w
c a
o oW
we wX
oZ o=
Fa Q
= =4
P o ZWw
w o
- +0O
-~ z
et b
a wo
ww o<
W wvu
k- Zx
Z
"
—_—
v
Q.
[%2]
<
=

DOLO O

INDICES OF THE KNOWN F(R,2Z)

w
x
—
u
a (=)
(V]
118 =
N o L&
- o p—
Q W -
x O
Q - <
= D a
- NV
_— -~ bt (L -
SO ~Q Zr=
Zm—=C N~
> m—Q — el
et TN W~
<y oll -~ Z =
nge «g9Z )4 "
g Xw — "
—u O e Il W -— W
X=( 2D -
(ol ot A5 C=Z
O g (C)=r—Q ———
NOCE X~k N =
AX~>NZWL —
Qwouwuoz Quw o
Cxu~=~ZuZ cZu
(=}
(a2} C - (=
o Qo -
— NN O o

-
- <
-0 -
e = o —
v Zm™ -
a - — (58]
- =
= 0 e o
O P -y -
7.4 ~N - - -—
¥ - - — 0 - M
o — - -~ . - -
W ot w — WO = e
o 2 u o T e T
o - @© ew o w
< <z v - - T =2
- = = W - > w o
— o Q = 3 el o Z
= = . < =~ O w -
w1 b 3 > Z e~ O = P
L g} — - g - ~N
| u w - i S - X -
e &) . NG O ememame— O]
Q " C e = - -
b o 4 (=4 - C st s SN 1
= w U ™ U XZAX N=CO
o« @ — - << .oy e O
w = = - - - -— - - b
2 e, 2D - L X0 >PZ =
- = = - C ~O~ o (Dlde
- " O e~ M CS--
- -d < = . O - -wls =
L < g O vl - - -~
(=) o o= w w ~ e e O
[ S - o O =wex O Uu
= - = 2 D~ ~ L~ LD
wn a W WEN > Ne O = =l
—_— w wi = =) = — fod - e~ b =,
= i " — — -l - < - - . Wil =
= e —~em T - S XXMM 0
2 G -~ Pt T e~ N>—
e ] v o J T ] T e e (e D -
ViaL e = — g DVDOCO NNOe 5O =OlNe M
—) AT ZN e NUWZOX O =0
ZUv w a - O *Ce C sOCCOND «XO
b Z Pt = ——Z -ty Pt T A i () et ek X O
) e Ca Cwuvym O XL O «Z oM «OF =
a —~a =t PO WAL T WNL e OtumtN sy
Z2 & . VA i i VO S T Y S S
" o 4 . byt bty || e b )
" - > Oy ¢ wx o & o Wwe
- W ~Xe T e e Tae NTe T=C3
[ e 1" " lwlwil e T wZwQZ
O=Z —r b o () e bt o ] b e
EXjaswry _ - Clhadwg Wduide WaW<e W
Ot — b S Z S Y eSS e
nZ o O Lade A Te Hant o To L do @ d Toa lo b o
ca.O s g CxOaOZauxO~Mx oo
QZV = A OCIULIUL" UL ZuIu~Z
— — —

® © 0N o o N

o ~ & 0 < 0

N NO © S @ o O

(18} NOCOC VO ODOOUNe= - — et -t




000000000 COOCOOO0Q0OCCOO0OO0O
PO~ANMTNOSDONO~NMNITNONOPNO~ANIMT N
VAT OCOO0OCOC OO rmir rd rd et i
NANANNANNANNANNOOOMMOMAOaOMMEOOME 0N M

e e o e e S Y i =y ey
NNV VVNNVVVNVVVVTNVDNN VNNV

)
X913,3X,13,

=1,NE
13,3

9 |
3X

)
’

I
3

et —

L —_—

~NO m

b —
Qa M -
Qe =t >
~N L 'y
DX = -
eO= M
(& ] —

| -
N - =<
[l > > n
w - < — -
—J ) - - - a2}
D<A\ ~ x wv ~ —
Q ZS - N\ A NG -
DWW - = 0 - - U ~ >
~sX T e ° Nel ~ =z - wn\
—<d =\ M o 0 R el - -
W v - - - M N\ - (=] (a9}
HANC A= -~y w — 0 LR~ w e
ZWk W N\ * W - 1} — -
—_e e Z N - ol O e (18 >
DM & o - v - - - W - — [Te}
eIX O Ne O NI - — e~ 8) &
O e ZN0OW N 1 w e~ w e
W oM Ui -l i — a —
UdNmi® NN O CEN (%] -
AU N ) IrZE Ol >
%2} - DA —uw MV =l [= v N

U= « W —) Z= NN — QL -
Q) O - Wl = (3 1M
=W h - - o~ o = 2 — U -
—aV) & e ol ®0 O o N Z -
cZNUW QO ¢+ = g — - ZX
>0 ¢ e\ |l b= X — U ~ -
AQ@MD NN Z=2>— un Qa ~— -
O JUNM el -(174—-1)—,’(/! & - U M=
s UL s O = W) — bt bt L)
Ce WW & 0e sgNQUNQ W =L W = eZ
TW X e e MWZ «Z X el 0 e e
¥Ivova- Ne=eTOCUW~ We~umMm W -nZ
o=~ ¥ it w OOV e T w oZ
— M= > r0 UV A TmW T UM -
OF~0 O>F e =F—0U —a - Gl
CWWFWUWkrF— LIT Ll NI=ZX v Z O
T e WOl aF-C W—ed W —XO

_—Ze *TOAC0 UOUblemd =0QVesman ~in2Z
= X JFUWINE=-WOO0 O «O0 O e »
Ce lIdad _JUZAWUWON-M~Ze MmO Z OMOU
C o X UDINITOe dqC e +O—Qe N
XN - — P SO Pl o - *
*F=-NAZ DVUL O =X oXO o *Xe «XU
U oS 0D ZO™LWWE—~NuUnuwS swna
I alw Wrs =C Wi ol e o= o~ «O o~
— - b e L OO i Ui o bt e T =
X U qQwa —Ox & ex o x O
e O b dFFUWLUZEs Jea OX2e X= W= U
Ze lDNCZ2Z0dadlZwaZ— 22 wl-wQ2Z-Q

e e L (O L QO AN b it b v pm v e (O e pe T
LWamud = oo ee=eld—LdUWdwIZWAS

SIS o3 e nr ot oo 3T kIO ZIFSe —~3 4
OO et LXK DI IEIKIC I It (L Z = QL O et (L= L e O
ZOXFOT ST IIITIIT T O~ CZxCxoOxXxog

LW - B2Uuee U TUILITTULO
— ~ONMFNO~Sso —4 —~ —_—
(aa} S n o e O o
£ O O o c O o
o (o} o o Qo @ —
—_— — —_— — - — ——

COOC0OCOOAQ00OOOCOOO0D
O~DRO~ANMOFTNOMSON T NN
e et et OO AL N U O O N O (0
MO EOMMEOM N QMO ME AN
clolololeolvlolololalaslslal=lolololol=]
XXX LA XL XXX XXX
OV O O M S
NVNNNUVVNNVINNVLNDNNNDWV

STREAM FUNCTION

Rc-‘.oooo-‘.ocnoco.-oocooc.coctoKKot

INCHES/SEC FOR COMPUTATIONAL COMPATIBI
AND L
ES

ISTRIBUTION OF PS1
GEOMETRY 0OF STREAMLIN

E
IN (INCHES/SEC)

ITERATION AND INITIALIZE

13
DIST
€ OME

N

INPUT ROUTINE.
F
E

ON COUNT

vV
N

OF

ERT UINLET 7O
G
M

UINLET
1
I

"
ER

END
FG 1
TER

NOW
RO
ET

BEGIN FIRST
ITERATT

E
UINLET*12.D0
F
N

1}

UINLET

x
b4

—4
o
e




OOCOOO0OCO0O00O0OO0O000COCOOOOCOOOCO0O0ODCCOOOCOCOODO0O
OO CANOTNONORD—AMOTNONOPO~NOTNONTOO~NOFN O~V O—~™M
MOOOGTITI T TN NN OO OO0V OO0 OO IS0 ®
MAOOEOOMMAAOOOOOMOOMEOOMOMAOOMOOEOMMMOMOMEAOEOMEOMEOMOeMOamnaOanOmmemea o
COOCOOOCOOCOOOCOCOOCCOOOCOOCOOOOOOOCOCOOCOOOOOOCTCO0
(Yo e Ao o d o A e e oo o Ao o Ao e B o Ao o o A Ao o Ao o Ao Ao o o o Mo e Lo W e o o R Ao o Ao Ao o A Ao - o 4
b b b e e e e e B B e e e e e o e b e e e b e e e b e e e e e b e e e e b e e e e e e e e e b
DNNNVNNNNVUVNVNUNTVNNNDNVVVNVVVNVN VDN NNNDNVNNDVNVINY

-
>

. [~ 12 >

> - Q. ExY

a << %] o

(on > i w -

o (= | = <

= xO < =

= wax -

w - - w ol |
w - = <

Q < -Q. - -

=z Z N = > 4 -

<< - <t & w —
- (o 45 = - x ™

> w - w (5] -

a S 3 5 c - o

-4 O w = w -

g Z - Z ——

= - X - - w we

Ll | (= (%) - Q- (%]

Q w Lo = 7 o < (o =

s = (S = -l = o

- e uZz - ) - — —

> - > - (5 faa]VV] =

[~ SR i 7 w d an] (]

- We wu > << +O P

g >W OO0 - (] ZO )

I >@ = - -_——0 w

- e VUV -l (=] e, .

< S e~ o = N © w

w ww oo = << -4 N a

s > X - gm0 e <<

- D (& | st o =

x e T3 ~ -~ — —— w

= T ® - w wuno

o - —r o - C .- (VE

2 4Jde ITx o w (= lanlead =
xa O - -l o, <

W X e = w S — -~

Q sk Ere w oUW 2 T 18
— - (= > b = Qo o w

v VW w = () ™ o o o N o, S, T, B B, [od + 00 (o d -

— Q= Ed e - s O o s o, e, B o, g, . o s, < zZZ a o~

C *Z Fa> <« U ~MENChO—~NOFN D B ~~—— a =

— [ — QL wi L I S S a -_— <t —

— x¥ WwWio - < L e e e e e e e e e L] — <<

= oY g < (Ot bt bt ot et Bt et Bt Bt e Bt o et B w - w ~N

s &} e <gIXH ~N ' S St S St S N s e S el e St St el et —-— Pt b— -

- & e Uwwuwwwwiwwwluuw L ——— g -~

& s TEW E wZooaaocoaoocoooaoano -l e mad| e

- Z " W - -~ O00NHCOoOO0CCCOOCOOCoO D W00 D w-

Vv =~a a>0 = W e Tt el el el (5 A = sl R LI & TR

by WD) At - D et e e e et " ot it - O - W

Q -+ OU0gG W LNHOLOLLLOLOLOLLLLLOLOCO < e g -
ww —— XX XXNNNNNNNN Q el O W
- - - — [r oo NN a
L B < P~ Lo JB0 L 1 O L O { O T AL B ~OOQ X ) <
- YL 2 =
W th » ) s o e o o, o, T~ e, s, T o, . s S~ s~ NZZ2000 w
(= -l Ot NN LCHRD~NNOFTN O~ ~ O~ N
=10 o T T o s o et et N et o S o o et xxcommmm -
—-Z —= VARPARALARAAARAARR < ad
aZ <<k QLLUULLLCLLLVULOLLOO T++CC0O <
o - O - CxoxxdxXx XX aNNNNNNNN @ coo [
— - —
n\ a2
(= (=)
—_— —

e CLOOCLOL QOO Q= QUL DWW O

83




el=lololelolclclololeloclolelololalalslalelololelelelclclelolololalolololololololclalololalol=le)
T ONDOC~AMFNO~DPO—ANNFTNOCNDAC~ANMFNO~DOO~NOFNODC O~
VUVRORVPPOTTOCOOTPOOCOOOCOOOOO rmirmt rd i pd ek d e et NN O N YNNI M
MEOEONOOMNAONOOONONT TG T FE T TP T T ETT G T IE ST IS
OO0 ODO0OO0O0O0O0OCCOOOOOOOCOROCOCCOOOCIOCCOOOOOCCOOO
XY X X X A XA XXX XXX XL XXX LALL LY
e b b e b e b b b e e e b e e e e b b e b e b o e e b e o b e b o e b b e b e b e b b e e
NNV VNNV NV VNNV VN NVNDNNNVVDVND DD DNDVTNDNDDVUNWV

-
— -
-—— .N
—r O\ O~
. - - ~ ) —
pd NN g -
cC - <™ -
p— co = N
— — << o #* ~
<7 - —— 3 -
& - = Pt —— (=)
(&} o~ < — ooy %
Wi -~ —_— 3+ 3 - - ¥ P
- - s @ _—— — _— [y
= ! Z Q NN ~—— o —
— -l g - (&) - - — - v
-_— - (o> 4 L=4 e CREY — w
< = s M ¥# -3 _— (=5 -~ w
g = QO -~ o T xo ~N (a4
Rl S )y N uw SO aaq = Q
(= A W= <{ - (aw] > ot cC >
~ g 2=~ 2 = - + + o w
W .=l St i — 4+ a -
- = - uy O = (%] = o~ a ~Jd
N D ~— — i A < ~ o —— -y - # @d
~ 2 O = =9 — w [V BTN BN - - ¥ <ac
A T~ (=4 @ > (, I T L * (o o1&
& & il o o pzd QA et w o~ (D - C ow
€ & #*C (om (L o — VI - > LU O - L #=
- - U - << =z QDO & It — x =~z
g W -l — e~ e~ L _~ g L - T P e ™ ~— o —
—_— Lo " = - Zz N - O - X T xo = N -
c O WO < - - - b = O #E N O - e
0 « 6 wna 2 « O = - % —_— O U W - x<
O ~ Z 3 — -~ — X % e e OO QO o~ * Z
g = <« + ~ = W wa O — O e~ O e X = - Ry
- - - o < V) » Aa ~ f et D) edd O - > MOy =W
g W - W =9 xg WV Q - e A > « m G —
w N O — - we 22 A U e QA - W Cuw =W
o= » X — W % >N« = = e =] — o~ > O~ W
g -~ @ S aQ - -“ * & X 4 22 wWw OO @« N 4 GO Cwa
o Us + bt Tl | SR o oV [ oV < O = g <« O & %S Xl
D - O @O () o™ d - e = X a QE D O s N XS
W & & I~ T Am——— O e~ w -l O & k= FOU =-U
B T e L] - wQuCoWwWZo Z o L R D O NHHE e QO ol Wed S
q - W - w o ——— - g ()] < s R = O«
O @ 11— << > W QO e ] e ] =9 W B
= o4 = = Lo il ~N <~ " .
Q -t~ W (o Sapad_ Lo tou I 0 L] .. O - - - -
<1 - = — O] — 5 D — pd —_—— — -
- Ce Z N oeeee Q OO0 ~ - - — ~— —_ "
(1) - o =t oty e () T~ —— NN ~ -
- OV = B et e | MmO<T b~ cQ (= ow] (=] - o
< CI~C woooo <« CO=0Q & xXox x = x
) Cxaxo QXY (el S aa aa a . w
o (=)
A <&
O CuUo nNoOwo O VOO (S Lo LUW WOW W W

34




olelolololelolelololelololelalclolololelolololelelolololalolololelalclololollolelolol el To)
NN OO0 ~NMIENOSDOC—ANMNTNOSDROANMITNLCDRC ~AMFOO~D0 0
MO MEO M OO F S F NN NN DD AN O 0 0000 00 0 O M~ === e P
R R R R R R R R R e R R R RN R N R R e R R e et
00000000 CO000000CO0000CO00000COO00O000000D00000000
XXX XXX X XXX X A XA XXX XX AL XXX L XL
T e o R Sy S S M o S S S Wy
VDDNNV NV NN VTN DDV NNV VNNV LNV VNDDNDN VL DNNNNNDNDNNY

=

(=)

—

—_

<7

o

(1o =,

w o

[

2 N

— -

3*

uw o

< O

=

=i <§

<< <

L -

o #

<A-

=D = e
Aguy_g
— N
-~ Z N
=2 g Z O
#* o W I
-~ v x
- ) e
- D —
—~ g e~ D
N O = O
b -
e ¥ X W
¥ o - N
C O @& =
= R TR A
e ) &
wow b

a 11 ~N
"
- -
— -
~ b 4
~N ~
~N -+
= p- 9
w (%9

O VOO VO

LUENCE MATRIX W/0UT REGARD FOR

Ll
==
-
-~
—
-
- =
w
wuwm +
ZZ
bt () o s s e o, e, -—
=t O N O~ DO -
S e 0 * e e oD [o0] -
(L Pt Pt ot Bt ot ot g et ot g - -
e () bt ot bt et Bt ot g Bt e — -
) Tt St e st ot St e et > 7
>OWwWwwwwww i n o w
noocoocoaoo
C0COCOOCH~®~— |
W»Z2Z2Z2Z22Z2ZZ22—A DA W
-l OC i Lo >
LU P NN OwOwmZ
O NZNZ er=
QJZ—-‘-—‘A—AQAM ™M ot p—
NI C M~ I Il - Z

NUS e ~—wl O 30O
qQOZZZ2Z2ZZ2ZZ0=-QOWL0

o
(7o
A

85

S hi2n)

ELEMENT
X ELDB 6y 2R vEL ik

R =
1 2 1
s E1S,

TRIX FOR
1,8),I=1
XsyEL13.6,

<IN

- S

-0
b -~ g~
ZOMo
W e o
Z—wm
(L~ ot
L g4It
W -
- WL =X
— e~ ]
—YC o~ 8 -
—_—0 - O
d ek O et @

n e owm |

M et
N X UW
WwNULN -
= o= eX
- - O\
—Ce o -
OX= T O
N~
- — e )
Cw U, <~
T ~-EW
Ll Al
Sxcaxox
QXUL=uN
—

- O
«© 0
N ™

(BTE)

FOR NEXT ELEMENT

EM$( )

aouTt

RECYCLE FOR NEXT ELEMENT

C
C

CONTINUE

400

MODTFY SYSTEM EQUATIONS TO INCLUDE BOUNDARY




CO0OCCOCOOOOOCOOOOOOO0O0OCOO0OOOCOOCCCCOOOOOOO00OOCO0
Qe ANMNMFTNODCRO—~AMTNONDOCOC =AM ENONOTO~ANOTNONNCTO~AIMTNOMN
VDDV DXDVOVXCROPTCTOCRRCOOCCOOOO OC ittt et et o med et et = YOO N IO O
T T IvrrrrerryrnnuonannnnnnonnoEnnnnOnnnnennn
[ololololelolololsloleclololsleclalolslolslalolelololslolololalslololslolslolololaleleololololelol ]
(e Ao o o Ao Ao Ao Ao oA Ao d o Ao A Ao Ao Ao Ao o Ao Ao o Ao oo Ze QSR Ao Je Ao o o Fo oo Ao o - Ao Ao Fo A Yo Ho - 4
P b b e o b e o B o o o e B b o o e e e e e b e e b e b b e e e e b e e e e b e e b e e e e b e
NUNNVNVVL VDD DNDNNNVNVNNDNNNN NV NNDDNDOVNDNNNNANW

ITERATION IN NEEDED.

FOR NEXT

PHENOMENA AND SAVE F(R,2)

>
=2
—
v
Q
3*
>
=
-
a —
= -
Q =z o
Z— wcoc~ Z
zZ Sa ¢ <
- - | P V™ R
———— (DC e p—
-y — 1 — —
L R L [ 1%} I u.
f—p— —_

U e > Ul || W
A Xe==Wl2D )
COZ 1™ e ZNaZ
o — L e Ll
S Rl b e b 4 o i o
—————2Z N2
CUX~-IIFI--0CIO
CovYLwuwwuLLOLOoOxw

o wn
—_ —
g

405

FQUATIONS

SOLVE SYSTEM OF

g% MQ(EMyF yNN,KS)

1
0

CALL
GOTO1

SOLUTION VECTOR AND

WITH
RHS(T).

TOOO LVLLO~

86

xZ

PERFORM UNDE

GE 1,

TF KK
COMPUTING NEW VFLOCITY A

. —
— —
— —
- -
o o
— —
(%3] V]
a QL
| |
— —
~ -~
— —
oV} %) w
N~ (= a.
< - -
o 3* 3+
- @ o
(=, o c
— . .
.
M o~ !
N -
F =~ - N~
OZwvn O\ O\t
—Za -~ -
Qe 0O «C
Coodp— 3
-~ O wv (%]
Ol . na Ina
. —_
O e || W = W
™) =M ==,
Vodpod T N TN = Z

XN ) et N e e S QD e
XJAFT w0 3~
LCOCULOCunONOWng
=O=caauoQac

) w

1 AND DENSIT
N ADDITION,

PS
1

RIBU
VELO
DISTR

DIST
IUQ
Y

ANC

CURKENT
Ty

A NEW NODAL DENSIT

FROM THE
LATE THE

CyMODEy Gy RGyTT 9y RHOTyRHON,ZC 4yPSTyRHO4B,UINLET,

21ALPBE sH,yWG)

Ny K
STA

ZC




(cleloleclolaleloleclolelelslolololaslolslolololololclolololololelololololslolalololololalalolels e
DI O~AIMTINONOOO ~ANMNMITNOMDCO~NMIFNOSONC~AMINONEC DNC OGN
NANMNOOMOAOMNOMT T T TN innnunnnnn O O C OO0 000 O ORISR~
NN DOOO DDA ODND OO N OO CNO OBV NO NN
[olelolelelolelolololololclolelelololalolololslololslolololslolelolslololelolelololololololalelo]
XXyl x oo xo o
e e e e o e o o e b e e e e e e e o e e e e e e o e e e e e e e e b e e e o e e e b e e e e e e
DNV NV NNV NVNVVLVVVVVVVVVDUVVVNVDNVNVDNDNDVDNLVN

e —
() o
wi e (s
— - o
(] w — Vo]
J %) ~ ow o
C et — L (=
- - . —r =
0SS [op} QO (&
z v - -l pd =} w
- ~N c s [ o 2 2>
— — - - wa
= W ° X w
w o] ~ x= Q
Z @ =t - | < - —
()] (=) w v
— = > —Z xwv
= (= - - = (=]
= —_— - w? —
(28] o (%} o = <
— w (] — cwv L = 2 i
o4 — w Z2a —
- - @ - w N —
%] e 8 - Z - s
— (% - o~ ow - O
fan) (%] — —Q wu L
W= - —2Z - — [ o
- 0 Ot - g W L) —
= ZI9Z x< o 2
Qo - wwno = we a - > W
— — AW o =i - S @id
ol e — X oW — —_> cw £
= - w - - = oZ > b=
Zo — > < 2 ——
o L) (%] ZF=or (> o - - ax<g
L a Oy W - - -
— -~ [ [ 4 = o MmN~ auw
=wn -~ T — wo — > T
<[ — -_— -~ Z e e —u ~— —
we — -~ C e o o P - . v
& - — . = 2ut o el
—= —_— o~ = o o (Ve — ) W, >
wnC NV —~ (SR =< O ZZW
QO (@l — Jga uv Z oo O xXWn [~ Z cuwz
oo = - = a = M 0\ = XuwX 7] —
LY o o WO Ll | Ww e e U - Z — b — Y
[a¥]aV] N Z2 o | © [ O Oy J O <=0
et —— - T D~ gl TV e b= O XS eI X wiw
s * 3¢ uw —_—— -~ T<t ¢ CONNA—gT =pw w
_— —~— S =0 WX e OOoW—Qxl N —uuy
Dt T XE =G k= (o A ~FOCOO (=lo 4 o —N
Zwwr e g« Z e G -t — 00T e~ —r e
' cld QW L0V =~ N—Z —~ rg O D - —Ca —
~wu ~uw ~ Q. WU~ QWO =Qr~ —— > o W) - -
>> - = ~Q~ QWun TS | e =~We T We - Wwwiee —_ -
BRI B> WO W~ Q. bt A Ot e o = e ZNA o
" N wvHW ‘Yo e e naou
-1 n - ~@n @ " 4 +=~ P v «< .
w w Orrud <k W (%] V2o e I Te W L=
—t -~ ([ -~ QO «wLONOQUUVD < Yidewsw 02w I O7 -
O\t bt Z bt ot O N oz X o D= 2 ono
) e 7 (1) o OOV I 1 XU WaX W IN~=U <l O O
N dd = ga O = p= X =T~ WO—ZO =T
w2z wwZ I - & — el —
O>32>5Q0>>0 ouwaCauw O XUuOualO Caxow C~C
QD>0UQ0D>0 NOAU QUi X XU~ e OTYU > out
— —
— w (=] o oN
~ < Qo ~e O o < (=] (=
2a] (aa} o NN ™ < Yo) U\ g
< NV I TOLOOLLVOLOL . - -t OO OLOON

87




COO000O0OCCOOCOOOOOOOCTCOCOCOOOOCOOOO0OO0OOOOOOOOOCOCOOO
OO0~ NMTNOMDRO~ANMENIOS~DCO~ NI OO ~AOT OO~
NN~ OOTODXTDXTRRCRRCTO ORI COOCOCOOOC D vt ook ek ot v et it NN O
[ T Ve o T o VYV o IV R Vol T o Vo NV o T o N T o YT oY T N VoY VRN T RV o N T p i o ITo WV o RV RV RV 0RVo RV IV RV RV INo [Vo RN OV RV o IV s RV o RV o RN o RVo [V o Vo RV o RN o RV o
olelolololelololslololololclolololololololslololslololololololololololololololslslolololslolel«)
(o= 4 > Ao sl o Ao Ao A > A > > Mo df sl > o s &2 ol Ao Ao &o Mo Ho = Hochl o Ao Mo 4> Ao Ao NoMeals dfedldls oMol adedehlodododisddlsA
b b b b b b e b e b e e b b b b b e e b e e e e b b e b e e b e b b e b b e b e e b e e e
NNV VNV VNUV NNV VN NNV NNV NYTDNNV NNV N

<gOu

- Ll
a =C
W b=
[oal L ValVe)

FTOLOLLLLL

RION SATISFIED ON ITE

WS.-....-...-....-.-.

RITE
oLLo

C
F

ITERATINN

NEXT

NXe
Ol -
— ot e
~uaqQ
(=] g %
= —
oxC
[Solx LT R

[

o

cwno
oau

o
QO
ney
S

o

N~
FOOO

-
e
Lo N
[ )
<< o
o
—~ON

(B
w
(%]
~
—
.
(]
|_
>
-
—G
()
(s
-
w
>
(%]
- (7
- o
=
vy (75}
Wi -
o4 —
&
— )
-
o w
(&)
V8] .4
- <7
— p o2
(> A o
=
—_—
—
—r
—t
cC
[
Q
&)
VOV

o
ocacc
a ac
o] o o
NN
— Nl
e NN
I — ——
Pt ot bt et
L - —
P S S B |
W Wl
—_>>>3

D=
I

o n
— w
_—— )
OO bt ot et bt
L S —— )

VdddadP =T 0O +-T=3 QA

-z

-

>= =

o

(] -—

N—O

Z " -

Uy =~ - -~

Qrtrd =2

e -0 2Z

D o = o

WL -~

oxaN X
e & o O\t~
~N re~ 0 — =0
R ) [ }
N M) & ~mM
Ot (e et
oo >4d0O
N == = U »
P o~ - =<
- N XN
O~ o M e~
NVNJO —~—~0
Wil o ——
@ e>M = =M

- St = g—
- QO IWo
ZDem e » > e
We wd -p—-x
IS e~ X &N
Wx_J e O =~
MUY =0
Ui ™> o —— e

«>m = I™
e -~ - el
FN—=Q ==C
Pt e . e -
Ze =X =X
— - — O diCNd
LX) & X o
«eCav =30
Lol o B L
D e— ) DC = (O}
Do et [t

-_— O o~ (o~ -
O i O o T -
N~ XL O X
—_N ey e (O DN
N D) et S (Ot ™
eNQ M e =M
WNe Wl U
= * aof o= &= =
e X e ™a ~e
X i & &

Xe +X= T= Z=
e ST =T~
D SUR S S S o
wdowgw<gu <<

SUBCHK

JG

E

=

-

= -—
P Qhem
- ~—
w g0
o] e
= —
= -~
- o
%] -~
w << -
= N o=
- i~
— -0
W X~
> —
b= [S S E]
- NN
o | - -
ox i,
= (ool
- ~
=, Ut
~ -
- -_—
Q ooflo &
o. — -~
- O -
T -
s —_—
> ool 24
S =u
- =N
q - -
ut —
- ~@
q ~Cw
N N
- | ~—
I cucx
- - " -
z T~~~
L oVl o
4L < O

A
r—t=—C
b e
o2auvunv
Cuv—ZZ
o VTRV Y]

WUWWWZ=—E Z~a— = CcCaZaAsTs
CO>>3353F0Ux0 dCxColrULIOZTI rmr~
QO>rFFFUIULes TUBULIULNQWWV »=OQQ0

<
o
-t
—

600

88

L

O vl ot
N~
et P e
ot o ped

1110

(@l
O
mm
——

—




[cloleleleleolelclololol=lolololelolalololoclelclalolclelslclalclclolclolefalolololellolalolala]le
TN~ DOO~ANMNFNONTRC—NMFNOSDRO~AMFUNONCT RO ~NMFTNO~DOPO ~
NNNNANNOMMOOMEOMEOE AT E OO ON DN NN NN 0 0O L0000 OO~
NolVolo Vo lVo Vo lVo Vo I IV IolVo INe NolVe Vo Vs I¥o Vo Ve Vo lo [¥o N0 IV, 1¥6 I Vo Vo Vs Vo Vo IVo Vo IVo INo RN ING Ko J¥6 IoRVo o IVGRVoRVo I¥o IVo)
COO0O0COOO0OO0OO0O0OOTCOOOOOCCOOOCOCOOCOOCOOOCOOOOTOCO
X X X X Y X X XXX AL XA XXX AL X L EXLXL
B e e e S S e
VNV VNN YTV NNNNNVNVNNDNNVD NN VNNV NV NDVVTNNY NNDDNNNNN

07),F$(8) 4yNFS(107) ,NCDE(28,8),N(8),L1(2)

EL(1
(40)

-_—Tu

7
T
T

O 2
—— -
B
- O
L) ot
> -

=IX

=
oco
Pt et
[%2l%21%]
a4
wwul
b 3 =
——

coo

A
TR

R

R

iy
ZEROIZE QUT F$()

LLLOLLLL

.
[
=
w
3
w
=
w
-
(W]
<
w
[« 4
o
w
w
i
o] (™
O >
-0 (]
.
no
w
- D
=
) =t
L bt
~Z
(=2 Y|
ouwo
o
nNOUO

—— T q— — — — —— — T — — — —
— — — a— — . p— —— — T — — ——— —
~ONMNMEFNOMC <M EN O~
L I I N
Pt bt B g et Pt Gt Pt et B, B G et 8 g et
Do B Pt g B Pt Gt Bt ot Bt et Gt Pt Bt G Pt
N S N s et S it et A sy P St ) et
UL ) W W U W W W s bl
Zooo Qoo cocQoc
«OOoCoCcoCOOOCOoCOC
(o 737 At iy P Aol A L .4
N St . " — - —" — . — ———— — —
HOLVLLCLCOCLLOLOOLOLLLLOOLL
XXX XXX ENNNNNNNN
—

Lo L L 1 L A L I O T

() s o T s P s S S~ e, S~ G P iy, S i, —
O~NMITNOMNMD~NMENON~D©
T - - —" ——— —" - " ——— " — — -

PAPAAAPREARARAARAARPAAARS
COLLLVLLULLOLLLLOLL
CxxXodd @ aeNNNNNNNN

89

LOCAL NODE.
{
S

CYCLE FOR EACH
1,8

EC

S

E

E

DO 200 1

LLL LVLLLLL

NFSILY




CO0COOCOOO0OOO0O0CO0OOOCOOOCOCTCCOOOOOOOOOOOOCCOOOl
NOFTNORRO~ANAOTNLC RO ~NMTNONDOO—AMFTNODCO~ANMT N ON~DR
D e el ol S e offc ofe efe o o o X ofe o Je o s o ks o fo Yo Y0 N0 Yol 0 Yo Yo M0N0 el el ol el ololelelaloPRTe Pole TolaPoTa PP
NolVo RV IV, IVs RV IVa I¥s IV I o JVo RVo Vo RNo R lNo RV o - ol o jV o iV N o KV o RV RN IV a Ve RVl ol ol o o e et e il e i i e
COCOOO0OOOCOOOOO0O0OO0OOCOOOCOHOC OO0 OOOOOOOCOOOOCCO
Y X X X Y X XX XL XXX XXX XXX XA
L e S R e B e e e e T S e e e e e S el il el el e e e e o
DNV VNNVTNV VNNV VNV VDNV DNV VVVNVUVUNLVNNNDVTNNNNY

- ¥*
x —

. 4 -
h - z
< St b4
- — -
o - —
& w ot

() ~—
- = W
o =z o
— = =
< o d -~
o4 = E
(&) 3 ¥*
w - —_
Pl - - -
= ¢ - N "4
L . - - S N
v < 9V — —
w < — - . w w
@ o o O e . 3¥* 3
- b= o << Pt . — -
— — <2 =3 = . N ~N
< (& - « o . - -
o z & "™ O & . o~ ~N
o = < . () -l — — -— ~— ~
< w = I N x o o (]
= (3o = o < 3 ¥ X ¥~ < <
Qo w -~ = -~ O — M X Mee = -3
a - ~— = - - - o 4 <
.4 < o WL O w - b et
< x N QO < T — —_ e e + +
— v - e I = < B —
W Lo = o 4 ot w (50 VW - (o of -
Vi w @ & w w B2 O 9 G "4 a - 4
= = ¢ & «d U o | = o O Ow =4 — b 4
< < - . = e = s ~— ~ ~
(&) — e < W = e WU e -~ e (M od = - =
a W = &« F N UV =~ > T R (RS o #* > *
ke 4 S Wy B a8 & - o X ¥ W W s ~ —_ a =
(&) (=4 - C - W oW - - >nN> 2o — — - -
<< [~ O S = e R L R (B (- D= gy = - < (=]
u. B = | T Q& ek Lk R x N = N e
L4 — b | ~— () < Pt L — —C - -~ ot — — ~—3
Ia 4 < < = < 32 Y=Y ¥ B (&) = (SF o
o W N W N W x Ww - 3 O XX 5 < w < -
(1 = [ { R < T N = -~ (D e ~ — -~ -3t
[ A e e T - Z W~ W &= (2 4 (=) xoO
w - =3 — (&) DV NV NV DO~ 0O~
- D w 0 w B -0 w5 - . ()] - Q o .
O & FT & Z ¥ Z o~ Z M Z ~e T+ ++ = -+ - ~ | @
> - = U _— U e e & — W — — ~
[ e w W s L @ W = I QCOHD & Do i SN L olInr~
1 w @ < > acQ T~ I o = a X#
Q (e} = g LA b~ o e R e, oD o 20
= < Q o — COOXYN=UV) VIVW O oxXnNo
p = « = ~ - <3
& (V2] - " (] HnunNonwnonnz nouz NO I~
(e} —~ —t —t N M -
a2} et - = -l D232~ Z>0C> - Xt X - P el
- - = -l TEI E-I-ITTZ E EZ S EN
) -4 < w < 2000220022009 QD 2032
Q (] (9] o W NN DQN=NONIL VonU wnaowv
——
o noc (=) —
~N OO~ ~N oV}
CULNLOUU LUV LLL CUL VLOL bl LS TS 1] —_OOW -

90




(olalvlelclolelololololololololololslolololalolslololclolololslulolalclolololalvlololololololol o
CmiONNTUONDPO—~ANNFTNLENOPC—AMFTINOSDNO A ONONFINONDPO—NMF OO~
NNNNNNANNNMNOAOOMOOMMEO T T DD OO DN NN N N0 O 00 0000
T e e S S R e o e T S S A A O e S N N N N e el T
(ololelolelolelolcloleclololslololololslelololelololololololslolololololslalslolololololol olelele)
XA A XY L X XA X XA XA I Y XL AL XA X XX
T ol oy iy ey W e S B e e e e

UMW

FIND F$I(NODE(IT,1))
S
X
X

CONTINUE
1
I
L

30
1

[l I LT

HAND SIDE VECTOR.

ASSEMBLE RIGHT

-
w
—
-~ =
R >
—
~ONN N ON~D M ~N
EC Y N o (. —
el L el (]
ot ot ot Bt B Bt o | ot e -+ o
o St w
W s n - ~N
QQoocaoacoo e
ccooooCco¥~-
ZZ22Z2222Z—HL W
(i,
NN NO=NZ
oZ =
S . o o~ o o~ g -~ L -_——
~ONOT O~ I} —Z
St s it ot v () e ()
Z2Z222Z2Z2ZZ20~U 0O
=
(=
JOOO

FOR NEXT ELEMENTAL CALCULATION.

91

ACOB(E1,421,DyE,RC$,ZC$,RJIAC)
L =8

. ~N
= |
= a.
w -
= =
w |
-l <
48]
oe] -
-— w ¥ "<
(= s e uw
e W W
(@] 0 =
- W D e
no > UV =
@ 2 s o
U\ ot -l .l
~ Z-cCoa
cwo CUwZox
(= V) OO WLV~
Cc (=]
o o
NOOLQO -~

IAN MATRIX FOR SUBSE
STAN QUADRATURE.

v

o
8
+ E1*E1}/4.D0

Qg
—HxO
b YL 1o 4
O -
-
g2
L'b—l\—
(98]
wd =
< -
~— @
P —
2o
Oui =
LS~
mON
D >
V1 NCOOC
== oan
NZL) ¢ ¢ ¢ 0
—~w<ooOo0o
P e

o Mo i

2:D0%ZL * 2:D0%Z1%E 1

+

LU




CO0CO0O000O0OOCOOCOOCOOOOO0OOOCOOCOOOOCOCOOCOOCOODO0O
DOAO—AMFNONDNO~ANMFNOTOO~ANMTINONCRO~AM IO~V O~ W0
OO~~~ DORODVVDODNRCCRONTPNCOCCOCCO OO O C it et ot et
P I P e o P P P P o R P e e B P P P P I S P e S P R I S I S R 00 7D G0 0 D €0 00 €0 €0 60 @0 00 30 &0 &G &
0000000 OCCOOOOCOOOOO0OOCOOCOCOOOOOCCOOOOOCOOOCOOCO
XXX X X XXX XA LA X LA XA X LA AL XX AL XL AL L@ AL XL LT
e e o s e e =y o
NV VNV NV NNDNNVNDVNVNDGNNNDNDNG NETNNDNYUNDNNND DNV

(@) o o o
8 e O @ &6 8 aQ
. (& . (12 . o .
< ¢ ¢ & ¢ <
~e TN < ~ < ~
-~ N e~ N =~ N~
— —~ — — —_— — —
W e U e L e W
# W ¥F oW ¢ W *
Lo S TS - S B
W o W o N - N
uw N3¢ N#
| + f= ) =
I © 2 © O —me——
— ) (SO ' . et et et et
o — W . (gV] . N e
* uw % N N B AR
—_ 3 - | + L0
N N | NaNx
L . ~ — 3+ 3 4 3%
o P-3 (@] - N - N —— —
QOO0 O N 3¢ NO# Tt et Pt
 {o [ O Ot D — -~
N e NO=CN —~ *N ocww
NN N e N
+ N PO N ~ | - -
o e NG jo=
ot — — —— — gt —— — —
—N L — N ot o et L —r N L) -~ — O\
3N WIWNE UL 3~ -~ e e
WO midt i C 3 # 3 Ot ~OW e~
FOUCWO~O~NONONO Y e~
~ e O# qUON O o— LOLLL
NN+ e~ . Nt o4 OUN agdaga<g
N [V} waoy RN
+ +0 + + O+ + sxaxXor
QO++ O+C + +O —
— g - - 0 -t LI R | I
L e R L e R o e e K A (VO |

-~ | WN | N WN || o~ e o

| o | o v e | v |t et (] et L
L)

W n g ninnmn)OmetcNT Z

) - - s s (Y (D

o~ . o, T~ o, P o, s, o, o, S, . . 5 oA ( AN (D= D

NEOLONONT ~NNTNOND 9L Z -0
- - — St St et vt et (VO OUZ
cocolccuwwlLLIWWWOxaYyxwxow

100

NyRCyNODEG4yRGyTTy,RHOT,RHON,ZC4PST4RHO4B,UINLET
LPyBE,H,WC)

om0

SUSROU
1,UVEL ,

= =)
T 2S00
LW uwoda <

2030+ JWw
wJC<g -
I<T - QW Uiy
Law 0O -
O w2 WO -
ZWnkFZ x ———
< OO0 a8
= aZ=wo ON@
NG J—N— — e -
W a0Zagx ———
—ZOoOx0O — O~
FO OLwD Wi~
——uO o< > et ot S
QL TN > Wi =
Ok «<uO - «Q ca
o JooZ —_—_ LI
U~ < & - NN~ < -
SXZCWnE-Z QO - -
OO0 nC it el o
SV ZAULr~+ ¢ o~ (=]
—— el 0O L)
COoO—ViIADZ WI e~ ——
Z ClF 400 >~ > |
gG—0OZ0 = T I O -
N W e O = —— - oo
DA FTU Il eapeem oQ
ZWr—OC 0OM O .
NI ee=Z ~ -0 ~—
WX WW> OO WwWe— (=3
—C ¢ QP © -~ O«
2T L V) D>- ~NZ D
SXYWO Vk=> DV =0 —ey
2  WZr= ~—T i w
OV C W — ch~x i
-t Sl LZO -2 - =0
T NOC WO ==eiem Q-
QO Tl Beis o)
XUDd oy, OCO~= ~C
WULIZA-Z> ~Nx~N | e
Z - OO0 == eow—w—
—D= L et e N o Dt D) e -
——ZTWV oWl NG od C - -~
D WO SO Qe » o =AMt
Qwn WXZZ ® «eRf0= ~ - o -
XZVWNO DO T~ | oottt
WS —~U | UINN = e
JocwsSd O} & OO0 CO wwww
N OULZXT ZwNes o ODCQu wwiuin
AdZV) WA Cam~wa ¢ o+ ZO0CCS
Nd ZWaAWw e O=wCwWNC -~ s« OO
—OCWAdO S X AR~ & a0 "Z22 2

ICITIxCUrCAd250C0mOC ww——
—ZFZFun-LeecZ2Toatocu e
¢ ¢ Yo

2222 i
FCOOOCONSN = It

et bt bt b bt g
QUUVNNNINWO - o
——=ZZZZ Qi
WU U WL L ] e o e
ASIITTSH BHPAAS
Tt I C OO W
Qo000 CCOxaxx

LOLLLVLLLCO




COCOC OO0 OOOOCOO0OOOOCOOOOCO0OCCOOOOOOOCO0000
ONDPO ~NMFTINONDT O ~ANMFN OO~ MFTNC DO~ AT OO O~
ot = NN AN N O OO MO O OO MG TN NN D D DN LN OO0 0 O
€000 @ AV GO A TO O A 60 TV A0 €0 G0 0 A X D O &C GC O A0 €0 €O & C0 M 0 &0 00 I A0 A0 €O G0 A @ A 0 @ D 0 O T O & O
lelel=l=lol=lsl=l=ls]clclelclole]=lolelole{slalel=lclclolololelolelelclelolelclolololalolololola)
XY Y X X X X X A L X A A X Y A X X Y XX XXX X XX
S B e o o e e e e e B B e o o e S S e e
NVN VDNV NNV NN NNNNNUVVNNNVDNNNONUNNLNDNLVTNDDNDNDNW

—— . o, T~ o, S~ o, S o,
—— . — T —— — — — — —
NOCMRT~NNOTNC~D
Lol I I I I I R I
Bt et B g Bt Bt et ot et P P ey
Pt P Pt e o P e Pt o ot Bt et
— -t St S S ey st Yt et et
wWwwdwwwwuw w
Qoo cocoonn
o0000000CO000
EEEZZ2TEE L
N S St S ol e it " St
AU X ENNNNNNNN

L L T L 1 A L 1

——————— — p—  —— p—  p—
NOMSDV~AMFN OO
B e T et e R
VR AR AARAAAARARA
LDULCLOLOLLOLLL
O L X NNANNNNNN

O

1,8

I

DO 200

D.E,RC$,ZC$1RJAC)

FIND INVERSE NDF JACOBIAN.

ACNDBIAN.
)
CALL DMINV(RJAC,2,8,L1,M1)

=) b
~—

CALL JAC

VO VOO

DN/DZ

DN/DR AND

FIND

VOO

—
.
~ ~—
wuw
3 3¢
——
NN
- -
- O\
~ -

QO

T
o

+ +

INLET

IF SOLUTION IS AT

E

CHECK TO SE
IF(Z2C$(1).EQ.0.D0)GO0TO10

NUWWW -0

QACOO—Z2ZZ »
Nt COOCUV~~r~—>
O Z Z 20 vt v i p—
O~~~ 36 (N ) et
—~ et b — N QW)
— NNV 3 36 2
NOAQ QA ~—ema~a|l
0. #iIFENIFTOXC
-~ o () e et
C OO0+ NNNI

_—— - (O T
Cx o L~ (=
Z~=COQm+ ++ T

< - - =
b b~
O = ot~ - "~

oo o o o (OO L™~
NWemanamil » o &2 o
—_C NN O — -
e (T e e e et e b ()
) et bt = T o e -
Ol o bt bt P ] U LG T e
bt et e bt (T U e
COAUWUWLANC TO2C -
accoazZzzZZuow

CHO00# www 12D

.0100
0100

D Z 2L e QC
r—t et e e SN AT O
U it ™ QA QA de Z
LUVNVIN ¢ 3¢ 3¢ qU -~
(o o WY W= W B noCC
#a¥E M~ N pr g =
1] o ] — nnee
MmN~ NNN
X w-NOOO T g2 1t
— O O - Q=
VCCQV+ ++ JuCJx
=8 a @ XX
- O\ O —y
(S [& O




T

(ololelolelelolololololeloleleleclololoslalololoslolslololelolelololololelclololololoclolalololol ol=)
TN Ch DO O —AMFNONDOOC—AIMFNONDPO~NMFNODPO A NOTOLCDRO —~
Vo RV Vo IV RV Vo | o o o o e el D Sl e o Lo oL ofe efe o T e Lo oFo oo ofe oo Yo Yo Yo Yot oN o Yoo N ol ol el el sl ol alal el e T
fooYeotoolecXootooRe oo ofe Yo ofs oo ofe ofe e ofe ool ofc ofe oo of < o Y ofe oXe oo oReoR o0 e ofe oo Yootz el oo ko eXo N oale No o plo Yoot oto N oa¥a
CO0O0OOOOOCOOO0OO0COO0COCOOCOOCOC OO0V OO0
X Y A X Y Y X X X N XX XX XL XXX
S o e S e e e e iy Sy Ay S
DVVNDNVUNNUVVDVDNVNDNNNNVNVINNVVVVVNYDNBLTNNODNDNNNNDUVNLN

-_—
N o~
-— £-3 -
=t g K
" - -
(> & -_— -~ 3
= - -_— -~
< o - g
~— (am| C R o
> . - a
<{ - -
- = ! - g
N (] (&) Wi
3 3¢ ~ o Z
3* - ~N e K - 4
-— —_ (] L
<< ~N (] - O
= #* . <
w * — * +
—_— -~ ~ -—
[QVE 3t T =
#¥V) P~ 3* - Q
# O ¥ H# — - .
- g_’;,-q—- — — -t
-—o o < o R
M 3% 3 - | -~ i
#N=OZTH# €N
—=O# X0 < o +#
XOCO= | (=0 O
#$OFTO=t © ~ ZCx
SIS N O = SO
O N et O\ o ¢ = O
oo e (NN —~ ¥ XA =
co — AN N ~ O e e
mm NANM—=F < - o+ —~<<
oo ~O - 3 3% N O3t |
= NNO D= = O MmN - o 0
oo #$OCQ wn=~IOC # N3 O~ 0 © "
QO 0 | AKODETE Q O#f mIT= NO~ NOF
—— [« SN o + ¥t X (] o x=— ounm o x
MNQ= = FF O~ o o | e NG =
T OO~~~ T~ | N IV = OCHK Q il
I e W S ] - PO = OO (&)
O] H N PO~ ~N AN e T R | -_— -
—_dON e SO M~ % % N=U OO~ N -~
0 it R ONONI O QO OO =0 G e
tmmperr-ey 14 OAQ0 « O Q9GO QW1 OO | -
bt bt S S Y B g 0 (O™ XS e =T O o O i =t
Z ee CUR T~ 0 o X | ey 9 0O T
Wittt OON (X - N~ *or =T w0 O |~
Ot Z0Omid#dt | X | ~U | ~~O#WCUV) sl O
el N~=O D O SN O#OQOT O~ o [ 21 =)

WUIXO~>A ZTZONONCNCK mirm ¢~ AZ 0T ~ZmitD o O
OO~ XL wwrrwOwrdZ e —ddmdse Q 'WANXDOXD O

00 ~ 0 wii FOQA M MOF -
ZZZhnnuwnpununuenZonntagnnnZ NXr=W N SHNoOX Nz
L (9] ot MV o~ - p o

O UL T et d et rd g ,red NN T (Ot T i et = T A UL L e O OUWET
ettt X X OB TOAA AL O DA o <L LI vt bt 7t XD DD 1 XL

ot (=) 'y} Cc o wv
o) o - - n
" ™ ™ M N N

94

*B(NODE(TII,I1)))
) *B(NODE(TIT1,1)))

1),
«D0
(1
.DO

$(
12
C$
12

RC
O*
*R
0%

#*
(IT,1))%144.D
(LT s T )7 440

= W r Wn
w
S~ —,
T e~ .
bt bt
o N
et e bt bt
Pt bt o Pt et

L e e

= 0.00
= RHOSTA

UIMLET

-~ -
——
bt bt ot
- e -
et et ot
et bt bt

N et S

WwwwuCwww

acoococcow
QCOCN ==

E2

— — e (- vt
il el i P i P
woww wwoZ
>>>>20>351L0
2DO2>>00>x0

QO

ELEMENT

NEXT

CONTINUE

00

NOUO~




~T—

elolelaleleleloleloleloclolelolololelclololololalelelelalslolclololelelololololelslolelolol=l=la)
NOFTNO~DCO~ANMNTNOOROANMFN OO =N FINOCOT O —ClmF0 LD O
et et ek et et ek 4 O NN O N O AN N 00 Y M () (0 00 0 (O N F o o F O DO DO I nn
foYe Yo Yo Yo Yo Yo X0 o Yo Wo o Mo X6 NeaYo Yo No )Xo ¥'o ¥o Yo ¥o o N'o No Yo Vs Yo ¥e Yo Ho e Yo o Yo Yo Ne Yo Wo Yo X5 Yo Yo ¥oYorto o N
cl=lolel=l=lololololololololelololololollololololololslslolololololo lalolelalalalololalol=l ol o)
R e e A s A e A A A A e A e A=A e Ao A B e e Ao e e Ao Ao Ao A= e Ao e R A4
e W S ey S ey e e M G S S
NNV VUVNVVNVNVNNVVVVDNDDODDDNODDODDDNONDDDOVDDNNDNODNV

w —

R Z o
V- Zab
L1 O=ZZ

A= <

—_ ax =2k w
~ < wWaow =
o -—-NITITOZ (@) .
—_— XZ-2 O > -
~ O VO (O] o
w -d et O U ()
(=] X _0Od »n = —
o = Ol = w ()
< - -0 W s 2 4
- - - 4l dls o 1 e o8 — -~
=) M~ -~ N ACZF-W - 0
uw. (= S o Zu— IX o -
> -~ O a > ITO+0 = <
pm— ¢« OrHUZ>- < -
L7 N T O OCligrit <t s M
P R e - T gV w -
Ul - & T O XZUWDwwn =) =z W
>GU - = o W wa 9] w
>0 N~ -~ s E = o w O - 8 Q
-r O I~ ~ Z>woe— o — w =
el ™ O | W e D= a el =z
W ~ - - W>S IO Zw (79} wi
>® 0 ~ S T—a =xZ o al -
= o T 0O FO=OWn -z o - =
e > o . - U = %) aal
=N > - —— NS AU «d N <
-= - o~ | WwWoZ Tk Z— -l . —_ —
- - -~ I~ s Fx=-We—-2Z — W o~ uw <
xa ™~ o o < O < S S
T C e~ C < >0 e — ul e tw ol
s G R ¢ DEDZZV —<t& r o O e Wi
_— o~ —_ W 2 iy = - 3* - i
nw g w | =W I—O = d>d de 3* w2 —
A~ W = - NZCOC wWZn —_ o~ - cw
Z > k =0 uroOgw - -~ W = -
&) w2 00 vaouaw AN - _— - Zw =
(3 7.8 - ~@O ¢ L — p—— T - o Z ol <
e mem = =0 ZUE— <+~ QA b~ - oW -
— aNO OmW o =—mI—gaudJ - Zu <) W S — o0 o
Wk |~ ~NFC = D << <{U— << o - s b co (a4
AL =220 D wnVaQx P = - o 1 (& N0 = <
Zewswn AW & OpFm—w T =T Z ~ - I«a co -
A L em O~ XODITZG XTC - Lt b e — L —— J
DOl =g C O & TOF= < ——p— ) WO — co Wy
~ a0 e Z~0 DT IZC X (@fmis g 3-8 =X O &
- WL C i s Vi) ZE>- $0 A0D Uy o~ 2 1
Z = ZEZZ Ve onj= o > oI Q) o P Nt Z222 ouM
Z - — e~ OO Wt VO W NOWW wZ i —C, . ew o
-z e U e~ e Y (T ZzZZWt - | Sxe~ QOO g
—C ¥ NUWdNDw=mZ2C I IZHIZ r——— T o - i el —
= p QWA TW—D FFFQU—m-~ (SRR - ool ool 1] .. R
ne O Wl . D | —— —
o Z2Z ZIZ222~ o bt e —
W 2 =ZrFOQ0Q000CN 1t L~ b= W — b —
— | W) b= ot bt o g ™ et et =i —
OoO=2Z s D=L NNVANW CI0Z2W 2z O Ut
O XO Qw2222 WIC 2 = S0 [y Ee—
U\~ — D0 xJSJWwiwag 1 2> omdow 270 b - Z220
QZ —FOCODLOASEZIET I W JreeZ 11 v
IO LWL ZZ D et et ot et =t ey TIOX-WVD C wuQ
Qxov xCwWwn «w=Cocoas TROPBPLEIOLD O vt (0
—
o - &
=] o -
now LULLOLLLOLLLLLL —_UOWLG =~




AD=A038 759 NAVAL POSTGRADUATE SCHOOL MONTEREY CALIF F/6 20/4
THE FINITE ELEMENT METHOD APPLIED TO FLOWS IN TURBOMACHINES, (U)
DEC 76 V F GAVITO

UNCLASSIFIED

NL
. IIIIII|IIIII|IIIIIIIIIII|IIIII|IIIIIIIIIII




.
—

o

Il

W“u IHH-

(K

29 flu e




COCOOCOOOCOOOOOOO0OOCO0ONOCOOOOCOOOCOOOOOOCOCCOOO
O=ANMNITNOMCOO~AIMNTNONDIO~ O, MITUEONOPOC—~NMNMITN OO C ~NMO SO~
[V TV IV Vo R¥6 1V RV RV RV, RV, T Y o Y ol O ol o ol el e e X o 2o o Jo ol o Xo o X+ o]+ o¥- ofe oY op¥ oo Jon¥ oY ol e Joulo do ol ol ol af ol ol ol «)
fo Yo Xo Yo Yo, Yo e Yo Yo ¥o No Yo Yo Yo ¥o Yo, Yo ¥o Yo Yor¥o Yo Yo Ne Yo Yo ko No Yo Yo Yo o No Yo Yo N5 No Ho T0 1o Julolololololele]
00000000000 COOOCCOOOCOOOOOOCOOCCOOCCT OO rirmd pd ot o gt . o
XXX Y X Y X X X X X Y X Xy
P b e e b e e B e e o e o e B e o o o e B e b o e e e e e o e e e e e B e e e e e e o e e
NNV VNV VNNV VTV VDD DDNVDVNVVNVVNNDNDDDNNNNDDNVV

- -—
— ) — —
- - - Z
N - x -—- w .
* - (=) N T -
* e — I — w Z
_— L~ 4 3 - W
- W - - w T
g G (%} L= (s} w
L -~ - | i
wv Z [Ts) Tz Z W -
O e - «l ~ w -
O wna <+ ) L <+
Q T~ - QX =~ w Z -
~ - (2] + & W =t
— > < - O+~ Q wv —
-4 - [%] a8 & w woow
SNOO - w *\0gq w x =
#* #* O - o O = o &
O (=) -0 0 - zZ w
SN~ z #* N\ w - O
+xXO>W -, -~ A -
N# O# O (@] NO N~ — v w
>O0NO (= SO0 >~ e & >
#*#2OD>Z - #O#*T - X * Z
Neer( = NOAN - [ B -~ C
> o4 J - > o> x o > O
-1~ w « - w —
- N LN X~ wnwoad o w w
el sl S>> W — N~ w 2
(e LN 3 w #e=t O —— - —
(hwhrl- 4| > 0 acZ o C I
Qs> - > > =1y — 3
— Pt et e O et e ['Sw) Q - <
Ll < —— —Quw (45 ) - w o
~—— (D z ~— LW ~ - Me=x O
wwo= < wo> (Ve V¥ —_ - e -
- (=Yl %2 - —— (=1%o W~ — Ww=—unwn O
- cCco® -l - cCoi Calial g < N = e
iy =2 & @ b Ber N = & - > - ~w—x O O
. e || = - o - C—w - OCAO~C=0 OO
——yem TT N - ——e~ T |l =z ——-Z ~ ooowuw A~ ~0
—— ) —_— x — ) - - w o e oz O O
— ] ] || -~ e[| || e~ — XO¥ =] N~=wy¥Y | O O
[TaY SIP R Ll b e C Wl Lol AN [(Slen (&} (=] NI =0 | O
OO ™ e &™) _ PO Q) oo o™ ~— wa2w < - e Nl OC
MO O U ™ & _— MO DU o - s IT~-TI ~ XWwareTIQ ¢ =
ZZCUW ™ == W ZZ0 W) =) U — Ll ¢ N~ et © =
OO & » e QO » e Q %] Nemem  UWemQ N o Q.
- et et U DA Z O~ b A ~ aAadn+amMiE Q-+ o o
DU L 2 v et O L W VWl Zrr= QWU ~ . S G I ) -
SDOUww w00 D~ SO>Aw-w-00CD W 4O dTUn O -0
~“OSCOWULWZC Z - DS AdOWWZCZ VO O MOWWWWNWVI~— N o 0
o s lalal drd T o XOOQ~=Z—=NOA - o -~ w na =g
wunn OCOQ IO Onn OO0 ==t " Q. Ca. n i - N W ih=—=Q
N NZZZWJZhH- NNZZWJZ i N o~ ||~ "nJ 7 Y —
oON& ————TXOO0 ONx > O - u OuJx <ag+ AuFuuw
QA>>CQXIII-30C CO>AATIT-IOZA M m =O~wwwoa Ly ot ot et ot
-
o - o ——t o o o
(=] (@] o O et (32) < w0
onn n LLUVO O it et O 4 vt Q

96



o

[elololololololslolololalslelololololololelololalslalolslololololololalslololololololalslol ol ol
DA O =AM ITNONOPO~AMINLCTOTO~ANNTNONDRO=NMFNONCRO~AIM TN
© © it ot gt gt et e et ot gt ==t | NSO NAN AN NN M O O N M MO O nnnininm
[elelelolololololololololalolololololelolalololslololololalalolololololololololololololololol ol )
ol g Pt g g et el g Gt g G Gl ] ) gt g gl et el P g g el g el et gl P P g v grnd P et g et g ] P G g P ] P g g et ek
(4 NGV L LA L L LT L A AL L F Y o o e o e Lo o L o N XY Lo e o Fo fe J = 4
T b b e o e o B e o B o e o e e o e e B o o o o e o e e e e o e e e e o o e e e e b o e e e
VNNV VNV NN VDNV NNV DDV VNAEVVNNNDNDVNVNVNDNVNNON

I(NJDE(I1,3)))GDOTO180

V) o o

am<

LT
O OFmmO
wunwunowwn
— -l —d
nonoa n no
= b~ -
SO DU JxX O
LWOWOmWWO

160
170
165

XT ELEMFNT ABOVE PRESENT ELEMENT

=~

sl o]

o

Qo

g

co

QO

(g¥]-]

(0

win (@ [}
Zoun ww
- O .
X z2Z
ko ° o
WO Qo
TOQ ZZ
=9 agq
O (I
o et gt
— e L)

ST I1O0QaOIC 0
W ww =90
N o g Ot et bt g
X Qe C O
- || p e || = || -
L Quu C C
Pt Bt Bt (D) et et Pt (D) Pt (D

~
-]
—

185

(=)
@®
-~

CONVERGENCE CRITERIA SATISFIED.

CHECK TO SEE WHAT TYPE OF ELEMENT.

)
(NODE(1,4))

A
S
HS(NODE(T1,3)) + SF(4)*HS(NODE(I,4))

p
(
(NODE(IT4N))/RC(NODE(TII,N))

(S1aa]
— -
|
<[ -
el * ¥
wo
o
(=4
pt
L O
o
~=
o ¥
U\ O bt o~ o= 3
ot T N\ (=L
CO W eswunx
ol e’ * A7 A * S
CChr =il
QOC W~
—~em ) QO NUJ~
MND=~O C—~
¢ WIZ~CZ
QU IZT =z -
W T odZ
"0 e~
— - g -3t
e
- Ounwno
ww O=-C—-Z
= ZUWLOU -
ZZ =NZnNd
Lk X+N+>
—t— T I -
-

(=

o))
LLLC~ O

97

NODE.
UVEL(NODE(II4N))I*%2%(1.D0 + DTAN(ALP(NODE(II,N)))*
E
I

=

CALCULATE TOT ENTHALPY AT TH

(LS )

) %2
71.20935D06

N)
1ys

CALCULATE TOT ENTHALPY AT NODE(STATOR).

Z ZZ
- - -
b bty
— Pt et
~ - N
W wwo
o o=~
(=== =]
Z=~ZZ+
~— (O
IRIIO

+ SF(5)*

SF(3)*H(NODE(I,3)) + SF(4)*H(NODE(I,4))
CALCULATE TVEL,SWHIRL,AND STATIC ENTHALPY AT NODE(STATOR

UVEL(NODE(CTITI4N))

LCLO=~ QL0

vz




elololololololelelollslslololelalololalalolololololololslolololololololololololalololololalols)
OV OANMINLCNDPO~AINMFTNONDRC~ANMINONOPO~~ANMIFTNONDOPO =M
VNNV OO VOV OOV OOVOSINSNSNSNNNSCOODDRDDRDRCT TR OOCO
(olelolelololelolololelslalalololslelolalolslalolololslslololololololololelolalolalelelap TPl
ol gl g el el gl G g P gl ] Pt Pl gl e gl g Pl el ) ] g Pl g g G g ) et qed Pl g g g g g Gl G g ] G g g e g P g Pt
X XaXoyoxXoa@xxxegxooxxaraxoaroaaxoradX@gxo o oo
P o b e e e o e e e o o e e o e e o e e e e e e e e e e e e e e e e e e e e e e e e e e e e
DNV VNV NV NNV VNNV VNI NN NN NDNNNDNDLNDNNNNNNND

R*VR+VZ*VZ)*(1.DO+DTAN(ALP(

Z)*DTAN(ALP(NODE(IT,N)))

CALCULATE HREL AT NODE(ROTCR).

3)*H(NODE(I,3)) + SF(4)*H(NODE(I,4)) +

CALCULATE SWHIRL, TWEL ,AND STATIC ENTHALPY AT NODE(ROTOR)

[VE]
a
o
z
—
w
- o
— -
-
Z C
- Q
- a
—- N
w N
o >0
C %O
Z NO
- >0
w o +m®

(8
1))
*VR
090

ZZxN

— U)\-—Om

zzZ XL~-]
o || Io
~N

— -]

o lan< 0 B | N
- g o~ M~
WL = 2P o N

SO a2
CO~ oz #
ZZWrr= ot
— vt (T v P et
- A O U et
WWZOW e~
S>SO>wMNQW~0
2>0Zoccze

4
NN =eZ=-=C
1 U ad S 9t e
N Xxw=0O
>>x+~=2IT O
ot

VLU~ LLL

co
~NO
—y
no
==
co
QO
—
-0
LI )
auw
wo

(]
[
=
w
=
w
-
w
—
>
w
o e
—
~ =
C -
[
Q C x
(&) &) b
- Q
-0 @
e ® L -
NN N D n

~ Qe |~ ZZ

¢ QT 0 D (D

zZ

Q 20 0O
b ) ) -

ww O wo o
—_—ZOZ-OZO

e (= (=} o
(o] o - ~N
Ot N N O

98

=22

(=} (=}
00 9 B
() « 0 .
¢ & . <
s O A
T W Ny e
o~ o - ()
0 O 9 B
(=) o £ °
L o

- —
1 |

| |
w w
w3 w3
* us 3 e 8}
w ¢ w #
#*FONO# ON

NC ONOo

| e o4

wi owe W
Q. N+ | N+
N s +

T INW 1N

W N ~N

A e <+ <+ | I

<3 O+ -

Td~ OWo ow

ndLwC*FowoH*
Wk ey o3 oN

WO Nedt | N |

L D s - s~

—=—0

[ e i | IR B T A TR

20V

O 4t & o o, o s s o

(s SITVE oV [aalX JTakVel ol

Z)—mo@n-:—-'vvvs——-
CWWZOT bbb
LEQULVN=QVINVNVINW




(olelelels] c o
U O - 3 O
(elolelole) o
ot gt ot ot © o O
et vl et © (= =]
o - -
[l = 8 a o
[ValValVo 1o b o T X
~
—_
S
(%]
<
—
- -
(o)} -
o -~ -
(=) - N
. w a
~N £ 9
~ - - L~ 4
- = = (%)
w Z2 o d
¥#* LI b 4
w (V9] ot -
3 &8 a -
~N C O= =
| P
-0 O
N QIZ— =
NAZ~ =
+ . aewrem> ww
CIVO®g -
w L IN s qg
3+ w < vemlle (S]]
W [l b N NV [V ]
COZO0Ow~3ZCO
| A Z L NNZ
QA O ¢ oo
(=] TAO=OWN~IJ
o X WXOZ JUW ~~—
e I uw« [ B NS
- 0 Z ZZZ—~<4ad N
- @ =—O000FrCUJ
D Pt V) nn
NV D200VVVNBOO

z O=ZZZ# O=~=

nxow

[elelo]elele]
COm=~mMmFN
© ot el g uf ok
[eleolelelelo]
[elelolalele)
- e e )
aaaoocan
ITITITTT

sZ ®©

——
-
-3
-~
—t
-
wiwd
o lom ]
G

QO - Z2Z

0 ot —

7 =R
—

WCO™ "IN llw=—=ZWw OFTWIO0Oo
DWW DX JDD>Jd

Ddd O

- —

-\
Q0

MPLOO180

MPL00220

sNPE,1,1)

(w}
"~
w

)

8.0,5.0'.IQ'TITLE,0.0'24)

1(K),02(K)y.07,0L,0,-1

-
2-0

LA
vt QL

-
ng

COOO0COO
O~-OTNO
NN e
[elelelololele]
[=lolelololel]
e d DD A
acaacacan
TIFTITTITT

—

™

|

-

o

.

~

-
-— e 4
O P
O~w O
Q= o
- |
(%]

2000 O~—~2ZaAadZ uLZZuvaaZZz

— CNO=HI=ZZ =0 4]

~ O LWL I~ = dJN m~~h~~JkOHJPJJJDD

®WODOD CAEIIAr wwldd W ~ANZ~NLZT JZdJJd-00

~ QDI ==L IO~NOCgqOaACoaACLALdadO JdO0aaquWZ

LWwZun=—CoQxoQOCuwuoZocovuovuocovuwyuoxow
(=]

100

300

200

99

—

400




APPENDIX B
SAMPLE INPUT DATA

(¢ o}
(gVEV el ]
o c V=00
ooo-.ooo.'.ciol..00....000lolooi..ln..n.o.-—lcmﬂl
e ] g et e ] e g Gk g ] e e g el g gl e et S e g ek ] g g g el gl g P, g gt ek ] #ed el gt el g g v O\ e TN OO
(o Yeple ol o]
oY oakeate ]
* e ®
- Jo mo¢ N NOMOMN OV~ ONE TMN—~ non —ON
~m [el=l=] oo oToC oo M VAaNON~N
¢omomc¢0¢oooo¢Nomomo¢O¢r~cnc~—-mc~m.—v~mc~m—-mwmr~c\.w—om
.n.....m.l.ct.o.....lu‘\.oouootoloooooo.o!....t.
O CLFMNeiO S~ LCNODIMNOTM=O OO+ DO O EN~A DN~ DO O
ok g gt o g gt gk QO el gk el gk P g grd g ok o g (D) g ¢l meed e prd el g g, gk ol ol g g ] gl g, g

@

N NANNNT TS S L))
[elolalolelele) COO0O0COCOOO0OCOC - T OO
(olelolelelels) OCOO00OOCOCTCRNTCOVARDDDT DN NN F MM
e 0 9 ¢ 0 0 ¢ . 9 0 0 0 0 0 9 % 0 0% 0% 0 0 0 g0t 900 g % 09 0 00 0

e o 0 o 0
AN MO0 000000 O 0 QO QO QO ot et ot g e et gd g et U\ LN O\ O LN GO O O O
] g el gy g el gl e ] et Gl g 7 ek g el e g

.
o o

Pt NOFNORDRO~ANMTNONDPO=NMITNONDOO~ANMNTNOROTC~ANMIETNY
(&) e v e e et el g et et el O NSO VNN NN O AN O OO OO OO ST IS
—

NASA TASK-1 TRANSONIC COMPRESSOR
0

100




TOOVOMMO Nt i F OO OO NN TANOCO= T~ NT~INNNT OO~ N

MEFTNNDON~~ONTOOSME TN OOV~ NP~ O NN MA~ON
MO PNNTANMNMAN T D et N OU ¢ 0 0 0 sOMOOCONPNSNSNODNDOOMLEROENIN~ o
O NN T =40 DO OO et ON GO O F NGNS otk et et ot O == O O LN F VI AT M O IO SN 0O
VRO N TDDODDDDR DODROVDPVCCOOODRVXORNDD®
[o Yo Yo 00 Yo Yo Xopks o X o] S oa¥o Yo Yo N0 Yo Ne ko Yo ] (eaYo Yo o X0 Yo XorYe Y opte Yo Yo Yo Yorke Yo N opYopterYe Yo e akon]

O MmN ~NODVE~NSADNOTNONON VOOV OPNNDUNMLCNON O~ et~
MNOVON=MOSMAMMCOMSNMSMOTMA] OTMeEONMO=0CNNNEAINOOOR 0o ™
VOOFT~OOSODCOXNDDVO=~D® NODSNND~T OONDONTCTRONCOMLOO~®
O 0 0 0 ¢ 0 0 ¢ 0 0 0 % g 0 0 00 0 00 g 00 9 00 0 g P e % 00 g 00 e P 80 g 0 0
MAN~O PO LA POV OT NNt et OSINTNCSONT NN~ ONNETNON OV T MO N -~
e gt e e, O gl o g et gt el ot g el ) grnd = e et P gt Pl g et et gd et = . g d gl O ] e A ek Gt i ok Pt el pd et et )

WVNDE NIND NSO NN — FTONDNOD “Wnown OO N -0
NONY NANNNMOOCNOONT OO~ NONCNORYT Nt O aletaaleal’atul 'yl
N NN NNONSROCO VDO =V T OO0 =NV VO OOCTMNNN e —~OOMN
® 0 0 0 0 0 0 0 0 9 0 0 0% 9 9% 0P P gt 000 g% 0 0P e 0t 90 et e 9 e o
DOVOONCTRROOCOCOOOOC mimimt = YyNNANANNMNMNOMOMNMET ST TLOO0VOOCO0OOCR
) et 0t gt el g gt et g (N O VN YNNI NN NN NN AN N A NN NN NN NN NN NN N N N N N N

OO~ NMITNONDCO~NNNITNOMROTO~NAFNONMDCO~ANMNITNOMDORO~ANMNMS
S 2 ATa Ul al7alVaYValValTaiTolTaRve R¥e Ve Kelle f¥e Voo RN o RV Lol ol ol ol o pud i el s o e o} o e o Yo o Jo e e oXc o §e o¥'e Yo 2Yop 0 Yo ]

101




VOCNONTOTOTOICTANIFNTONDODONONEO
S NONOO OO TN CO OSSNSOV ICOO00
ot e e et

OSSR =R =N OO ANsR —Cn~
et NN EOOT TNV OO~ ORCRCO00
et gl nd et

® 0 0 0 0 0 0 % 9 0 0 0
et ot et g g g gt et et ek ek e et A N NV F N OO PO~ NOFTN OO PO ~NMF OO
et = NN TNV O0O 0O OO O

AN O ORISR =N OSSO~
oMo O™ n —-_—ONANMOOMETFNNOC QOSSN
TOTM—~ 1N n @~
aFo~wOoONMN OO~
e o ¢ g 0 0 5 0 0 0 % 0
NFNASONFONA~NT OO LCDONONT O FTLOORCNTNFTLDO0ON
Ot et gt g e et et 4 . el et ed Pl =N OO FF FNNO VOSSN~ TCOO N

O NN O et O ot NN VNPT O et () et (VLN U O ot b ol e ek et ol ot

et NNOONET TS TN OCNC OO
n n
oonn
@ 060 00 0 g0 900 0

O MNMMNONOMNNMNO~NMTNONDOOO=ANMENONORO =~V O
NANNNOAOOOOMAMO M et et NN AN O TN N OO O VOO TR

NOSOVCO~ANMNMITNONSNSR SO~ -~ ONM N0

PR COO0O00OCOCOOmm~ANNMMMETITINNCONSSROROROOO
it et o e ot o 4 ) —

-NOPFNOFDQPO=AIMNITNOMDOC~ANMITNON~®
ot gl et Pt ol g ot el vt et YN S IV N A

102




MOOTM NN OMNMOD~FNOr— G OD T O

NN OOAN—Om~ONNTOONONO VOO~
OO LC—HINNDNSN—~OT OOt PN OO =N
NN O ~FNOMNOOCOFTNNNNNDON NN
NNNAID MRS ANO NSNSV ME OSSN On
[l Ve R ITORN gl Vo lV ol o RV o Vo RV ] ol e ofe o VO RN ] pugl

o gt gt e 7t O\ O\ O (] et et gt et () (O (O (O e g e O F N C DN O~ AN T N OO N Ot NN F N OO
T TN NNNINNNINNINOCOV O COOOO 0

DO ~NNIFNO~DVDRO~NMITNO~D
ot g el P g el g gt et =t () NI O YOI NI NN

103




MO TNOT~ TN ™
VOROOMOITNFOOON~SO®
Pt TN FOON~O O
~ANANNNNODO ~ 00 0MN
OSSN ME T~ ANOCM
DO OOOONN~DOMM O

® 0 0 0 % 0 0 0 0 0 0 0 0 *

O AN IT NV O~NM
Lt o o o e e et o o Xe oX - oT. o= o]

STOP

et OO PN N =M DTN
OO ~INMOVOMSMMSANOOO~ANIOM™M
OO NCNNDNDSF M et O F N~ O NN
CMNOMN=LMOOMSmilsMN i~ NN — ™M
OO NCONNAOFOMNOMNSONSTFTNNNOY
¢ OO DDOOTONTONT OO
dped © O 9 © 0 9 0 0 9 * 0 0 0 0 0 * g 0 0 o
— ot

MEFNONDOONO~ANMNOTVNONSDOOO NN
FTT T TSN NN O OO0 0

104

STOP

499.38

15.0546

08

.08192

« 240

201.482573318.846572

0719

oo
ot et ek ek
il e
ocoQo
uunann
NANANN
d gk g e
® o o
e g
ot gt g ek
conToe
— ) O O




oo

o g g Pl qud g g gk

L o S o N e i e

COO0COoOCOO

ninunninnninn < [olole]
NANNNANNANNNOOOOQOO ¢+OO ¢ ¢ O
ol g e ok el g e gk =d @ @ @ 0 0O e OO0 o
® 0 o 00 00 ¢ OO OO (=
e e

Pt el gk P gl g P gt g
DRSO~ T FNOSNN~SNOO Mo
NI OO NN TNNONNSNDONC

sSTOP

~ONMOMNSOOO~NINOMSO~NMENOONO -~
et e et = UV OO OO O

105




O~ OMEFNOPO~ANME~OTNMENOMSD~ANOONDORO ~NNOMN~
T TNNNNNNOCOOCOOEOMSSNSNNSNS~SODODOORDC T

106

STOP




NASA TASK~1 TRANSONIC COMPRESSOR

107

OF NODES

NO.
NO.

APPENDIX C
SAMPLE OUTPUT LISTING

FLOW ANG

OCOOOOOOOCOOOOOOCOOOOOOCCOOOOCOOO(‘OOOOOOCC‘
- @ 0 0 0 0 0 0 0 o 0 ® 0 0 0 0 0 0 9 6 & 4 00 e e O e e & 2 e Ao

UJOOOOOOOOOOC‘OOOOOOOOOOOOOOOOOOOOOOOOCOOOOCC

R

FLOW ANG

¢
CO0O00O0O0CCOCOOOOCOOO0OCOOOOCOOOTOOCOCOCOOCOOOO0O

O 0 0 0 0 & 0 0 9 0 9 0 " P O 0 0P 0 e 0 0 0 0 0 0 g % o 0 " 9 0 0 0 s 0

DOOCOOOCCOOOCOOOO0OOCCOOOCCOOOOCOOOOCOOOCOOCOO
<

o g gl e g €5, ] gl gt ] g P g gt P pd 0 g g, Pl g Pl e ek P e gk P ] et P ek A ) ek el g ek o, ek . gk

OCOO00O0OCOOCOCOOCCOCOCOOQTCOTCOOOCOOOOTCOOOCOO

coooocooOocaocoooocoancooooooaoocaooococoocooono
0000000000 CCOO0OOOOCOOCOOCOCOOOOOO0OO0O0OCC
el ielelololslololololslololololololalslalslelolololololololaloleololslofololelelele o]
Q000000000000 COO00OOCO0OOOCOCOOOOCOCOOOOCCOO
g deielelelololololalolololololslalololelolslololololalalolalviololololololvlolololele]
sl.dololelalslalolololslslslolololalololololslalslololsolelalslalslals ol lololalolels]
e gt 9t g g 1t ek e $d gk ot . g ek ek el ol g ek gt e et P g 3k e g ped ek et ot o ek e P g ek = ek
@ & 8 0 0 9 0 9 9 0 0 0 0 0 % 00 2 09 N " 0 0 ° g 0 0 00 0 o 0 g 0 ® p 0 0 g 0 0

00000 COCOOCOOOOO0OO0OOCOOOOCOCOOCOCOOOODOTSOOO

NATES

co

NN NN~ AN O~ NN AN NN O et N OO et OV OO O e et NNV O O~
000000000 OCOOCOOO0OCO0OOCOOCCOCOOCOOCOOCODOC

oot cbicoocaotboaotaotacantacoocooan
0000000000000 OOCOOCCTCOOCOCCOCOOOOOOO
~0 P COoOO0OAONOITOOCONO OO0 CUNOMao~CON~OrFIrFmCooononc
>0 0CO0OCDCOOROOCOCOOTRO OO LN RNACMCLO
=D TONCNOITRITCOCT FAICNCNOENDINDDPEND NSO~
dxO~FOVITM~NONODOVMOOO O TN~ OCUNOONNID—OONTN~TN~DUNMON
[+ o -2 B P Y« o e e e L Lanl e Lo B P o P Y o e P PN To AN e of p PV pS g, o
N ® 9 & 0 0 0 0 0 0 9 % o 0 0 P 0 % g 0 g 0 % 0 e % g 0 e 90 v e g 0 e e e e 0 .
o il o (=] lolelalelololelolel=ololelololslelolsl=lalol=leslalclsl=nlal=leclafclel=lwl=
([N%]

OF NODAL

ek ol o ek e d g et g P et T e e et ek e N\ O] O O
OCOCOOCO0O0OCOOOOOCCOoCOC
o

N

o
ocoooootoooaocoatooccad Q
CO0O0COOOQOO0OO0O0COO0OCOOD
OCO0O0000O0COO0O0O0OOCO0OCOOIITITTIEII Ty
OCOCCOODOOOOOONNAINNCOOOCOOOC OO
[elolololololelelolololololelelelololelofoolsol. ol olt of-ofs o Lo fTo IVl TolFolTol

OO COOOCOCOOCOTT DA QPO it ol g et =t et = LA NN
OOOOOOOCOMMMM«\COOOOCOO\OOQ(D@G)-—'#—*-—'-‘-—‘—‘—A—-—-.—A—:—-
® % 8 0 0 0 8 % 8 0 e ® & o 0 @ 9 % % 2 0 90 0 9" et e e

OOQOQOQOOOUC ’DOUOOOOOOOOOOOOOCOQOOOOOOOOOOO

0D 02
0D 02

(1)

OF ELEMENTS

w
O-ANMINONDORO~NNFNONDOD~AMNFNONDRO~NMFNONDRO N
o ot ot e ek et et el g = UV NN NN NN OO O O OO N O N O
=

107



—_—tOOCO0O0O0~O0COO~0CO0OOO0O0C
olelololololelolololololololelololalolalolole)

occQaooocoocoottcocooocoon
OO mirmtri AN SN —MAON =M~
OO =INMONDOMSNMMN= NO OO~ M
COMIONOANNDOMS M et O N—~O NN
OOt OO It O et e QNN =t O
CoovoonnaCOOLUMONMOMSTTNNOYO
PP OOt P ONT OO OUNM=~NOOCOO0OCOOCOCOOOCOOOOOOOOCO
® 0 0 0 0 9 0 0 W % 0 B 0 000N e e e

COoOO000COO0OCOO0OO0OOCOOCOOOO00OOOOCOO0O0OCOOOCOCOCOCCOO

[elelolalsloleolololslololaelolelololslololslelslololslelelololololololslololelelolslo)
CO00CCO0COOCCOO0O00O0O0COOCOO0OO0OO0COCCOOOOOCOO0COOOO

cQootottcotcaaoaconococancooaocononoaoacecan
MO TMNONSNSO;MNMOO~TNO—~T 0OTLCOMND—~TNOCT—~I~TNCO™M
NS~NQO OO~ ~ONT OO~ ONOPVROCV~OPROONCTETNT VOO~ C®
OOV AIMNOS—OT~MITN—=ONOR T AP~ OO~ T OO~
NN DO~ TN O0MMOCOTNNNNNTN A=A NAIR—~NANNANNOR C L 00 MU
NN ANOCNSANOISNOMT OSSO ONSONNOMEE~NSTNOOmM
ol ol NG RV TR o of Sl Vo RV o INo RV RV RV Y ol ot plle o o oRVe RV Y Ut plle olVo R0 RVORVe ] i D o ofe oo aTia T BN iR J el e ol el e o)
® 0 0 9 0 0 0 2 0 O 8 9 % o 0 0 0 0 0 9 * 0 90 9 "% 9 9 % 9 0% 2 0O P 0 % 90 e s 0 0 % 9 0

COO0000COCOOO0O0CO000COCO00O000OCOOCOCOO0OOOOOCCCCO

QOO0 TCOO00O0O0CO0O0O00OCOCOmirmimi = ~00O0CCOCCOOO0COOOCOOOOCT
COCOCCCOOCOOCOOCCO0O0OCO0O00CCOCOOO000OCOCOCOOCOCCCOO

QooOO0ocoo0on0OoOo0Co0O0ocoONO0aoCcanoOoooocooooce
MO~ FCOOMM=N =T OO ONDNNOOOCOFTNOO -~ INE~ININANTENOCT—2
OV—AO0COTINNDONAMONFILCOMNTIrNNOCOCO~OUNNMIOMNON~ONOC ~ON~TmM
~OX~MO NN NNTNNMNF DN~ DU COOOCOOMNMOPOOMNSNSO~N O OMOTO T
NP DO ITNONGT~LONN=PDOFTNI~-OO0O0O0OTMMN~SOONEMAINNTONONS OO
PRV LDDOSS~NOPNCPTXOVDRXNCOOCONIRILOVRVIVDCO0OORTVDDL
[oploptopleploptopto Yoo Yo Xouls ofe o Lngdo et XoplopfoptepNe Yo T T Ko R oo aYo SYeptepto o N Hopto o N0 Ne Y opte e No e ptopop
® 9 & 0 0 0 % 9 0 g 8 S 2 0 % 00 900 00 0 @ % g 0 0 0 0 e 9P 0 0 0 e 0 0o o

O0O0CCOO00000O0OCCOOCOOO00OOCOOOCOOOCOOOCCOOOOOOOCCOCOCO

NENNANNNNN~ANNAN N~ NN NN IV N Ny AV TNV N N NN NN AN NS
COCOOOCOO0OO0NOCOOOOCOO0COCOOCOCOCOOOCOOO0OCCOOCOCO0C

cooooacaocooocooaccoaanocoaaococoocooooocoococecacaco
OOOOOOOOCOOOOOOCOOOOOOOOOOOOOOOOOOOOOOOOOOOOOCOC
CNNROCOMOON LD~ ~NODNITNTNONOVDOV~0PNNNDNMOND N O =N
NOMSENONOON—MOMSTNNMOOMANOTNMNOOTO~OoNM~CANNMENNMOCT~NO
N~C OOV OFTNOCS~MNDPOWNDDC—~DDONNOSNDV~FOONDIONDDDO~OVOMD
O OETMNAC RO~ OO O NN~ OMNMNETNO~ IOV TN~ ON~NNTNON~ScONE™M
ot et e e g el s gt (N et el el gk TN ko et el e e g e g g e g el g, ek P e, e e gt $d e e ek el g e, g P g e, e g e
O 0 0 & 9 0 0 9 0 0 % g 0 0 0 0 90 0 g 08 O P R O g B 0 9 % 90 % g 0 0 0 " 00 g 0 0 0

CO0O0O00COOO0O00000O0OCOD0O0COCOO0OCOOOOOOO0OCOOCOOOOCO

L I L L L K LN L Ml N L N TN K N K KN Loy K KN AV N L g A N N g F N T g A A KN A L KN L A N A [V I (g T VIV EQ VIV gV
COCOOO000OCCOOO0OO0OCOOOCOCOCOCCCOOOCOCOCOOOOOCOCOO
cooocooooooooocoocooooooacoooooonocooooctocoaocoacco
COO0CO0O00CO0O0COCOOCOCOOOO0OOO0OO0CO00OOOCOOCOOOQOCOCCOO

O ONDOTONTINDONO NSO TONN~~OOTONDODNOVTONNONOOUMN—~N
IO~ RANOONNNANNOMOOMOONRP VPO~ ANCU VAP F TN~ COOMN~NOON
NN~ O OO OOV O ~OO TN OO C ~AN0 VO OOFMAIC mt et
VXDV ODVOPPNPPOCOOOOCOmimt i~ NANANNNMONMOTT T T OO00000
~~~——~~~~~~~~~NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
® 0 0 0 0 % 9 0 0 0 0 0 00 00 e e o e 0 e ® ¢ 0 0 g 0 8 0 % 0 0 0 o

OOUOOOOOCOOOUOOOOOOOOCCOOOOOOCOOOOOOOOOOOOOOOOOO

MOTNONDPO N FNONORO A MEFENONDNO~NNAFNONDNO~NNOETNON~O IO
TEIIITT TN NNNNNNNNNO OO OO COOVOONNSISNSNSNSNSNSNNSNOCEX DO

108




OCOO0OODOO0OOO0OOOCO

elelolololololalslolelolslolelole]

(olelololololololololololelololels)

CoOOCOOCOCCOCOCOO0O

O Ot et i g o s e ek 0ot gt gt gt ek ek

OCCCOCOOTOOCOCOOCO

occoaoctocaoaocoacaoan
ONTOOOOCODCCODOOO
~ONOOOCOO0OOCOOC OO0
e alpieleolololololelololololelolo]
FTEONCOOOOOCOOO0OOO0O
DORVOCOOCOCTSOOO0O0O
ON O O ot 1t et e e g et 7ot e gt g ed el gk
T 5 % 0 0 8 0 0 0 0 * o0 0 0 0 0

[elolelelolalolelolols lolololololo)

>
(4o
NN NN NN O
QOO0 COOO0OO0O0OCCOOCO I
o
ooooocooobooocooocoa
000 OCOOOOCOO0O0OCOD
N~ MOOoCVXOOCoOONCH
ONOMT ~OTM=ONONO DO~
OO TP~ CAUNNLDON ~
[aXaV el iV RR VT o Vol Ta B o oY VP P Y )
Pt e g, et d g gt o o ], ek et e g, gt ek ek P
® 900 0 0 0 g 0 000 00 e 0N

OO0O0COCOOOCHOCOOOO>
v

NN NN NN Ny
OO0 COO0OCOO0O0OCC OO
cocoonooaocooococnc

CO00OOOCOO0O OO

~~NOOoNONOOOOCOOOOO
OO OVONNOOOOCOOOO
VOQOCOTMmMMOMOmMmMOM ™
NNNNNGNNMOOEOOMOmm
0 0 9 0 o 0 o 0 ® o % 0o 0 0 o

.
QOOOCOOOCOVOOOVwOO

AT ODTO~NOFNOM
OO COOOOOOO

et gt el o ] Pt e g

ok gl g e et g gl el gt g . et (N (N O\ O\] et gt 7t gt O0) (1) () (1) md gk et g

TYPE OF ELEMENT

VOOCNONTOLFCOODVONITANITODLDONONT O
NN T TON OO OSSNSO COoC
o et et

MR NNANC O =N MmN~
—_—-NANNACNEFTTINNOOONSNSNNOCONCCOO0O

B Ll L

—~ANNTNOMDOCANMETNONCROC~NOTNON~D
et = NAINNNF E SN NN OO CNDTCDORT TR

ANt ONSsNN—A —M N MONNSOS = mM
et NN O OO T TN OO OSSN~

NT OO LCRCTNONTOTOVCRVONINTODYDRON
=N TNEE QOO

OSSOSO~ NN OSSO = O =M NON -
et = AN O TETNN OO~

(%}
w
COCmNMINOVOMNDNO~NMINIODCO~ANMEE O
gdﬂﬁdNNNNMM¢¢mmmmOOOO@m@m@@@@

N =t OISO =M e NMNNSONSR - O— MmN
—_ et -t N OO ETTITNNOONNSNSNSNOCTONTOOO

ot

~ONMITN OO OC~NMNMINLCNORO~ANMENOMN~D
ol e ol g o Pl e gt gt g (N O OO VNI NV O

ELFMENT

109




0°0 9s

0°0 1s

0°0 a4

6*°0 Le

0°0 8¢

0°0 A4

0°0 »1

¢0 digllzic0 %6

¢0 QIs21L1°0 S8

¢0 diggtriico 08

c0 4a1s2121°0 12

¢c0 Cigcl21°0 99

¢0 gISClILI®O LS

c0 a1s2lilicc 26

0 g1s2iL1°o0 £y

¢c0 a1s62121°0 8t

¢0 Q1s2121°0 6¢

¢0 agIsZIL1I®0 9Z

¢0 QIsZ2ILTIcO0 Sl

20 a1scisLico 01
(1)ISd *ON 300N
Q314123dS SI ISd JddHM_S3IAON
0 Q1S2TL1°0 = NOILNGIYL1SIO ISd 40 3LVWILSI TVILINI
10- oooooow.o = 13INI LV ALISN3G JILVLS
00 d0000%Z2°0 = 3IYNSSIY¥d LINVISNOI 1V 1VIH u—m~umam
10 Q0000%1°0 = SLV3IH DJI4123d4S 40 OIL1VY
20 000SEES°0 = LNVISNOD SVO
J3S/14 €0 QL1%8B1€*v = ALIDCTI3A N 1371N0
J4S/14 €0 Qe8%102°0 = ALIDO0TN3A N 137NI
WdYd %0 00S6S€%°*0 = 033dS TVNOILV1OY
ANIMNVY 930 €0 Q08E€66%°0 = JdNLVI3IAW3IL 101
ISd 70 0 9%GpG1°0 = 3¥YNSS3¥d 101
134 N) W81 10-0002618°0 = ALISN3O 101
J3S/W81 €0 4009201°0 = 31vd MO

SMOT104 SV 3¥V S3INGVIANVA DIWVNAOOWY3IHL 13INI]

110



T

O O O\ ot ok g ek o=t
(ololelolololale)

acocagcooon
Ot UM e NO
O~ QOP =M
NOOOVM~YO
— N\ O~
T~ onM~N

OO O] = vd md od gk
(ololelolololels]

(o o [ f o (0} o f o {2
Lo lealaa ks doalol o o)
[alealaa e lo i s X 4
NOOTDO ~-C -
O e O N~
[k daVi. o [TaRN L Vo]

IS SPECIFIED

COOCOO it e WO FONAHt O et ek et D= LA OVt O
® 6 ® 0 0 0 o 0 0 5 0 0 0 * 0 s 0 900 g 0 0 N

OCO0OO0C0O0CCOO0OCCOTCIOCOCIOCOOCOD ~

WHERE FI(R

S

NORATMNOV~AUMITNONRDOORNO~ANM TN ON~W
OO COCOoCOO
ot g o] g Pl ek el et ()

e~y

z

111

=
4

w
a
()
z

—F=O MO~
NMPFOM~O

o
o
o
o
. o
MO NMO ~
NFNS~ O @
r~
M
M
—_—
(o]
N
NN NN <
~NTNOOR o
.
o

N o
o (=] "
V= FUND=—ND &
TN oo Q@ O
o~ ¢ @ i
B O P e«
~N w0 un
D = M~ a
™ W ™M oW

~N o m
MO~y == -
—_MTNON~O - O O
N 9 NNZ
22 K72 BENES R VT
— < <O
° = * o (X
S W ot
> z>
O~OmME~O =
~ANTNONRN = NnZ0
- C —=CQo

2V e
—_ NN~
ww <O
wlx ocu

Z-Z20Z2Ww

noccomMeoCuWwWC Ow
OO ON O v IO o i e L
FoXxar «a
gFTW 922
xO>ZxCx
WOZ=W 0O
~ 0O FFOJ

L
NN © — 0
~NMFOM~Ox Z axgau
0 QO

~ONNOeE~ Oww

el LA BN Ve e o Tt e e 7 )
N=T NI
g Wa
CxW—OOD
XWEXXQW
Q- g s
——_-NZ da

ELEMENT RESULTS

[

FINIT




Wt ol gt Pl gt g g ek g g g P g g et g Gl G ] G et g e P g P ] 7 g g, P g, e 0 g P e g G, P ] P e o et
(eleololelololelelelololololololslelolalololalalclololelolololololelololslolololololololole)
R N E Y R R R N YA S S RS T RS SRS E TR
>ooocooanannocaocaooconccoocaocooccacococecacocae
FCOOOOOOOOIS MR OMUOUNNOLCOVDOMSAINEGMIOONONTOVONOOD~NOUE QO
-0 0000000 MOOMDONNOmONDOR VDM VN O~OMN VD OMNNmOM D et OIN
NOOCOOCOCOOMAIYOXR =~ NP OIONINOUNTOSNITMNELOTNDISFOOOMIT S L
ZCOO00OCOOONSIITNETNOMMNAOMMNMNITE e~ TNt = NN =D NN OMNMTNC OO
MelelolololelololelololelslolololelololelslololelalelelololaloNo - T dololo Plo - Tl Sl o B gl
QOOOODMDODOODDVDVOVVDNETOLDVDOVDVOOMMMAFODDDMNMN~O DD
................O'..l‘l.'l.......l....ll.ll.l

ololololololelalelololslolololelolalsle alalollelolelelolslolololololelolelolololololele)

OO OO OO =t =t N O OO et O O N O OO O ot gt OO O et ot O NN NN O et et U NN i N
0000000000000 COOOO0COOO0COOCOOOOCOOOOOOO0OCCOO

(alaalelalalaalslslalelalalalalalalalaleiesielalaslelals{alalalelsle{alalelalalalel=] )
CO0O0CO0O0O00OCOOCCOOOCOOO0OCOOOOCOOO0OCOOOOOCOOOC
—~OPO0OOONOIFOCOOITNOOO0OONOMEF OO ITNITITOCOoOOoONCINOC—~N
-~ COO0COTMOOONCOOOCOO T CORrOVNCIORTON~ONMMNCOON O~
-DIFONONOFTFOOORFANONONOTOINDOITMNON~S~MOTIOMOMMEMNN—~C
XOMNOTMN=ONO O LCMOOTHOITM=OoOINODNN~oLCNTN—~PN—~INNMCT NDMN~O
g gt et g gt g OO P g gt et et [ ey gt gl g gk et gt T N ot gt gt O N i ot ot el gt gd O Q) o et et e et QD) gt ot ek
® © ¢ © 9 0 0 0 0 0 ¢ 0 0 0 % 0 % % o 0 0 %00 9 % 9 9 e S % 00 % 0 00 00 00 g 0o

QOO0 OO0000OCOOOCOCOOCOOOOOO0O0OCOOO00OCOOCOOCOC

CUN ot O et vt g g ot et 0t et O O\ O et et et N O OO OO =t NN YA O O
0000 O0O00O0COCCOCOOODOOOCOCCOOOOCOOCOD
|

co0cC Ccaoccooonooooonoactcaococacconocoan
MOONC OO S~~~ NNO DN DOV OR
M - OD OO ANNNMANONNANONO=INNOMN CANND —~
OOmM med~QNOMNNNO~OOMOINNCO NMNONEFRCDON~O
NTOAN OO TFrNINEOVXMNOTNONOOANMNOTOTOFANmME@
e OSSN ONNNNMNOTN~OOONMOO OO DN~ T Ou
OOCOOCOOOCO~~ANOT T~V O ONNMNMT et (NM i et el e O TN =T =™
® 9 0 0 5 0 & 0 % 00 0 0 0 0 0 90 0 0% g 00 09 0 20 900 9 0 0 ® g v e 0 0 0
QOO0O00COCCCOOO0OCOCOOCCO0OOCOOCOOCOCOOOOOO0OOO0OD
FErE ¥ o Vierd ey f 1 v & o

VR

aabalbabalbahalhalahalubalhalahaliatabalalialialaliatia hahalialaalsa e Lalaa baataa lna Baa LalaloV e Dalaatoataatantog)
CO0000O0CCCOOO0O000O000CO0O00O00OCOOOOO0COCOOOCOC OO0

ooooQoccacococopoocoonoccooccacncacococonocaoaccaocnan
AOOOOMAOOARON~S~SANANSENO~NCOOVYNCONTDEMEOTORNN~NMMS~
VOOV DXRNNMANNFONTIDOOIOTTOONON~MODONSN NN~ N~
NI T IO~ 0mMonnn@ONOCO0VCNMMEFON—~D 0D O™
S et e ek gk gl e g 4 e O OO O et O CANONF OO VDO ™ML D ot A U QO gt N ot md TN O Oy
DOOCOCCOOCAI™MOOO mirmipdrmirted CO i NOANNINDOONL T T TN =T N ODDOD
AL A OO A AN OO O OO OO O O OO OO O O et O o O OO O O O ot N O ) ) () o et

@ ¢ @ 9 0 0 0 8 % g 0 0 00 00 % g 0 0 0% 0 0 0 g 0 9 e a0 0 g 0 g 0 e * g 0 0

CO000O000OCOO0OCCOCOOCOO0OOCOOOCOCOOOCOOOCCCOCO

NN et NNt NNttt ed Q= NNttt AU~ I
OCOCOOO00 DOO0O OCOCOOO0O0 O0OO0O0 O0CCOCOCOoOOC OCOo OcCco

=O0Q00000 OO0 ooGodto ool otooot Qoo oo
e (NN AO ~N0M S OOMNNNMNO ~nNMOE ~O0=NNTT O N —~WON
~NOMOVP=ANM NIFNO NMODNNNGD NMMO NMRIO~NME n=rOo MmN
=ANOOOMN~OOC NINN NOadD QOGO NMN=O NMNMem—~ONE NSO NN
Nt NN F DO ~OON =m0 ~ONN AN DN ~ O =~Om
ANRT~OONNN e~ NCEFNOOROM NSO NN NSNS O NOm
~ﬁ~w0¢N~O~~GNOA~Ao0¢Ndoﬁ~hmo~~—®h¢N—c~~~¢o—~~

e 0 0 o 0 0 0 ° 9 9% ¢ 0 e 0 0o 0 o 0 0 ® 0 9o 0 0 0 0 0 0 % 9 0 0 9% 0 e ® 9 o

OQOOOOOOOOOOOOUOOQOOOOOOOOOOOOOOOOCCOOOOOOOOO

w
Qe NIV OV O~NMNENO~NDORO~NMOOTNONTOCO~AAOTNOMNDOCQ M TN
(=) et e gt et g ot g ot et (YNNI NN NN AN OO OO OO OO OO ST
=

112




el e g g gt g el g ol gl g Pl el g ] g P Gt ) P g P Gt g e Gl ], Pl g g P e o gk | el el gl ] ] G ek g e A g el gk
[olelelololololelolololaloslolelalololalololelololalolololalolololololslolololololelolololololole)
YAV RERE AR EREERBRELLY R RN N SR EEYE N E RV NS VAR E LA LR LU}
cooo0oocacachcoootopboooooocoootcoabcoootoaonccanctnotn
~LFANSOOANNmtmON =M R VO ~MOFTOMNOC TN F = O~ ~ANMD OO AN
DOMNTNOSRCONIPNNOMNOOXOCONSMIVONMND~ANOR F—~NAINSNNG OO~
V=N NANC et =M C NI MO O NTMNOAUENONOCO~ MO O ~MNANMOEGON —~ O —
L rd i OOV OVOOONNCMMN = QOMMANNANNNATONODRCN~IONCONMSMMeM O
OMNE— =D ONNOOO~NOT~DV~O VDV OFT OO OVNINANO S ONNC DN F NN~
QFNNNCQQFOOGDQNNNOOONNNBONNNNNNNFQFNNNNNNNNNNNNN
® @ 0 0 © 8 0 0 0 % 0 0 0 0 0 % 0 0 g 0 00 0O 90 90 00 0 00 0 0 0 0 0 % 0 0 0 9 e

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOCOOOOOOOOOOOOOCCOO

NANNN= NN N=AN N NANNNNNNNNNN A AN N NN NN I NN Ay
(slololelolelelolololsvlolslolalelslafolelololalololaslolrlelololololololalololslelololslalolol )

(olalals(alslalsslalalelalalasalelal=lalaaalaleloclalaelaalalalalelelel{alelalelalelal =] el -)
OCCOO0O0OO0O00O0OOCOOOCOCCO0OCCOOOO0OOOCOCOOOOOO0OCOOOCOC
NDPOMOOMODO~MNDOMITNONONOVDO~OPNNDUNM LOANDN O AN~
OO ON=—MONI~MCONANNMOEFNNODTFTC ~ONMNe= N NMENNMMOR=~NOONO
VOOV OITNOOMMOOP OO DCO~DOVONMIOM+ND=~PFLCONDRONDDDNOCHOOCT ~
NAOANSO~Q OO~ OO T ONNA~OSOETNONON TN~ OMNTNONS O MO N -
et gt g g et (TN et gt g gund (N gt et 10 g et 4l rnd g e . o g e g g Pl gl g el g, e g, gt ] . d Pl g, ] (el g Pt ], et gl g, g
0 0 0 0 ¢ ° 0 9 8 O 0 0 0 % 0 0 0 0 P O 0 O 0 " 00 O 0 00" g 0 00 90 0 90 0 0 0 s e ¢ g

Q0000 COCOCOCO00O0O0O00OOCOCOOOO0COOCOOCCCCOOOOO0OCHO

NN NN~ NN O OO M AN NAINANANNNN AN O O 0 0000 0O 0 ot
OOCOCOCOCOOOOCCOOOCOOOO0COCO~OOCO0000 O0OCOCOOOCOCOO
|

(alalalalalalalelelslalalalslalslolala[alalalalalolalalalelalea]alaflslalalalelalalelslela]ale)
OO OE-FNANNNFOMNONERAEFNNDO~FOOMT ~NADOD OFTMNAPMNFDDOFTOCID
PO NN=S~O TS AN TN ONDVOOD OO OINONM NS IO OO0~
NMNSAMNNEFCO~T 00T MONNTFOTMMe=EFOMAENONNNN O MONCOOANN~MD
NAQ—A L IO TONTNONCOVONOONDONONTON T OO~ OR O~
MANNONTOINONATTN~A—~MINITCOCNTOONOCOMUNANNING OO ONMSMON~ON
MO~ O O~ FUNF ANt N QO ™ et o rd e T FONDO PO N~ NI TN OO NSNS N = M N O ) =t O
® 8 ¢ g 8 0 0 9t 9 & g 80 g TSN P T P PP PSS e 9000 e oo
0000000000000V OCOOOCCOOOOCODOOOO0OOCOCOODOOCOOCCO
[ | | | ! R

OOMMOMOOOEOMEOOMEOMMOMEOMMOOOOOOOMOAOEOMOMOOMEOMOmOMEOOMMO M
CCOO0COTOO00OCO00O0OCOOCCOOOOOOO0OOCOOOCOOOCOOOODOO00O

coaococacoaoccaaotoiocancococacacthcancoocoaotaococoace
ONODOONFTO Nt NGt PO F O~ OO VOO~ CANNR N0
OONMITAMNITON~NNSCORNOTNOLTO~NITMNO~ORLOON OO ONOONNSASAMT
NOP OV TP NN C=ANDOMNMONP RO ON~NF FTANOOF~— e AT DTN
NS MNE T O~ OOt~ NN TN =AU O D OO ~DONONONONTANC O~
~OONOMITONTDOM=~NCITCROONOMNEOTR=~ANNNNOMUNN G D et AN~ M LN
NNMOMEFENNMNOANNANNNMAETOMNANMOENANNOOOOOEOOOOaOAOMaaOmMOa
® 6 0 0 8 0 ¢ 0 0 0 0 6 8 % o 0 0 e b 0 8 0 g 8 0 0 B s ® g 8 P o B s s 0 4 8 9 e " s 0 0 e

(elelelolololololololololololololalololslolol=lolololololololalololololelolslelololalolololo el

Ottt et (N~ md NN bt g NI ™ OO ot el et (IOt OO O ot o el g et
OO00O0O0 O000 OCcOoOCOOC COOO COOCOOOC OCOO OCCOOooC

COo0CO 0000 0000000 OCOCO CcOOOOtnD occcec ocoocooo
QONHD =IO =PI TN =S O =S AMNMOO OIS sy ~AINN TN D
V=~ FO VNMEO NOONMHMCND NONN NOMIENTOY NNV WOV MC O
NPT NN NNMNONMONM NCO—~ NMANTNOT—=0 ANOVO0 NV O~mA
LSO ~ANMNMOY ~OOMPONS ~ODO ~ONOFTODVO ~ONO ~OCaSrSE™M
QMM SOOS NITANONASNOO NAR- NE=NNOTN =N MO ONC~O
~mo¢mo~~m¢o~—~~mo¢~o~~~¢o~~~o~o¢wc—~~¢o~—~o~m¢mo
® 0 0 0 0 0 0 0 9 0% g 0 0 0% g 00 00 0 0 0 ® 0 0 90 0 g 0 0 0 % 0 0 0 g0 0 9 0 0 0

OOOUOOOOOOOOOOOOOOOOOOOOOOOOOOCOOOOOOOOOOOOOOCOO

CROPOD—ANNITNONDC O NN TNODCO~ANMNTNONCTO~AMNTNOIONDDNO~AN™
TTLI TN NNV C O OV OOV OOVONSNNNSNNSNNNSNNDOOOODOROT TR

113




e o Pt et ot ot g gk Pt e d gt et d
ooOooooocooooo
e
8DOCOOOOOOGC
DOFT O~ i S
N¢m~~o¢mMMm¢¢o
VONOONMAILNM O
NDOVO VMO OF MM
~OMN D QNN F M 0
OO CI IS
® 9 0 % o 0 0 0 00 0% 0o

[elolelalolalolololelslalel]

MOEF=~OTM~ONONO D~

TRTO~DOONMNLCON =

NOTN~ESSONTON——E

et ot ek ek e e G gk ek A P ek e e O C OO COOCOCOOCCOOCOCOCOCOOOCOOCOOCO
® 0 0 0o 0 0 0 0 % 0 0 0 0o ® % 0 % 8 0 % 9 % 0 0 % g 0% 0 %P 8 % 0N BN " g e e

000000000000 CH COCCOOOCOOCOOCOOCOCOCCOOCOCOCCOC

D et e = OO YOOV OO
oocoCcoocoCoocCceo
|

[(=la]alalalalalalalalalal=]=]

FOONMSONN MO TN

MO~ OTDEMO

OONNLCONONMONMM -

MNNNMNON~OTOMNOOE>

MO —~O NN ONMSS

AN —AMOAMe-y O000CO0000V0CO000O0VO0O0VOCOCOCOOCCCOOCO
I R O T I I I I Y L I )
OCCOCOOOCOOOC0 COO0OOOOCOOOOCOOOOOCOO0OOCOCCOOCOOCOO0

! ! !

alalaalaalaalaaTaalaaloa ko st aloaloa o s WA T o aako a Vo Lo Ko atoa Ko ate o ToaWe atoa Uo g aloa o a ¥ oo Taa o aloale a¥e o Toa Ko aTaaWaa o a¥o alo o Vo s Vaa Kogl
[elelelololelalololslol=le o lelelofe lalolalelolelololslolaslololololololelelololajelolololwlel)

co0ocoaoccootto Qaoooacooococaocacooococaccocaoonooaten
NIONONONt POt PO o ot o4k et ol ok ot ok (N ot IO NN O N = O NN =NC CO M
OO LTANTOO~D O NN VORDSNMNAINOOOMNOON~INCON
AR OCMNN=ANONN+~NFRCTOTDTORDCOCORCT RO OTTTVDOORCO
~OoOgoonae~NC oI TOT OO OO CE
OUNMrtO NN T U F O ot ot = g ol g g #md et (] ot et gt ol g el g ek P g . et ot (] o gt et o (] e gk O\
O DO MM O O NN O] ot ot 74 g el et gt s e gt et o et e gt $mend e, ol Pt gt g, e oot Pl Pt gt =l ot ol g g 7 et
e 0 0 o 0 0 8 % 9 % 0 0 0 0 ® 9 0 0 0 0 9 0 % 5 0 0 0 % % 00 5 00 90 0 e 0 g 0 0 % g 0

OCOCOOOCOCOO00 OOO0COOCOOODOOOCOCOOOCOOCOOOOCOCOO0O

NI (N ot o ot ot ot
QOO0 CCcoocooo

acoc coocoQooo
—_IPO ~PmIM=f~O
N NN~ T
N~ NP DO~ O
~_EFANO iV ON
SN SN T O

-~~FCa~~osmm~c coocooooooooocooooooocoooococoooo
o ® 9 9 0 . e 0 0 @ 90 0 ® 0 0 0 0 0 P 0 0 00 0 % 0 g% 00 P 90 0 g 0

.
OOOQOOOOOOOOOO cOOOUOOOOOOOOCOOOOOOOOOOOOOOOOOOO

WRL(T)

w
TNONODCOANTNOOMANNTNONDCO~AMPINONORC~NOITNONOR O =A™
PO CCOOCOOOO0 ot et gt et gt ek e g vt vk S NI NN NNV NV T

o gt g ol gl g ot vl

114




elala e bl L laV s el a X o s Laa nalnaloalna lagion]
[elelolololelslslololelololalolelolslelo(als o]

ofcooocococoacoocoacooonco
OO NOEMONMA~MOO T NONN
VAN O N=OCOCVOCDO=N=NONTFH~0M
COTONO~ N OTIEFMNONONFOOTADR
NANNOOOMSONMNN~AN~OWB NN G OO~
O =N =t NPVt N F NN D = O™
OO0 COOOCm~MMNIITIITITOMNITEN~NAMNOMMAN~T0O0CO000OCCOO0CO0C
® @ ® 9 % g 0 0 0 % 0 0 0 O 0 0 0 9 % 9 0 0% 9% g 00 g % PP O 9 b a0 Y 0 e e o

OCCCOCOO0OCOCOOOOCOOCOCOCCOOCOO0OCOCOOCOOOOCOOCOOOO0OCO0OC

LabalalahalisbalalnbalalaalalialaVisy
(olelololololslolelalololslole o)

(slalalalalalalelajalalalala]als]
NN COTVOF™ 0 0P~
oI~ ondNO=E—onNN
NOCPTRIION-FONNRN
OT OV~ 0O MNOT T~ FOO®
~FONNO O~~~ NO
COCO0CO0O0O0O00OCOOVO0OO0O0CO0OCOCOOCOON Namimi(Nmi AN MMM FNON =t

® 0 0 0 € 0 O 0 0 ¢ 0 0 0 0% 0 9 0 9 % O 9 6 0 9 0 000 g 0 P gt g0 s 0 2 0 00 0

COO0CO0OOOCOO0OCO0O0OCOOLO0OOOOOTCOOO0O0COOO0O0OCOCOOQ0

OHAOAMOMOMMOMAOMOAOMEOMOMAOMOOMOOMAOMOMOMOMOEOEOMaOOOAOOOOM®
elelolololololololololslelololslololslolols l=lolalolololololololololololalslolololololelelelo o)

goccGOOQDOQCOOQDDQOCCODCQGCQGDQCQCCQQCDOCGCCCCCc
Dt~ NONNNP OO T O ONONORAOECITNON~A—ONNONSTEOOTOOF™~0
POV ORO MO ANNTO R ONND~NDONDDN~MM~FNOT M= PO T TR T~ CMD
COONCMNTONMNNNAEOC~OLCTOOROVNTNONNDAODONNODONMNO =R
PP C OO =T O ~MITN TNV~ F O~ TN~ GO O NI~ O T -
et gt et et g gt (N O\ N O et 7t ot gt (N (N NN O 7t et N (N O et et et =t N NI N O et IO PO et NN NN NN N N N i 0y
ol g e 7 g g g gl o g e P ] et Pl g el ] gt e g g P gt o] ] g el g el = g e ol | T g ] P gl g Pk ] = ] ] P
® ® g 0 & o 0 9 0 % g 0 5 0 P P 0 0 g 2 % 0 % P 9 % 90 5 9 0 0 0V g 0 3 g 0 0P P g 0 g 0 0

[olelelololololelololelolololololelalolalol=lallololelolololololslolelolalololalelololololel ol

SN T TNONNAO T O AN NN O NN VNN VLN
[slel=lololololalolelololalolslololelolololololololalolololololelelelololelole]

OQCOOQOOOOQOQOOCODOOOOQOOOOODOQOCCOOQOC
~“POI~TOROFOUNONO~R LT~ MNN~CTCONONNOR T~
CONO=~DONOYVOODNOTN LCNOMDOOVMAI=INMONR O O® AN D
OV~ NO=0VOODNNGE =N NOPNONNOret =M NO i~ OV VD NDO O
OO LFOO NSO M NP NOMN T F=N QNN COONNNO DS
NSO NOEFNOINMOCENAY=OTNOVNOONNYOVOYITOOTIO
ocooooooo~omm~¢¢o~—m~o~~mm¢NNNNm~mNNmmm¢¢mmmoh~N
e 0 0 0 ® 0 ¢ & 9 0 0 g 0 0 9% 9 0 0 g0 0% g0 0 s oo e e 0 0 ® 0% 0 0 8 g ° o 0
ooooooooooooooooooocooooooooooooocooooooooooocoo
o |

IO VRO NMNITNOFDCO NN TNORDPO~ANMENODORO~NAOTNONDRO~
AMNEONMOIIT TSI nNNONNENNNO OOV OVOV VO C OSSN~ ®©

115




OOOOOCOCOOOOCOOOCOOOOOOCOO

OOOOOCOCOOOOOOOOCOOCOOOOOO

alaalnal
Qoo

coo
Or~N
ono
O N
alaV i
N
el [elelololelololololslololololololelvlelelale]w)

@ 0 % 0 9 0 % 0 0 0 0 8 0 0% 90 0 9 0 98 N 0o

(ololelolelolalolelelololololelololololelololelelof o)

MMM OO O 0 0N M M o
OOCOCOOOCOCOOOCOOCOOOOO0OCC

ococcolcoocooooooooooooant
ANANNO;O=NOTNCOD =D OV FNMeNN
OO ONNNCOMANN~OTNSC OO~
OOt A~ ONDOF et ot O P 0 @ (Mt \F =\ e O N
INTOOANMEIUOUNSNOTONINMSAO i Im N L OO -
NANM = NN AN A NN NN NN M
el gt O g e g g et g A g g} P g g P ] e et ek 9 g G Ot
® 9 0 0 g 0 0 ¢ % 0 0 % g 0 0 0% 0 0 g 0 0 8 e

O00O0CO0OOOOOCCOOOOCTOOCOOCO

<+ ON
NNMOOOOOOOOOOOOOOOOOOOOOOO

OOOOQOOOOQOOOOOOOOOOOOOOOO

NAOLFNONDCRO~AIATNONFDRO~NMITNOMN

DOTOCDDOPNC OO OOOCOOOO
ot g g gt e e e ek

116



APPENDIX D

CALCULATION OFP ROTOR ELEMENT FLOW ANGLES

The following is a brief synopsis of the procedure
contained in Ref.13 for calculating the outlet relative
flow angles in a rotor z=lzsment from the given inlet relative
flow angle and blade solidity. The reader is referred to
Ref.13, Chapter VI, for specific details of 1low speed

corr2lation data.

As stated in Section III.A, uniform flow conditions at
the rotor blade edges were assumed. This assumption coupled
with knowledge of the mass flow rate and rotational spe=d,
enables one to calculate the inlet relative flow anqle,P‘,

as shown in Fig 18.

Prom blade geometry information, the blade solidity, T,

.
C= S (1

is obtained. At this point, F\, and 0 are given and one may
calculate F; , the rotor outlet relative flow angle from
correlation curves depicted in Ref 13. The equation used to
determine Fz. is the following,

‘g,=n+g (2)
where Ky is the angle between the tangent to the blade m=2an

17




camber 1line and the axial direction (Fig 18). This is
obtained from the blade gesometry data. g is the 1lcw speed
deviation angle which 1is obtained from the correlation
curves 1in Ref. 13. The following equations show the
relationship between S and the correlation data.

§=§; +me (3)

S: = (Kﬂs,‘ (l(ot ((,\o (4)

The variables m,KS)Sh,KS)t and s.ho , are all values
which are obtained from the correlation curves and are all
functions of the given blad= geometry. The quantity, + 5y 1S
the blade camber angle and again is obtained from the blade
geometry data. Once all the variablas are obtainzd from the
correlation data, equation (4) is solved for th2 deviation
angle for an uncambered blade section,go, and then eguation
(3) is solved for the deviation angle, S . One now
calculates ﬁz from equation (2) for the blade elemsnt. With

g, now a known quantity, one now calculates the absolute

flow angle, ¢ from uniform flow assumptions.

2

An example follows for node numbers 43 and 57 (Fig %).
From Ref. [12], Table 1II, the following quantitias are
obtained assuming the angle of incidence, i, (Fig 18) is
zero and therefore the inlet relative flow angls, F, .
equal to k.

B =k = 61.88°

r

:

1138




£, = 54.93°
%) aax = 0.035

18.25 in

tip radius

9.125 in

hub radius

Assuning uni form flow at the rotor 4inlet and a
rotational speed of 4359.5 RPM, the following quantities zre
determined from the rotor inlet velocity diagram (Fig 18).

' (161. L lbm/sec) (144 wW'/FE)
(008 \bm /¢t}) W (18.26% - 9.125%) In'
vm = 246.802 Pt/sec
where the area A, is determined from the hub and tip radii

m
—

Vm = TA =

and the density is assumed to be 0.08 lbm/cu ft.

Now one is ready to obtain the correlation data. From
Ref.[13], Pig 162, with F, = 61.88° and T = 1.3062,
o
S.\“= 2.50

From Ref.(13], Pig 162, with f, = 61.38° and @ =1.3062,

m = 0.235
From Ref.[13], Fig 172, with t/c)max = 0.0350,

k$)t = 0.29
Prom Ref.[13], page 222, one uses the following value of
(KS)sh for 65-series blades,

k§)sh = 1.0
At this point all the necessary data has been obtained for
equations (3) and (4),

g L4
§, = (1.0) (0.29) (2.50) = 0.725

o
Prom equation (3),

§ = 0.725"¢ 0.235(6.99) = 2.36°
Finally, equation (2) gives the desired value of F‘,
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B, = 54.93 + 2.36°= 57.29°
At this point the relative flow angle for node 57 has been
obtained,@,= 57.29°. Tha2se two values of relative flow
angles, P. = 61.88° for node 43 and P‘= 57.29° for node 57,
are then read in the program as input data for numerical

computation.

This process is repeated at each required blade element

section for the proper outlaet relative flow angle.
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Figure 18 -

AXIAL DIRECTION, Z

NOMENCLATURE FOR CASCADE BLADE
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