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1. INTRODUCTION

Viscous flows have been calculated for a long time by separating the
flow into a boundary layer and a potential flow region. The boundary
Jayer then is calculated by using integral methods and the potential flow
by using inviscid flow equations. This approach does not require large
computers, and even can be carried out by use of hand calculations. This
approach, however, has its limitations. For example, in calculating fiow
through nozzles, channels, and diffusers this approach is limited to the
region near the entrance. As the boundary layer thickens, the flow cannot
be meaningfully separated into a potential flow region and a boundary iayer
region, Further, this approach cannot describe the corner effects, such
as the secondary flows, or adequately describe flows in which the body
forces are nonuniform in the cross-stream‘plane (such as magnetohydrodynamic
channel flows).

In the past two iecades, with the advent of high speed computers,
many numerical methods to compute velocity and temperature fields without
separating the flow into a boundary iayer and a potential flow region have
been developed. In thys paper, a new approach to calculate three-dimensional
compressible viscous flows is presented. The approach is an extension of
the author's previous work [1] to three-dimensional flows. The method,
as presented in this paper, is for "parabolic" flows through rectangular
ducts, and its possible extensions to other types of three-dimensional
flows is under investigation. "Parabolic" or "boundary layer" flows are

characterized by the existence of a predominant flow direction along which



downstream conditions have a negligible influence on the upstream conditions.
This assumption allows use of a marching integration procedure. A lucid
discussion of the parabolic flow assumption is given by Caretts et al [2],
and Patankar and Spalding [3].

Methods developed so far to compute three-dimensional viscous flows
are, among others, those given in [2-10]. These methods differ in their
finite difference approximations, and whether the flow is assumed to be
parabolic or not. From among these methods, those proposed for calculation
of confined flows differ further in the procedure used to calculate the
pressure field. These methods are discussed here briefly. . Included in the
discussion is the method of Harlow and Welsh [11]. Although this method is
for two-dimensional confined transient viscous flows, it has some features
in common with the methods developed later for computation of three~dimen-
s.onal parabolic flows. The method of Chorin [4] calculates incompressible
elliptic flows. Finite 4ifference equatijons are chtained by using the ‘leap-
frog method for the time and convective terms, and Duffort-Frankel for
the diffusion terms. The pressure field is calculated by coupling the
incompressible continuity equation to the momentum equations via an artifi-
cial variable density and an artificial equation of state. Miller [5], on
the basis of the work of Chorin, computed steady incompressible three-
dimensional elliptic flows through rectangular ducts. In the method of

Harlow and Welsh [11] the finite difference equations are obtained by

using forward in time and center in space differencing. The pressure
field is calculated from an elliptic equation obtained from the con-
tinuity equation and the divergence of the momentum equations. The
method uses a "staggered" grid in which the velocities are defined at
the cell boundaries and pressure at the cell centers. A similar type of
staggered grid is used in the cross-stream plane, later, in [2,3,6,8] for

the computation of three-dimensional flows. In these methods the cross-



stream velocities are specified at the cell boundaries and the axial veloc-
ity, along with all the other variables, at the cell centers. Methuds
[2,3,6,7] calculate three-dimensional confined parabolic flows. In these
methods the pressure field in the cross-stream plane is calculated from
an elliptic pressure equation obtained from the continuity equation and the
cross-stream momentum equations. The axial, along the duct axis, pressure
gradient is calculated to insure conservation of mass along the duct axis.
In these methods Caretto et al. [2], and Patankar and Spalding [3] obtain
finite difference equai.ions by using the control volume approach; Emery et al.
[6] use Dufort-Frankel for the axial velocity momentum equation and implicit
differencing for the cross-stream velocity momentum equations; Roberts and
second order differencing in the other two directions. Partap and Spalding
[8] extend the method of Patankar and Spalding to "partially parabolic"
flows. Methods of Nash [9] and Wang [10] are for external (pressure field
specified) three-dimensional parabolic flows; Nash uses forward explicit
differencing, and Wang uses Crank-Nicolson type differencing scheme.

A1l the methods described in the preceding paragraph use Eulerian
system. Flow field is computed by calculating the velocity components

Uys Uys and u, along a set of spatial grid points fixed in advance. In

contrist. in the present approach, the flow field is computed by calculating
the streamwise (not axial) velocity, u, along a set of chosen streamlines.
Streamlines are identified by a pair of indices, (i.j), such that the
coordinates of the streamline (i,j) in the cross-stream plane are Yi and

Zj. Coordinates of the streamlines in the cross-stream plane are calculated
as part of the flow computations. The dependent variables in the present

approach are u, ., the streamwise velocities, and (Yi’zj)’ the coordinates

1,]



of the streamlines. To calculate the streamwise velocities streamtubes are
constructed around the individual streamlines such that the sum total of
all the streamtubes fills the duct. One such streamtube, constructed
around the streamiine (1,j), is shown in Fig, 1.1. Finite difference equa-
tions for Uy 4 and h1’3, velocity and enthalpy along the streamiine (i,j),
are now obtained by applying Euler's momentum theorem and the first law
of thermodynamics directly to the flow in the streamtube beiween x and x + Ax.
After the streamwise velocities and densities have been calculated at X+ Ax,
the streamline coordinates at x+ Ax are calculated next by using mass con-
servation. From (vi,zj) and (Y?}Z}5, coordinates of the streamline (i,j) at x
and x + Ax, one can calculate the slope of the streamline (i,j), and then using
this slope decompose Uy j into its components u;"j. ug’j, and uiz_'_j.

Strictly speaking, the present approach is not Lagrangian, as one does
not follow the individual fluid particles, but rather follows the flow
through individuai streamtubes. This approach, however, seems clostr to
the Lagrangian than the Eulerian flow description. The advantage of the
present approach is that one needs to solve only one set of finite difference
equations--for the streamwise velocity u--rather than three sets of equations

for u,, u,, and U, The disadvantage jis that extra computations are required

Yy
to calculate streamline coordinates.
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2. FINITE DIFFERENCE EQUATIONS

#.1 Background

Consider the flow through a rectangular duct with its axis along the
x=direction. Flow in the duct is partitioned into a finite number of stream-
tuhes. To define the various streamtubes 1ines Yp,Y3,...,Y4,..., Yy are
drawn parallel to the z-axis (left duct wall), and lines Zp, Z3,..., Zj5...»
7y parallel to the y-axis (lower duct wall), as shown in Fig. 2.1. Lines Vg
znd Z; (not shown in Fig. 2.1) are drawn through the middle of the lower
wall and the middle of the left wall, respectively. The lower and left
walls are also referred to as Z) and Yy lines. Line Yju4 is drawn in the
middie of Yy and Yy41, 1ines Yi.4s Zj43, and Z4.y are drawn similarly.

Various streamtubes, called streams for short, are now defined as follows,

Stream (2,2): flow bounded by the left wall, the lower wall, Zo4ys
and Ya43.

Stream (1,2): i=3,I: flow bounded by the lower wall, Zp43, Yi-ys
and Yi4y.

Stream (2,j): J=3,J; flow bounded by the left wall, Y44, Zj.4,
and Zj44.

Stream (1,j): i=3,I; j=3,d: flow bounded by Yi_3, Yi+4» Zj_Q,
and Zj+§.

Streamline (i,j) is defined as the streamline passing through the intersection

of Yi and Zj.
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Fig. 2.1. Definition of the various streams.



Other numenclature is as follows:

yffgg mass flow rate through stream (i,3).
The mass flow rate W??j is partitioned further into four parts ‘?:3, ‘l'{fj,
¥{ 4» and yft&; mass flow rates through the upper-right, upper-left, lower-

left, and jower-right quadrants, respectively (see Fig. 2.1).

AR AR
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A¥ J: crass-sectional area of the stream (i,j).
1

To apply conservation principles control volumes are constructed for each
stream using a distance Ax along x. Control volume for the stream (i,j) is

shown in Fig. 2.2,

Agl; A?J: surface areas of the control volume normal to the y and 2
axis respectively.

u; b Ti,53 hi,j; Pi, 5% 4,5 velocity, temperature, enthalpy, density,
and constant pressure specific heat along the streamline

(i,3) at x.

u; j? etc.: variables along the streamline (i,j) at x+Ax.
[ ]

T. .: average of u, . and uT
i3 g iy i,

ul o W o oud o components of u, . along the x, y, and z directions.
1,3° 71,37 71 i,

J
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Fig. 2.2. Control volume for the stream (i,J).
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Yi‘ ZJ: coordinates of the streamline (1,j) in the cross-section
plane at x.

Y:; zj: coordinates of the streamline (1,)) at x+ Ax,
242
51,4 5444
+ =¥
S, =4

uf+,'j; v;_§’3; ui{d*i; uf'J_,: effective viscosities, including the

turbulent contributions, for the momentum transfer across the
surfaces of the control volume, as shown in Fig. 2.2, evaluated
using the information at x.

u;:;’j. etc.: effective viscosities evaluated using the information
at x+Ax.

K:;i T etc.: effective thermal conductivities, defined similarly as
the effective viscosities.

[ ASI J A?J

- b - "
0 S ¥ X BT B Y 1%
i+1,J THEA 1,441 12401 - 24]
41" Y4 17 L
I Sl 3 s
1 Mg B A L 1

Hinr,g 2 1,447

IILFRER A Ci,312501 - 2

Corresponding V's and H's with superscript + are defined in terms of u+,
kt, v*, and z*.

In estimating momentum and energy fluxes through a streamtube u and h
are assumed, in general, to vary linearly between the neighboring stream-
1ines. Between the walls, however, and the adjacent streamlines (streamlings

with i or j equal to 2 in Fig. 2.1), a nonlinear variation of u and h is allowed.
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Thus, the mass, momentum, and energy flux thkrough the streams adjacent to
the walls are expressed using coefficients v, a, 8, and § defined as follows

{i2e Appendiy A for further discussion):
‘1'2' "'2 z J‘ pudy dz
0 0
2 pV2
f f pu udy dz
0 0
2 pYp 2
pu t u” dy dz
0 Y0
2 a¥2
f f pu hdy dz
0 0

The following relations are for the lower quadrants of the streams along

4
Yy PYp 2 Y22,

m

Z., ==
oy ¥2,2 Y2 2

Z "~ 2

Z . .-
By ¥p 2 M2

]|

the lower duct wall. Formulae for the lower-left quadrants are obtained

from these relaticns by substituting \Pi"'z for 7P

Y - ¥ ——— 3" + u -
Ay.;_z."_\_l , ug_.,*’2411’2 ’
= 3hjething —5 _ aufp +ad
h = 2 3 2 ’ and uc = - ) 2

and for the lower-right quadrants by substituting ‘Fi*'z for ¥i 5 s

ay = Yitt =V = 2t uin,e
2 ’ 4
= . 3hi2* hya 2 — _ 3% + wufy o,
A= —25—0 2%, and 42 = . 2

4 ’
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1

22
\l'i.zlAYf pudz=yf puAYZy

)
L2
AYf puudzsuf‘l‘hzﬁ ,
0
Zp —
2 ., - <2 2
AtJP putu®dz = 5i Wi'z e,
0
L
I 4

Coefficients Y:)Y. o%.'. 6%. and Bg, that take into account the non-1inear

variations normal to the left wall, are defined similarly.

2.2 Finite Difference Equations for uy j

Applying Zuler's momentum theorem to stream (i,j) between x and
X+ Ax one obtains,

Momentum flux out - Momentum flux inl
at x+Ax [at x

= Pressure forces + Viscous forces + l'-”i j (Body forces)
]

(2-1)

For the streams (i,J) with i and j> 2, various terms in Eq. (2-1) are
estimated as follows.

Momentum flux (in or out) through the stream is calculated by summing
the momentum fluxes through each of the four quadrants (see Fig. 2.1),

Momentum flux through any one quadrant is estimated as equal to the mass flow
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rate through that quadrant times the avarage velocity, which is obtained by
double Taylor series expansicn of Uy g around i,j, for that quadrant. One

thus gets:

Momentum flux outl - Momentum flux inl =

at x+ AX at x

++ -+

[\%‘J (20,5 + ua g+ vga) +

w--
i, + oot
7 (2"1,3 YUyt "1.J~l) ¥

-

-<
°l-:-* -k

+ + +
(zuiaj ¥ ui |j'ﬂ * ui“ !j)

(2"1 . + u i,j-1 + u:'”’j)]
- [u+¢ ul. (2-2)

Symbol [u+3>u] denotes the quantities in the preceding bracket [ ] with ut
replaced by 1. This symbol is used simiiarly later on.

In calculating pressure and viscous forces, it is assumed that the
streamline inclinations with respect to the duct axis are small; that is,
w and u? are smal compared with u®, Thus, in calculating pressure force
A;ij, the cross-sectional area of the streamtube (i,j) projected onto the
Y-Z plane, is used. In calculating viscous forces, the velocity gradient
is based on An, (see Fig. 1.1), the distance between the neighboring stream-
lines projected onto the Y-Z plane. Pressure force on stream (i,J) is

estimated as

= -DPA" (2-3)

J

where DP is the pressure difference between X and x+ Ax and is assumed to
be the same for all the streams. Viscous force on a surface between x and

X+ Ax is approximated by the average of the viscous forces evaluated by using
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the effective viscosities and the velocity gradients at x and x+4x. One
thus obtains for the viscous forces on the stream (i,j) (see Appendix A),

+ +
Viscous Forces = *f«[jvi*,'J (ui+l.J - ui j) + vi.J+l("i.J%1' ui.j)

[+, + + J+ + +
- v"-j(u"vj- ui"‘] )J) ) v" pj(uihj B ui )j"] )J
+ 3 IVt vl (2-4)

For streams along the walls, momentum fiuxes are expressed using the
non-1inear correction factors introduced in section 2.1. Viscous forces
exerted by the lower and the left wall on the adjacent streams are, respectively,

set equal to

[

J
Vi2Uj,2 and Yy Lug o

Calculation of Vf , and Vg’d is discussed in Appendix A.

After the various estimates in Eq. (2-1) have been substituted, all
the terms involving u:'j are collected on the left-hand side, and the resulting
y

equation Is organized in the form:

[+ I

J + v dJ +
- ARG 5L T B gy, g 8y, g Uy < A -4

1hJ 1)J+] 1,4 1«:3'1 Disj (2-5)

Coefficients A, B, C, and D for the various streams are given next.

NOTE: In equations that follow all the ¥'s, except Wé"é, are } times
1
the ¥'s defined in section 2.1, and the V's are % times the

V's defined earlier.



Equations (2-6):
Coefficients for stream (2,2)

| S S SN S 14
a2 = = Ya0 =y ¥y + Vg,

€220
vI+ J+ +VI+ +VJ+

a ++ Yyt 2y~ z ., +- ,
B2,2 7 g g Yy p tap ¥y H Bug ¥y, Vg, VY 2,2 % V5

J oLowtt Yy -t J+
o2 ™ Va2 -9 ¥y p tVp g

X - x
D DPAE'2 + F2,2
+-

++ z TR
* U3, I“’z,z Yay ¥yt "3,2(
++ Y =t - 2yt
ML iz Yoot ¥pn + af¥y s + 307 ¥y,

I J 1 J
" V32 V3V - "2.2}

++ Yy -t J
YU 5 (“’2,2 tog ¥y ot "2.3)
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Coefficients for stream (1,2), 1>2,

1 ++ 2, +- BC;
Aj2 ™ Yy2 -4 Y2 % Va2

B R
Y2 -4y Y2 Y Vg2

0 2, 0- , It L0 J+
Bip "yt 3ag ¥t Vgt is*Wz*Vnz

I o g0t g0t
A2 ™ Y2tV
J =

¢}, =0

- - X
D DPAZ + Fi,.’!

++ Z o+ [
*Wﬂg(“g*“iﬁg*kuJ

o 2y gyl
*%43(%3*“1%&*VLJ

0+ 0= I+ I+ J+
*“m(”,z*“1%2+vwnz+ﬁa*viz Wz)

0+ . o
+ “1.3(W1 Y, 3)



Coefficients for stream (2,j), j> 2.

I %0 , I+
A2, " Y2,5 * V3,3

- w0 y J+ I+
By,5 = 2pup * 3d W H VI e e e

J__++_y-+ J+
A2.3 = 2,5 5 2,5 * V2,50

J . A J+
Cy 3= - Yooy = ¥py + Vpg

= X

+0 I\
+ "3.J(WZ.J * V3,4

40 |, 4, Y =0 [ J
tup g\ 2 ( ¥o,5 7395 ¥2,5 = V3,5 = Vo500 Y

+u

++ Y o=+ J
ZJH(%J+“5%J+VLHJ

y +- J)
*%u1(“ Y2, t¥2,5 t Vo
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Coefficients for stream (i,j), 1 and §>2.

1 | %0 , I+
Ays = Y, T VinLg

R R £
Cii ™ Y5t VL

00 , It My

. _ I+ , 0+
By g * ¥y,5 t Ving Ve +y

1, 7 T1sd

T T
AL = YLt Ve

I R
2 ¥t Vg

X2 - x. N
Di,d DPAi.J + th

30 1 ) (o0 o y] )
* Ui, (“’i.j Vi) e Vs YV

00 1 _yd oyl oy )
*“1.3(“’1.5 Virn,g - Ve T Vi o YL

0 . o J ) ( 0- . od )
UL (“’m A AR AL AERELE AN



2.3 Finite Difference Equations for hi..i

Applying first law of thermodynamics to the stream (i,j) between x

and x + Ax, one obtains,

Energy flux out - Energy flix in -
at x+ Ax at x

Heat added by conduction + Work done by the viscous forces
+ Qi.j(lnternal heat generation) + Ni _.j(Nork done by the body forces)
(2-7)
For the streams (i,j) with 1 and j> 2, various terms in Eq. (2-7) are

estimated as follows:

The energy flux terms are estimated in the same way as the momentum flux
terms and can be obtained by substituting (h+s) for u in Eq. (2-2).
Heat conducted across the top surface of the control volume (see Fig.

2.2) is estimated as
= "E[:HiJ:j+] (h:,jﬂ - h1+,j)] + %[H+,h++H,h] (2-8)

Work done by the viscous forces on the top surface is taken to be

+
I P L SO, R s P91 *“‘i,i] 1 gt
?[Vi,m (“1,j+1 “1,5)( ” ) + 5 [Viu V)

= 3 55 g0 - st ]+ g VsTavs) (2-9)

Work done by the viscous forces and the heat conducted across the other

three surfaces of the control volume are estimated similarly.

-~
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After the various estimates in Eq. (2-7) have been substituted, all
the tenmsinvolvingpﬁtj are collected on the left-hand side and the resulting

equation is organized in the form:

I .+ I .+ + J o+ J .+ -
AdMa,g 7 i, T B AL ML 7 BN T 0y
(2-10)

Coefficients A, B, C, and D for the various streams are given next.

NOTE: In equations that follow all the ¥'s, except Wé"é, are } times

the ¥'s defined in section 2.1, and the H's are } times the

H's defined earlier.



Equations (2-11)

Coefficients for stream (2,2)

| S z +- I+
h2" 2" 8 ¥a2* Wy,

G2 " 0

82,2 " g + 3 ¥y + el v 367957 + My + M+ 0T 4 '
Ai{z RV VE “5?3

c&z-o

D22 = Q0 + W, 5

++ 2., t= I)
LZ“&Z*%WLZ+%J

++ Yo+ Z == Zyt- oI o0 L1 )
thoa\2hyp 38 ¥y 5 BT Y, 38 Y, H3,2 = Ha 3 = Hy o = Hy o

2t 8t 3.2)

++ Yyt Z - Zyt- _yI _yd _ oI 0
P22\ B2t 3 Y0t Y 3 Yy s Vyp t Va g Yy, Vz,z)

Yoot .l I J
top ¥t Vs, ) thya o +hy 4Hy

<+
w
N
-

w
-
€
~n

-
~nN

+

» I+ J+ + ++ Z *- I+
M,2M2,2 * 1M * sg,, ('Wz,z "% Y2t V3 )

+ ++ Y -t Z - Z ,*- I+ J+ I+ J+
$3,2 (zvz,z t3 Vap t O Yy p t G Yy Vg H VY g N,y b Vz,z)

+

%

+ N 2 J+
52,3 ('Wz,z % ¥,2* V2.

+



Coefficients for stream (i,2), 1> 2.
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Coefficients for stream (2,§), j> 2.
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Coefficients for stream (1,§), 1 and §> 2, ’
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2.4 Decomposition of u and the Secondary Flows

Computation of seconiary flows, defined as the velocity components novmal
to the main flow, is discussed in this section. After Y:' and Z;' have been
calculated, the streamwise velocity u, ., the average of u and u} vy

1’\1 i)j ih]

then can be decomposed into ufﬂd. ugﬁj. and uf.j, by using the formuiae,

uX uy ul

_.m = A-X_ .ll.l = -A.!- and -j-l-i ) .é-l (2‘12)
il Rl v Toa e

ui,J ui,J Ui,g

where Ax is the integration step,

av=vfavy , az=zf-z; ., and Af

= ax?+ a2+ 022

The calculation of Y:'and Z;'as discussed in Appendix A is based on
the conservation of mass alone. Valocity components u’ and u®, obtained
from Y;'and Z;'thus calculated, are the secondary flows associated with
the flow development in the ducts--may the flow be laminar or turbu-
lent, In turbulent flows through rectangular ducts, besides the primary
shear stresses which are in the streamwise direction, there are also shear
stresses in the plane normal to the streamwise direction (see, for example,
Launder and Spalding [12]). Force due to these stresses will produce bending
of the streamlines in the z-x and z-y planes, and thus displace Y{+ and ZJf+
beyond that displaced by the conservation of mass. For example, force per
unit area At ., dug to the cross-stream shear stress T 2 distribution,

yz Yy
will bend the streamline (i.j) according to the formula,

-2
Py 5 Uy 2 At
T, 1.3 o y? (2-13)
RE Y,
LEN
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where Ri.j is the radius o¥ curvature in the z-x plane. With Rf;j (approxi-
mated as a straight 1ine for small Ax) known one can calculate displacement
of Z;' (and similarly of Y;) caused by the cross-stream turbulent shear
stresses. Contributions to u® and u¥, as calculated from Eq. (2-12), by
this acdditional displacement of the streamlines in the cross-stream plane
represents, as viewed from the present computational approach, the secondary
flows associated with turbulent flow through noncircular ducts. It should
be noted that the turbulent shear stresses in the cross-stream plane do

not enter into the finite difference equations for the streamwise velocity
presented in section 2.2. These equations are valid for laminar and tur-
bulent flows as long as the streamwise shear stresses, appearing in the

equations via V's, are modeled appropriately.



3. SOLUTION TECHNIQUE

A methodology to solve the momentum and energy finite difference equa-
tions given in section 2 {s presented in this section. This is the method-
ology used for the sample flow computations presented insection 4. Equa-
tions (2-5) and (2-10) are of th» general form:

A X005 7 O3 * B T ALK g T G g 7 O
(3-1)

Equations (3-1) constitute a set of coupled nonlinear algebraic equations.
The solution technique discussed is for flow through a rectangular duct, with
the duct cross-section specified along the axis. In this case, the pressure
drop, DP, that appears in Di,J for the velocity equations, is not known in
advance and js to be calculated as a part of the computations. Equations
are solved iteratively by using two iteration loops, one placed inside the
other. The outer loop iterates on the unknown DP, and the inrer loop
solves the nonlinear algebraic equations, given a value for DP, jteratively.

The following steps are for one integration step from x to x+ AX.

1. Assign a value to DP. At the beginning of the outer iteration
loop, the value assigned is based on the upstream value of DP.
For the subsequent iterations, DP is assigned a value as discussed
in Step 7.

2. Calculate coefficients A, B, C, and D for the velocity equations,
Eqs. (2-5), evaluating V's by using the information at x for the
first iteration, and the information at x+ Ax obtained in the pre-

vious iteration for the subsequent iterations.
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7.

Once A, B, C, and D are known Eqs. (2-5) constitute a pentadiagonal
set of 1inear algebraic equaticns. These equations are solved by
using alternate direction implicit method.

Repeat steps 2 and 3 for the enthalpy equations, Eqs. (2-10).

With the newly calculated values of dynamic and thermodynamic
variables at x+ Ax, calculate Y:' and Z;'by using the formulae
given in Appendix A.

Check newly cdlculated u;:j and h;;; for convergence, If the con-
vergence check is met, proceed to the next step; otherwise repeat
the steps starting from 2.

Check Y;' and ZJ*. calculated duct half width and half height for
the value of DP assigned in Step 1, against the duct dimensions
specified at x+ Ax. If the check is within the desired accuracy,
the computation of flow from x to x+Ax is complete. If not, DP
is adjusted, on the basis of the difference between the specified
and the calculated duct dimensions, and the calculations started
again at Step 1, with the new value of DP. The formulae used to
adjust DP for the succeeding iteration is the one given in [1].
This formula, based on the difference between the calculated and
specified duct cross-sections, is applicable to both two and three

dimensional flow computations.

Spacing between the streamlines in the cross-stream plane changes from

x to x+Ax. As a result, at the beginning of each new integration step,

streaztubes :re defined anew in accordance with the definitions given in

section 2.1.



4. SAMPLE FLOW COMPUTATICNS

The approach, presented in this paper, to compute three-dimensional flows
by calculating velocity and enthalpy along the streamlines, was chacked by
making three sample flow computations. All the computations are for laminar
flow through rectangular ducts. Computation of laminar flows is free from
the uncertainties associated with the modeling 9f turbulent shear stresses
in three-dimensional flows and, thus, provides a clearer assessment of the
numerical method itself.

A1l the computations are for the lower-left quarter of the duct. Each
sample flow computation was carried out using one hundred streamlines; thiy
corresponds to, including the grid points along the walls, a 11x 11 grid
in the y-z plane. Streamtubes around these streamlines were redefined at
the beginning of each new integration step, as discussed in Section 3.

In the present computations, however, the same set of streamlines was used for
the entire length of the duct. The integration step along the duct, Ax, was
selected for each sample flow computation so that the locations of the com-
puter output will match the locations of the reported experimental data;

the integration step varied from one-tenth to one-twenty-fifth of the equi-
valent duct diameter. Velocity distribution at the inlet in all the sample
flows was taken to be uniform across the duct cross-section. The following

nomenclature is used in the figures in this section:

—————: Dots along the velocity distribution curves represent

the streamline locations along which the flow was computed.
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u: Axial velocity.

Ug? U at the inlet.

Ue: - Centerline velocity.

WiH: Duct half width and half height, respectively.
D: Equivalent diameter (= 4WH/(W+H)).

X: Distance along the duct measured from the inlet.

Y and Z: Distances normal to x measured from the lower-left duct corner.

Re: Reynolds number (= UpD/v, where v is the kinematic viscosity).
Pr: Prandt] number (= 0.72). '

Gr: Graetz number (= PrRe/x).

Num: Logarithmic mean Nusselt number

= 8 16q (Tcenter' Twall ) °
4 Thutk ™ 'wall

Tbu]k: Bulk temperature.

In Figs. 4.1a, 4.1b, 4.1c, and 4.1d the results for flow through a
square-sectioned duct are shown. Calculations are compared with the experi-
mental data of Goldstein and Kreid [13] (Figs. 4.la, 4.1b, and 4.1c) and
Beavei's et al. [14] (Fig. 4.1d). Agreement between the theoretical and experi-
mental results js good. In Figs. 4.2a, 4,2b, 4.2c, and 4.2d the results for
flow through a rectangular duct of 2:1 aspect ratio are shown. Calculations
are ompared with the experimental data of Sparrow et al. [15]. Once again

agreement between the theoretical and experimental results is satisfactory.

In the two flow computations just described only the finite difference
equations for velocity were solved. Density was considered constant and,
thus, the energy equation was bypassed. To check the finite difference equa-
tions for enthalpy a sample flow with heat transfer to the walls through a
rectangular duct of 2:1 aspect ratio was computed. The inlet temperature and

velocity distributions were taken to be uniform across the duct cross-section.
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The walls wera maintained at a constant temperature of 100 degrees Celsius
below the inlet flow temperature. The velocity and enthalpy finite difference
equations were solved together as discussed in Section 3. Calculations were
carried out using constant specific heat, perfect gas behavior, and the
Prandt! number equal to 0.72. Results of the computations are shown in

Fig. 4.3, and are compared with the calculations of Wibulwas as reported in
[16] Table 52, p. 220.

To 1llustrate tho v;locity field in the cross-stream plane, in Fig. 4.4
are plotted the streamline locations in the lower-left quarter of the duct
for air flow through a 3/2 meter by 3/4 meter rectangular duct (second sample
flow computation) at two locations along the duct. The beginnings and the
ends of the arrows represent, respectively, the streamline locations at
1 meter and 5 meters from the duct inlet. Bulk velocity through the duct

is 0.15 cms/sec.
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figure is for the lower-left quarter of the duct.
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APPENDIX A

In this appendix formulae which supplement the finite difference eouations
given in Section 2 are presented. The lower-left corner of the duct is

taken as the origin of the y-z plane.

A.1 Mass Flow Rates
Let Ry 5 = 4,441,

Formulae for Stream (2,2):

-- 2
Y221 Ra2 Y2 25

4 2 2
R N Rl () 4 - Zz)

2,2 " Y2 4 2 2
4 2 2

++
¥9,2

- 2
¥o2* Y2

Formulae for Stream (i,2), i>2:

R *Rigat R 5 (Yi-ﬂ - Yi)(z3 - Z2)
2

i,2 4 2
gt o Ri2 *Ri3*Ri12 (Yi - Yi-1)(23 - Zz)
1,2 4 2 2

R; , + R Yy - ¥
v - L2 °hi,2 i-1,2 i i-1 (
Y125 Y 2 ( > ) Zz)

ot oz Rip*t Ringo (YM - Yi)(z )
i, 2°Y§ T 4 2 2
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Formulae for Stream (2,j), i> 2:

W;:j 2R2.1+ R34J+R2.,L_ ( -YZ)(__J:T -Zj)

e ] Ryt Rain ( )(_j___z_i)

o (52

Formulae for Stream (i,j), i and j> 2:

R I Rm,a R4 (Ym Yi) Zim = 4
Tsd 2
ot Bigt Ri,,jﬂ YR (Yi Ys- 1)(2j+1 "4
i, 2
oo x ZRu*Rn " Ry (Yi Ym)(zj'zm
f,d 2
vt - Rig* Ry ,; -1 P Rin g (Ym i )( Zj = 2
i, 2

A.2 Surface and Cross-Sectional Areas




E i

Yigy = Y

i 2
I - 1

SI (23" %2

I\2 ( 5 + Zz)Ax
y4 -7

St - (..v___..‘t _J:l)Ax

2

ASY pSI

A o

A.3 Streamline Coordinates Yi"', Z;'

After the velocities and densities have been calculated at x+ Ax,

the following procedure is used to calculate the streamline coordinates at

X+ Ax.
+ + o+
Let Ry 5 = Pj,3 Y,y 2
- .
Y. . ¥ .
= in i",\]

¥ ¥ ¥ ¥ T
R YR TR Ry PR R4

++ -+
. ¥i-1,4-1 . ¥i,4-1
¥ + + ¥ + +
WRiy,-1 PR R Ry YR YRy

For a given value of j, by summing the mass flow rates through the stream-

tubes with i=2 to i=1, one obtains for j=2,

- I '+- - -
Y Y Y.
Z;Y; = __.22_.23- + 16 { 3 T 1'1.2+ )+ 5 +1n; T )} (A"l)
"1R2,2 LRy 2R D v Ry + Ry 2
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and for j»2,

- Y
16 ¥4 . 16 %541
Y{ (R 5+ Ry sq) vy (R4 + Ry )

(Z;" z;_n‘)Y; -

[

+ 16 izs 6y 5 (A-2)

By adding Eq. (A-1) to Eqs. (A-2) for j=3 to j=J, one gets

+y+
Iy¥p = ZI ’ (A-3)

where :E:I represents the sum of the right-hand sides. By using the duct
aspect ratio, specified at x+ Ax, Eq. (A-3) can be solved for Yf’. With
Y; known, Eq. (A-1) and Eqs. (A-2) can now be solved for Zé+, Zér, ceey ZJ*.

The coordinates Yé*, Y5+. cees Yi+ are calculated similariy.

A.4 Mass, Momentum, and Energy Correction Factors

For laminar flow, the streamiines adjacent to the duct walls can be
chosen near enough to the walls so that the velocity and enthalpy distri-

butions between the walls and the adjacent streamlines can be approximated

I
24

are given by the general expressions for V's given in Section 2.1, and the

by 1inear functions. In this case Vg 2 and V, ., introduced in Section 2.2,

correction factors vy, o, and § take on the following values:
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z 2 1
ﬁllz-, 51:63y.-2-

These are the values for y, o, and § used in the sample flow computations
given in Section 4. The fiﬁite difference equations for the enthalpy
were solved by using the wall temperature as the reference temperature;
for this case the 8's become equal to the corresponding o's.

For turbulent flow the correction factors y, o, §, and 3, and Vg,z
and V;.j will depend on the turbulence model chosen for the near wall region
in three-dimensional flows. Their calculation can be carried out by using
three-dimensional extension of the procedure given in [1] for the case of

two-dimensional flows.

A.5 Viscous Forces on Stream (i,j)

The viscous forces exerted on the stream (i,j) by the neighboring streams
are calculated as follws. The force exerted on the stream (i,j) by the

stream (1,j+1), call it F(top), is given by
F(top) = ApdY, (A-4)

where A is the interface area between the streams (i,j) and (i,j+1), and
u is the effective viscosity at this interface. By substituting the appro-
priate symbols for A and u defined in Section 2.1 (see Fig. 2.2), and by

approximating the velocity gradient by
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Uy g+41 = Yy ’
—2"——2—‘1]-

3+ J

one obtains from Eq. (A-4)

u -u
Ftop) = A?‘] "ij,dﬂ -1'2*1'*-1-:-2'1-“1 (A-5)

A

J

By using the definition of V,,j+1' Eq. (A-5) is rewritten as,

F(top) = Vi iy (uy 547 = 0y (A-6)

Similarly one obtains for the viscous force exerted by the stream (i,j)

on the stream (i,j-1), call it F(bottom),
J
F(bottom) = vi.j (“1,j - u1,3_1) (A-7)

The net force on the stream (i,j) by the neighboring streams (i,j+1) and
(i,§=1) 1s thus given by,

F(top) - F(bottom) = V1J,5+1 (Wi g4 = U4,50 = Viyg (g5 - 500)

(A-8)
By adding to Eq. (A-8) a similar expression for the net force exerted

by the streams {i+1,j) and (i-1,j), one obtains the required relation
for the viscous forces exerted on the stream (i,j) by the neighboring

streams.



B.1 Introduction

APPENDIX B

In this appendix the 1isting of a computer code which calculates three-

dimensional compressible laminar viscous flow through the lower-left quarcer

of a rectangular duct is presented. If the flow is not symmetric with respect

to the center-planes of the duct, the code can be easily modified to compute

the flow across the whole duct. The code is organized along the lines of

the author's code [17] for two-dimensional flows.

The code consists of MAIN program and the following six subroutines:

Subrouzt¢ine START;

Subroutine XSAREA;

Subroutine SIPSIM;
Subroutine ZDZYDY;

Subroutine VSCSTY;
Subroutine PDSOLV;

Assigns values to the streamline coordinate;. and the
velocity and temperature distributions, at the duct
inlet.

Calculates cross-sectional and surface areas of the
streamtubes.

Calculates mass flow rates through the streamtubes.
Calculates the new streamline coordinates at the end of
an integration step.

Calculates viscosity.

Solves a penta-diagonal set of linear algebraic

equations.

Subsection B.2 contains the computer listings for the MAIN program and

the subroutines.



B.2 Listings of the MAIN Program and the Subroutines

The following FORTRAN names are used in the MAIN program.

U(I,J) = Velocity along the streamline (I,J).

T(I,J) = Temperature along the streamline (I,J).

H(I,J) = Enthalpy along the streamline (I,J)

RHO(I,J) = Density along the streamline (I,J).

USH(1,9) = U3(1,3)/2.

Y(1); Z(J) = Coordinates of the streamline (I,J).

DZ(J) = Z(J) - Z(J-1).

DY(I) = Y(I) -~ Y(I-1).

NI; NJ = Specifies the number of streamlines. Total number of streamlines
§§ifﬂgsg$?3?l to (NI-1) times (NJ-1), and corresponds to a

NI1 = NI-}

NI2 = NI-2

NIP = NI+

NJ1 = NJ-1

NJ2 = NJ-2

NOP = NJ+

NBLZ; NBLY = Specifies the number /f streamlines assigned to the boundary
layer at the inlet.

DX = Size of the integration step along the duct axis.

SIPP({I,J), SIMP(1,J), SIMM(I,J), etc. = Mass flow rates through the various
quadrants of the stream (I,J). The last two letters in the
FORTRAN name SIXX are tu be interpreted as; P =+, M= -,
and 0 = 0; thus,

SIEM(I,d) = ¥~

i,J
AX{I,J) = Cross-sectional area of the stream (I,J).

ASJ(I), ASI(J) = Surface areas of the stream (I,J).



ALPHAY(J) = q{ ; see Section 2.1,

Other a, 8, v, and &'s, from Section 2.1, are named similarly.

AI(1,0) = A:,J used in the finite difference equations for the velocity
or enthalpy.

Other coefficients appearing in the velocity and the enthalpy finite difference
equations are named similarly,

Other FORTRAN names appearing in the program are ¢ither defined in Section B.1
or defined via assignment statements in the program itself.

Following ar2 some explanatory notes on the varjous subroutines:

Subroutine START; The subroutine assumes NI = NJ. The grid along J is
set up along the Jines discussed in Ref. [17]. The
grid along I (the lower wall) is scaled from the grid
along J using the duct aspect ratio, ASPR.

Subroutines XSAREA, SIPSIM, and ZDZYDY; FORTRAN statements in these
subroutines are almost direct translations of the
formulae given in Appendix A.

Subroutine VSCSTY; In its present form, this subroutine supplies a constant
value laminar viscosity to the MAIN program. To extend
the code to calculate turbulent flows this subroutine
will require a major change.

Subroutine PDSOLV; This subroutine solves a set of linear pentaz-diagonal
algebraic equations by using the alternating direction
implicit method. The boundary conditions used are
(a) *%e function is zero at the walls, and (b) the func-
tion is symmetric about the centerplanes of the duct.



The data is put in via assignment statements in the MAIN program.

The input statements have been placed at the very beginning of the program

and are organized into the following four groups:

a)

b)

c)

Dynamic and thermodynamic data;

UCNTR = Duct centerline velocity
TCNTR = Duct centerline temperature
TWALLZ = Left wall temperature
TWALLY = Lower wall temperature

P = Pressure

CP = Constant pressure specific heat
GASK = Ratio of the specific heats
GASR = Gas constant

PRNDL = Prandtl number

RENUM = Reynolds number

DPDX = Pressure gradient guess at the duct entrance

Geometric duct data;

HEIGHT = Half duct height
WIDTH = Half duct width
HSLOPE, WSLOPE = Slopes of the duct walls defined as,

WIDTH at x+Ax = WIDTH at x + WSLOPE « Ax,
HEIGHT at x+ Ax = HEIGHT at x+ HSLOPE » AX.

XEND = Length of the duct

Convergence criteria, grid size, etc.
DPDTL = Tolerance within which the axial pressure gradient is to
be calculated
DXFAC = Specifies the integration step; DX = (HEIGHT +WIDTH)/2-DXFAC

MAXIT = Maximum number of iterations allowed; if this number is
exceeded the program will stop and write out a message

NJ, NI = Number of grid points in the cross-stream plane
NPRNT = Governs the output frequency
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d) Data for VYSCSTY and START subroutines;
EXPU, EXPV = Exponents for the velocity distributions in the

boundary layers along the Tower wall and the left
waill respectively.

VZERO, TZERO = Optional parameters for calculating lamina:i viscosity.

The program prints results at specified intervals along the duct axis.

The output consists of,

EX = Distance along the duct measured from the duct entrance.
HEIGHT, WIDTH = Duct half width and half height at EX.

ITRN = Number of iteratfons required for the last integration step.
DPDX = Pressure gradient.

PREC = Pressure recovery.

Z(J), Y(I) = Coordinates of the streamline (I,J) in the cross-stream
plane at EX.

TAUY(1), TAUZ(J) = Shear stress distributions along the lower wall and
the left wall, respectively.

QDOTY(I), QDOTZ(J) = Distributions of heat flux to the walls along the
Tower wall and the left wall, respectively.

TAUX = Average wall shear stress at x.

QDOTX = Average wall heat flux at x.

U(1,J) = Velocity aloig the streamline (I,J).
T(1,J) = Temperature along the streamline (I,J).

The results for U(I,J) and T(1,d) are printed in a matrix fom.
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A PCOR QUALITY

VIV 3l RELEASE 2439 MALN ODATE = 81226 11736728 ) PA

C
COPSBENEMCO=UI=4 L 0000308080820 000EI03RCISEENCIEUSIESARISSURSSESNESSuSS
c
COMMCN/COML/U (259250 9T125-25)0H1c5+25) )RHO125,25) yUSH( 25,29)
COMMON/CQM2/2(25),02125) 4% (25),0Y(29)
COMMCN/COMIZNI s NJL oNJ2 oNJP NI oNTL NI2GNIP ,NBLZ I NBLY,0X
COMMON/CONG/SIPPI29¢25 95 1MPI29+25) 4SINMI25,25)SIPM(25+2%),FLORAT
LiSIPQU25425) ¢SIMNO(25,25),SICP(25,25)+SIQM125,2%),5100(25,29)
CCMRGN/COMS/UCNTR TCNTRy TRALLLZ »TWALLY yPyRINV ,VZERQ, FZERD, EXPY 4 EXPU
COMMON/ COMO/ AX(2592%1+48J425),AS1(29)
COMMON/COMT/ ALPHAYI23) ,DETAY(25)4DELTAY(25) oGAMMAY({2%) ) ALPHAZ(25)
LOETAZL25) )OELTAZI2S) ¢GANMALI25),VISCI{25,29),VISCI(25,29)
CCMMON/COMB/ME[GHT yWIDTiy 4SLOPE,WSLOPE ,OLDA 1ASPR
DIMENSION AT(295,2%)0CL(25+429),808(25,25)AJ(25+25),C(25,25),0D(25,
L2379 VFI(25,25) oVBI125025) ¢TI (25+29) oHT 11295925 )UU(29+25)
20U(25+29) yUNI25+25),0T129,25),TT(125,29),
3TAUY(20) yTAUZ(20),QDGTYL20),QD0TZ(20) o HHi 25,29)
C

COSCATA [NPUT 680885000500 000040808080 00008008003 0000080008SR00essasate
CouOYNAMIC ANO THERNGOYNAMIC JATA®SSSESSS00R0008R 02000
UCNTR=Q,301%
TCNTR=100.0
TwALL2wS .0
TwAlLLY=0.0
P=71000.0
CPwl003,.5
GASK‘I.‘.
GASR=287.0
PANOL=0,72
RENUM=100.0
QPDX®=Q,00007%
C GECHMETRIC OUCT CATASSSSnnesasssestenittsdstusssssssssnsan
HEIGHT=3,./8,
WiDTHE3 /4,
ASPRaW [DTH/HEIGHT
wSLOPEeQ .0
HSLOPESQ. O
XEND®Y .S
ComCONVERGENCE CRITERIALGRID SIZEVAND QOTHE: QATAswsdsssensss
OPDTL=0.01L
ACLMT=0,0000!
OXFAC=S5,0
MAX!T=150
NJsli
Nil=l]
NPRNT=]
Ce80ATA FUR VISCSTY AND SATART SUBRQUTINEsssssssavsasssessns
VZERO = ,J000384
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OF POOR QUALITY

M IV GL RELEASE 2.0 MAIN OATE « §L22¢ 11/7%/20

- TZERO=860.9 .
EXPYs, 7
EXPlUmT,

c
Cesese [NITIALLZATION FOR LAMINAR FLONS essssasss
00 20 Je=l,NJ
QETAY(JIw2./3,
OBLTAY(J)=0,. 5
GAMMAY (| J)=0.3
20 ALPHAY(JIwZ,/3.
00 21 I=},N{
0ETAL(1)=2,./3, .
OELTNZ(I)e0,.3
GAMNAZ(1) 0,8
21 ALPHAZLI)e2,/3,
OELTAZ(1)=0.25
BETAZ(L)®4./9,
GANMAZ(Ll)=0.25%
ALPHAZ (L) =6 ,/9,
Ceom EMD LAMINAR PLOW [INITIALIZATION . sussasnsersen
CosINITIALIZATI Q“s“"..“-."“.“““.‘..““”“..ﬁ‘...‘...“.‘..‘l..
XANP 2,0
I1STEP=0
[TANSO
NP [oNPRNT=]
NJPENJ *L
NJ laNJ=L
NJ2eNJ=2
NIPwNIe]
Nl laN{=]
Nl2eN]=2
0C S0 Jsl,Nd
S0 Cl(Zsd)=0,
0C 92 (=1 ,NI
$2 CJil:2)=0,
OXFo {HEIGHT+W(OTH)/2.03/0XFAC
OXs0XB/ 512,
UXFeOX B=ACLMT
EXe=0X
QP eQPDX*0OX
PRLINVeL,/PRNOL
CPINVel./CP
RINVS]l./GASR
GASK [INsl ./ GASK
SNOSPO®(GASK®GASR®TCNTR)®®0,.5
PliiLaP
oPl=Q,
OP2wg, -
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RELEASE

53

c
CeRAXI AL CALCULATIONS#2050S0SS000s0000 400880300t s000040ss0005808080ss

Loo

Ll

112

130

131

v mpnr,® ) '”ﬁ? !‘:\
Q'{h,ﬂ'»‘n .\.‘ic 5\'\‘.\’1\" uted

OF POOR QUALITY

2.0 AN OATE = 81224 11736728
0xi=0,

OLCA=RE IGHT*W[DTH

CALL START

WRITE(beldl) (ZUJ)edm2yNJ)
WRITE(6y142) (Y([)yIm2yNL )
CalLL XSAREA(L)

CALL vSCSTY(1)

CALL SIPSIN(9)

caLl Zpzyoy

PRFACQ . 5®RHO (NI +NJ)SUCNTRAMUCNTR
OPTOTw=pP

00 53 Nal,20

VFJ(Ns2)=0,

VEL{2,N)=0Q,

HTJ(N, 2) =0,

ATI(2yN) =g,

[STEPw|STEP+]

EXmEX+OX

OPTQT=0PTQOT +»0P

PeP+)PTOT

CALL VSCSTY(Q)

NPIeNPL&l

[F(XAMP,GT.1l) NPIsNPRNT

TF{NPI.LT.NPRNKT) GO TG 20C

NP [=0

OPOX=QP/DX

PREC=DPTQT/PRFAC

TAUsQ .

Q0QT=q,

DO LLL [=2,NI

TAUY (L) =2 ,avFd([,2)8U(,2)

QOOTY(T) w2 . 0HTIl T4s2)#(HIT 2)=H (L, 1))
TaUsTAU+TAUYLL)

<J00Twy0OT +400TY(I )

DC 112 Jw2,NJ

TAUZ(J) w2 aVEL(20d)0U(244)

«OUTZ(J)I=2 SHTI(2,J08(H{2,J)=H{1yJ]))
TAU=TAU+TAUL(J)

QDOT=QDOT +QCATZ(J)
TAuXaTAU/(HEIGHT+WICTH) /70X
SOCTX=QO3T/( HE IGHT+#w [D TH) /O X

WRITE(&9130) EX, HEIGHTywlOTH, I TRNOPDX yPREC
FORMAT(LHO »'0TS5s ALONG X®u? yFT.4y'®8 HEIGHTS! FT.4y'09% 4[DTH=',
1 FTeGo! s [TERATICNSS? y[3, '®uw(POXa? (ELL oby’ ®98PRECH,ELL.4)
wRITE(6,131) TAUX,QOQTX

FORMAT(LHY ! TAUX®S! yELL o s" #8@QDOTXm 4 ELL 4]

Pa
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W[V Gl RELEASE

133

136
1sl
162
163
166
168
166
167
l1e8

¢
cos RESETTING DYNAMIC,THERMO, ANO GEOM. VARIABLES FOR NEXT ITERATIONsssss

200

220

ORIGIH L, 1o,

oy 'p\‘: 0

OF POCR GuALy

240 va (N OATE = 81224

ARITE(Gelol) (Z1J)ode2,NJ)

aRITE(6sL42) (YULL)slw2,NI}

ARITE(S104) (TAUYIL) Lo yNI)

w/ ITE{8,165) (TAUZ(J) J22,NJ)

WR(TEl6,L46) (QOATY(I)o1m2,yNL)

WRAITE{6,L6T) (Q00T2{J)eJdu2sNJ)

2C 133 JREVe|NJL

JONJP=JAEY )

wRITE(Oel=3dolU (Lod)olsZyNL)

0C 136 JREVE]L,NJL

JoNJP=JREV

WRITE(OsL48)d0l TiloJd)olnZyNL)

ECORMAT(LIHO o * 2 g X LPLOELL /110K IPLOELL. 4})
FCRMAT(LM 'Y o3X, LPLOELL .4/ (10X LPLOELL.%))
FORMATILH 'V Jwt,[12,2Xe LPLOELL.4/( 10X 1PLOELL.S))
ECRMAT(LH o "TAUY' ) SXoLPLOELL.4/(1OX,1PI0ELL %))
FORMATILN o 'TAUL' oSXoLPLOELL4/(LOX¢LPLOELL.S))
FORMATILN 'QDOTY? yoXoLPLOELLa4/( LOX,LPLOELL®))
FORMAT( LN +°QOOT2? X, 1PLOEBLL.4/( 10X, )LPLOELL .4))
FORMAT (LY o'T Jm?,[2,2X,1PLOELL 4/ (10X, 1PLOELL.4))
[P (EX.GT.XEND) GO TO 3000

ITRN=L

X1e0X1

X2%0X+0X 1

SUMXeX1+X2

SUMXXuK 18X L #X28X2

SUMP S0P +0P1 40 P2

SUMXPeX1#0P L X 290P

OEN® 3.8 SUMXX= SUNX®SUMX

UPSLOP @ 3, SUMXP=SUMP® SUMX ) /DEN

NP JERCe (SUMP® SUMXX=SUMX® SUNXP ) /DEN
DX 10X

0P 280P L

OP1=0P

IFUISTEP.LE.2) GO TO 220
[F(OX.GE,OXF) XAMPsL.0

DXSOXeXA4P

LELISTEP, LT &) GO TO 220

OP sOPS LUP®( X2 +0X ) +OP ZERD

PSTART ad

OPOANPEU .S SEXP (=04 LLS#EX/HEIGHT)
UOLD®U(2,2)

CALL SIPSIN(O)

CALL XSAREALO) v
LYFACSFLORATOU(NT NJ )/ (CLOA=FLARATRUINL 4 NJ ) 8GASKIM/P)
LY TLANSOP Lw0POTL*OLDA/ 2YF AC

L1/36/28

Lf ]



58

Woiv 6l

Z LAY

ORIGINAL, (A 19
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UTLANSCP Le0POTLoCLDA/ELORAT
[P (LYTLANGLT S ACLMT®OLOA) LYTLRN®AC,MT®QLDA
IF (UTLANGLT.ACLMT®UCLD) UTLRN=ACLUTSUCLD

Cooes EVALUATION OF R.HeSe OF MOM, AND ENERGY EQS. osssassssusssusssssss

00 300 Js2,NJ

00 300. I=2,NI

VEJ([yd)a0.58ASJ(1)0VISCIL Lo d)/021J)

VEIULodimO.5eAST(J)eVISCI(Lod)70Y (L) ,

HTT(L o d)sVEI( L ,J)®PRLINY

300 MHTJ(T ydimVEJ(LoJ)PRLINY

0G 301 J=2,NJ

HTL{MIP o J)sHT [(NEyJ)
301 VRLINIPJ)sVFIINL,J)

90 302 [=2,NI

HYJCToNJIP ) aHT JL T o NJ)
302 VERJULJNJPYuVEJ( TyNJ)

DUL202)wU(3,2)9(SIPP(2,2) *ALPHAZ(2)SIPM(2:2)4VEL(302))¢ U(2,2)"
LUSe0SIPPL2,2)¢3.0ALPHAY(2)SINP(2,2)43.0ALPHALZI2)8SIPM(2,2)
ZALPHQZ(I"SXH"(ZOZ)‘VFJ‘Z.Z"VF!(202]°V'J(303"Vﬁl(3'2))

’U(2|3"(SIPP(ZoZ'OALPHl¥(Z"SlN’(Zozl*VFJ(203"
00 310 Ll=3,NI
310 QUL y2)mul I~] 92"(Slﬂ?'(pZ)UILPHAZ(ID‘SlNHIlt2)0VF((lel’¢
1 UGLeLo2)0(SIPPIT,2) oALPHAZ(LI)SSIPM(T,2)¢VEL(LIs1,2))e
2 U128 (2.,9SI0P(1e2) 93 0ALPHAZ(I)SSIGMIT 2)=VFI(1+1l,2)=VFi([,3)=
3 VEBLILe2)=VEJ 1020 )0UCL,3)8(SIOPLL,2)+VEIU T,D))
OC 311 J=3,NJ
311 DUIZsd) AU d)oiSIPQL2,J)oVEL(39d) ) eU(2,4)8(2,08IPO(2,J)¢

L 3.0ALPHAYLJIOSINOLZ2,4 ) =VEL (S ) =VFI 2)d ol )=VEL(2,d)=VEJ(2,d) )

2 UL2,)JoL)n(SIPPL2,:J)*ALPHAY(u 2SIMP(2,J)eVEJ(2)deLl))e
3 Ul2+Jd=Ll) S {ALPHAY(J)BSIMML2yJ ) #SIPMI2,J)eVEJ(2,4))

0C 312 J»3,4NJ

D0 312 [=3,NI

312 DUCTLJ)sU(L«LlyJ)e(SIPOLT, J”VFI‘!*le)’*U(l' oJIN(SINGLLI J)e

L VEBLUTL ) IeUl T4 J)8(SIO0IL s J)=VFI{I¢lodi=VFEJ(LoJoL)=VFI(L4d)=
2 VEJUL 9 d) ) *UL Ly d oL )8(SICGP UL pJ)oVAIL T J*L) ULy J=l)m(SIOM(I,J)+
3 VEJ(1,43))

00 315 J=2,NJ

0C 315 [!=2,Nt

315 D0(L o J)mOU(LsJd)=0P"AX{14J)

OT(2+2)aH(3,2)%(SIPP(R,2)+BETAZ(2)8SIPM(2,2)¢HTT(IV2)) or(242)0
LU240SIPP(202) #3.9BETAY(2)SIMP(2,2)+BETAZIL)®SIMUN(2,2)¢3,98ETALZ(2)
2%SIPM(242)1=HTL(342)%HTJ 293 1=HTI(292)=HTJI(2)2)) *H(2:3)®(SIPP(2,2)
1+ BETAY(2)SIMP(2,2)0HTI(203)) +USH{3,2)%(SIPP(2,2)+0ELTAZ(2)s
+SIPM(242) *VFI1342)) #USHI2/,2)®(2.%SIPP(2+2) ¢2,80ELTAYI2)wSIMP(2,2])
5 SOELTAZIL)®SIMMI2,2)+3.8DELTAZI2)®SIPM(2,2)=VFI(3,2)=VFJI(2,3)

8 ~VFI(242)=VFJ(2,2)) *USA{2+3)%( SIPP(2,2)+0ELTAY(2)8SIMP(2,2)
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AN IV Gl RELEASE 2.0 MAIN DATE = 81224 11/3¢e/20 ot

T oVEII203)) SM{Lo2)MNTLI(2,2)¢M(2,1)0NT4(2,2)
0C 321 I=)3,nN{

21 3?(!-2"8(l’lo!i‘(SlPPllyJDOCETAl(l)‘SIPN(l¢2)0HTt(l0loZ)’ .

. LG T=Lo2)0(STMP{TI,2)eBETAZIL)OSIMMIL ) oNTIIL,2) )0 M(T1,2)0(2,"
2SL0P(1v2)*3.,50CTALILI)OSIONIL2)=HTT(ToLls2)=NTJ(1o3)=riTI(],2)~
INTI(192)) *ME Lo DIO(STIOPILo2)0HTI(L,3)) *USHETL®L,2)%(SIPP(L.2)
SOELTAZ(L)OSIPMIL 2)oVELLI®Lo2)) SUSHIL=L,2)0(SIMNP(L,2)0BLTAZI[)®
SSUMMULe2) oVET(142)) SUSHIL 92)®(2,9SI0P (142193, %0BLTAZ(I)®SIOM(T,2)
SoVEIITole2)=VEIL 1 3)=VEI{192)=VEJ(L+2)) *USH(L93)@(SIOP(],2)
TVEJ(I.3)) oML lioNTJIL,2)

0C 322 Je3,NJ ,

322 OT(29d) oM 3¢J)O(STIPOL2,J)eMTTI(D0J)) *HI{2,4)0(2,081P0(20J)%3,®
LOETAYV(J)NSIMOL20J)=HT I (30Jd )=HTI(20d¢L)=NTI2,J)~KTJ(2,J))¢
ANC2odoL)® (SIPPL24JI*BETAV(J)OSINPI2,J)oNHTI(2¢d0L))* HI24d~1)®
JUOETAYIJ)IOS IMNM(20J)eSTIPMI20d)oMTI(2,d) )¢ USHIIJI® SIPOL2,Jd)e
SVEL(39d) e LUSHI2:J)0(2.,0SIPCI2sJ) D POELTAY(J)IOSINGL2,J)~
SYBL(39d)=VEII2edol)=VRI{20J)=VFI(2:J) )¢ USHI2,)JeL)o(SIPP(2)J)¢

. GOBLTAY( J)ISSIMP(2,J)0VFJ(2,d01L) ¢ USHI2¢J=L )o(DELTAY(J)®
TSIMNM(2,d) *SIPMI2,J)oVEII20d) )¢ ML JISHTL(2,J)
00 323 J®3,NJ
00 323 [=3,N]

323 OVU1 o) oMl [oL o J)O(SIPCIL ) J)OHTLI(I®L4d) )¢ HiL=loJ)O(SIMO(LJ)e
IHTIEEsd) ) e HELod)O(SI00EL o d)=HTI ([l od)i=HTJIl Lodol)=HTI(L, J)=
SHTJ(Led) ) e HET,Jol)o(SIOPLSoJ) *HTJ(Ledel))e N(ng-l)‘(SION(I,J)o
Tt ed) )+ USHE LI 4L o J I B{STPOIL »J) oVFI{ToLod)) e USHII=L yd)0(
GSTIMCUL S eVEI(Iod))o USHIT o) (SICO0(L s J)=VEI(T®LlyJ)=VEJ(l,d0l)~
SVFI (L od)=VEIILod))® USHIT yJeL)O(SIOP(L s J)eVBJlL pdel) )+ USH(T )J=L)®
SISIONILJIVEJI(T,J))

Coo[TERATIVE CALCULATICNS FCR NEW U o I 000003 SSRaRSRIIERIRSENEREEREES
CsoCALCULATIONS OF NEs VELOCITIESOssssunasssnucninssssrspass
¢0 TO 500
400 CONTINUE
00 410 Jo2,NJ
00 410 [=2,NI
VEJ(T o J) 80 . 30ASJ([)eVISCI(L4d) /021 J)
VELL{L+J)mQ,. 5®ASItJ)OVISEL(Lsd2/0YLL)
HTI(Lod)mVFEI( T oJIOPRLINY
10 HTJ(IcJInVEJIL L)) PRLINV
00 4Ll Je2,NJ
HTL{NIPyJ)sHTI (N ,J)
oll VELINIP,J)eVELIINIJ)
00 412 (w2,NI
HTJ(LNJP)aRT J( T oNJ)
6Ll2 VFI(LsNJP)aVRILL,NJ)
500 CONTINUE
Al12,2)8=SIPP(242)=ALPHAZ(2)®SIPM{D,2) +VFI(3,2)
33(2.2)32-‘SIPPI202)*3.'ALPHAY|2)'SlNP(2¢2)03.°ALPHAZ(Zt'SlPN(Z.Z)
LeALPHAZIL)INSENM(2,2)eVEI(2,&)+VFI(2,2) ¢VFJI(2:3)eVFI (3,2}

T
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515

516

s20

530
540

580
60
$72

AJ(2,2)m =SIPP{2,2)=ALPHAY(2)0SIMP(2,2)eVEJ(2,))

0GC 315 l=3,N{

Al{$12)m =SIPO{,2)=ALPHAZ(I)OS[PMIT,2)eVEL([®L,2)
Clils2)m =SIMP( 1,2 )AL PHAZ(L)OSIMM( (42)eVET(1,2)

BBIL y2)82.9SI0P( L 2) 3 . CALPHALZ(]I)®SIOM( L 2)oVFL(I0l,2)+
L YRI(Ly3beVELI UL, 2)oVESLT,2)
AJ{1e2)0=S10P(1,2)oVBJ(1,3)

CONT INUE

OC 516 Je3,NJ.

AL{204)m=S[POL2,J)*VEL{}ed)

301291 m2,8S[PCI29J) 03 CALPHAY (J)OSIMOL2,J)eVFEI(Y,J)e
L VEBJ(2edo1)oVBI{2,J)0VEI(2,J4)

AJ(29d)m =SIPPI2)J)=ALPHAY (J)OSINP(2,J)eVEJI2,J¢1) ’
Cdi2ed)m =ALPHAY(J)OSIMM(2,)J)=SIPM(2,J)oVFJIL2,4)
CONTINUE

00 520 J®3,NJ .

DO 520 [«3,NI

AL(T yJ)m=SIPOL Lsd)OVEL (L0l ,d)
Cli{lod)a=SIMO(L,J)eVET(L,yd)

S8 JdISSIOOUL JI+VEILTIXLod)+VEILL ;JoL)eVELIL  J)eVEI(Ld)}
AL yd)m=S ICPUTsJ)oVE (L odeL)
Cilod)m=STOM{TI,d)oYEI(L4d)

CONT INUE

CALL POSOLV(ALI,Cl,88,A4sC8,00,U,0U)

{F {ITRN.GT.1) GO TQ 340

D0 530 J=m2,NJ

0C 530 [=2,NIl

Ul 2 sUU( Lo d)

JO 55Q Jm2,MJ

00 $%0 i%2,N!

il yJd)m0.58(Ul [,JIU(L,d))

00 562 JuwZNJ

UINIP 1 J)mUINTIL J)

U0 570 1=2,NI

ISR FIAEVARET FIS)

UINIOWNJP)Y=UINTL,NJL)

c
CouCALCULATICMN ZF NEW ENTHALPIES S5asass et uussssesdsstassusne

old

00 510 Jw2,.NJP

Ul ola [=2,MIP

USHIET s3I w0 58U, d 18U, d)
Al1242)2=S{PPL2,2)~BETALZ(2)=SIPM(2,2)eHTI(3,2)
BB(242)82.9S1PP(2,42)+3.BETAY(2)8SIMP(2,2)+BETAZ(L)8SIMM(2,2)¢

13, 48ETAZ{2)8SIPM(2,2)oHTI (342)oHTI(2,3)¢HTLI(2,2)+HTI(2,2)

AJ(2,2)8 =SIPP(2,2)~BETAY(2)0SIMP(2,2)*HTI(2,3)
TT(242)0T(2,2)%H(L,2)"HTI(202)¢H(2,)L)®HTI(2,2)0USH(3,42)8(~
LSIPP(2,2)=DELTAZI2)8SIPMI2,42)+VFL13,42)) =USHI2,2)®(2,8S5]PP(2,2)+
23,.30ELTAY{2)8SIMPL2,2)#OELTAZIL)®SIMM(2,2)+3.,00ELTAZ(2)0S[PM(2,2)¢
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IVFIU3e2)0VEJ(203)eVETI12,2)0VEJ(2,2) )0 USHI2,3)0(=5[PP(2,2)~
SUELTAY(2)oSIUP(2,2)6VEJI2,2))

00 4LS [=3,NI

AL{L102)8=S[PP([s2)=8ETAZ([)nSIPM(Ls2)enTL(To1,2)

CI(ls2)umSINPUL 2)~BETAZIL)OSINY(L,2)oNTI(1,2)

SB(1,2)92,9SICPI1,2)03,¢0ETAZ(T)oSIOML1s2)eMTII1eL,2)0HTIII )
INYE(L s20emT i 1, 2)

AJiLs2)a=S[AP(T,2)oMTJL,3)

TTELo2)mOT I o2 oML o) OMTI(L,2)% USHII®L,2)8(«SIPP(],2)=0BLTAZI[)®
LSIPU({Ls2)oVFI (1oL o2)) % USHIL=L,2)®(=SIMP(],2)=0BLTAZ([)oSIWM{],2)»
QVELUL92) )~ USH(L12)9(2.0510P(1,2)¢3,90ELTAZ( [}oSION(T,2)¢
SVELLToLg2)0VEIIL o 3)oVRI(I,2)eVERI( T, 2))eUSHIT 3] 0(=510P(12])¢
SVF Il 1+3))

613 CONTINUE

00 olé J=3,NJ !

Al(29J)e=SIPOL2,J)emTI(2sd)

88(2,J122,05[P012+J)¢308ETAY(J)OSIMO{2,J)*HTTI3od)eNTI(20d0L)0
IRTYI(2:J)MT I 2,d)

AJL2¢d)u=S[PP(2,J)=88TAV(J)OS[MP{ 2, ) oHTI(29deL)

Cd(29d) o=BETAY(JIOSINM{,J)=SIPYI2¢d)+nTJI( 2,4}

TT(203000T{20J ) o Lod) T L(20d)% USH{IsJ)®{=SIPO(2,J)oVETL(30J) )=
LUSH(2,4)8(2,0SIPC(2)J 103, 00ELTAY(JINSINGI2:)J)oVEI(3,J)eVEI(2,J0L)e
QYET12+0d)oVFI(24J) ) USH(2)JoL)o(=SIPP(2,J)=DELTAY(J)OSINGI2,]})s
IVEJIZ0d0L) ) USHI2sd=L )0 (~0ELTAY(J)OSIMM(29J1=SIPM(2,4)e
VR J(2,d))

8§16 CONT (NUE

D0 420 Jw2,NJ

20 620 {®2,NI

Al(Lod)a=SIPOUL,J)oNTT (L0l ,d)

CleLled)a=SIMOlLod)oNTL(Ivd)

S8 (1¢J)aSI00( o J)eMTILIOL o JIeHTILT ool )eMTLI L, d2oMTIIT,d)

Adi Lo d)m=SIOP(L,,J)onTU(lsdel)

+ Colloyd)u=S{OME LoV oMTI( od)

TT(Lod)mOT{I,d)e USHITOLoJd)o(=SIPO(I J)eVRIL oL, J))eUSHITI =L, J)e
L{=SIMUCT ) oVET (L od) )=USHIL o J)o(SIORIT o) eVEIII®LoJ)eVRI(]dsl)e
AVEL( L s OVRIL Lo ) JoUSHEL ydol) (=S IOP{ LyJ)OVEJII T Jel) ) oUSHIT sd=1)m
3¢=31CMUTsJd)ovFIL L))

620 CONTINUE
D0 621 J=2,NJP
00 ol 1w, NIP
621 Hil4dlenil yd)=nll,l)

CALL POSOLYVIAL)CI  800AICIoTToMiHN)

[F (ITRN,ST.L) 30 TO 640

00 630 Ja2 NJ

DC 630 !=2,N¢

630 MUl J)mribl [od)
840 0fi oS0 Jm2 . NJ
JC 650 [e2,NI



62 £ 18
ORIGHAL ""‘“’:‘

AN v wl RELEASE 2,0 MAIN DATE = 81224 L1734/20

650 (1,180 58(HEL ddonHi1od) )oRELyL)
00 660 Je2,NJ
660 HINIP s @n(NIL )
DO 670 (=w2,NI
LT0 HEToNIPIuH{T,NJIL)
HINLP JNJIP) oM AL Lo NIL)
00 1100 J=2,NJP ’
00 1100 [=2,N1P
1100 THI,Jd ol LoJ)eCPIMY

Cen CMVERGENCE c"gc“sﬁ”'“-‘“..“..”..-“.‘..'D.".."..‘.‘.‘.‘."‘..-

CALL 101YDY
ICORaZ(NJ) ~HELGHT
YCORaY(N{)<wlOTH )
UCHEKaU(2,2)=-UCLD
UCHEK=ARS ( UCHEK)
ZYCHER®ABS (Wl OTHSLCOR ) *ABS  NE IGHT »YCOR)
IF(UCHEK.GT ,UTLRANIGO TO 9%0
IFP(IYCHEK LT ZYTLAN) GO TO 10O
UPCURe={ ICORSWIDTHOYCOROHEIGH T ) O LYFAC/OLDA
OPCORSUPC CR®OPOAMP
QP=OP+CPCOR )
00 940 Je2,NJ
00 940 [=2,N]

560 VOLL Jd)mOULyJ1=0PeAXIT, )

95Q [F(ITRN.GT.MAXIT) GO TO 2100
UoLDO={2,2)
CALL VSCSTY(O)
1TANS[ TRN+ L
w0 TO 400

2100 WR[TE(S,210L)

“ 2101 PORMAT(/ y1X, ' onVELOCITY-PRESSURE [TERATIONS EXCEEDED THE LIMIT SET
1 8Y MAX[Tesssonsssssse’ )

3000 CONTINUE

sTQ?
L ]0]

+

L4
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RELEASE

10

19

3]

0

150

‘00 150 l=2,M(P

- .o

Y s e g N
0R“5~5¢n7 M N . 3
* o

OF PUGA 2 ti.y

»

d09 STARY DATE = 81224 11736729

SUSRCUTIME START
COMMON/COML/U(25+029) 9 T(25,25) o1 25929) )RANCI259258) yUSH(29429)
COMMON/COM2/2(25),NLI25),Y(25) 4LV (258}
COMMON/COMI/NJ oNJL oNJZ «NJPoNLoNTL o NI NTPINBLZ JNBLY $DX
COMMON/CONS/UCNTRoTCNTRyTWALLLZ ¢ THALLY s P,AINV VZIERQ, TZERC,EXPV,EXPY
CRANCN/CUMO/AN(25:25) 9 ASS(29) ,A81(2%)
COMMCN/CCME/ MELGNT yu IO THeHSLOPE, wSLLPE »OLDAL ASPR
CPe1003,.9

I3Lw0,)
VISKIN®VZERC®( 300.0/TIERQ) swEXPV/ {POR INV/I00 .0
FNJSELCAT INJ)

U2l2=1200.0VISKIN

00 10 lsl,NIP

fHCtt,l)=1,0

Tilsl)laTaALLZ

M{l,limTwALLZOCP

USH(I,1)=0.0

Ullel)e0,0

00 LS Jsl,NJP

#hQlled)ewl,0

T{led)eThALLY

HileJdioThALLYSCP

USH(l,J) 0.0

Yilesdiegded

ii1)=0,0

0Ll(1)s0.0 ) )

UL29 (UCNTRSSEXPUSULI/IBLI®O(L /L, *EXPU))
UZ28(10.,00%0€ XPYLYRI2/2BL)%®(1./( L. »EXPU))
Li2)s2L2/Ul2

DZi2)=sZ{2)=1(1)
EXPGaALOGIHEIGHT/2(2)=1.)/ALOGIFNJ/ 3.)

0G 20 Jw3.NJ

FJeELCAT(J)
C(INli2)o(HEIGHT=L{2) )8 (FJ/ENJ)SOEXPG
DZiJ)olld)=Tld=])

UC 30 la=],N!

Y(l)aZ{L)®ASPR

CY(1)=QZ([)®ASPR

0C 150 J=2,NJP
RHQL[sd)ml 0
T(lsd)aTCNTR
H(l,J)eTCNTReC?

USH( L+ J)®0.58UCNTROUCNTR
V([ +J)®UCNTR

RETUAN

ENOD

?
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AN IV Gl

ORI AL s - ,; %;3
OF PGCR Q'

AELEASE 2.0 XSAREA DATE » 81224 11/73%6/29

SUBARQUT INE XSAREA(NP)
CCMMON/COML/UI25+25),T125,25) o HI253+25) JAHO(29+29),JSHI29,25)
COMMCN/COM2/2(29),02429),Y129),0Y(25)
COMMON/CCMI/NS o NJLINJ2INJP o NT «NIL INEQoNEPNBLT W NBLY 40X
WCMNON/CONG/ AX(25028) , ASJ (25) 4 AST(29)

e COMMON/COMS/ HELUNT ol (OTH A SLOPE yWSLOPE sCLOA 4 ASPR

Cos CALCULATION UF NEW ‘OUST CROSS~SECTION sesssvesssssssssan
HEIGHTeME [GHT +HSLOPESOX
RiOTHeW [DTHNSLOPESOX
SLCASHE IGHTeW[DTH

Cos SUREACE AREAS FOR D)ol 080000RESIEIWINSEENeIsSe
ASJI2)miY(3)eY(2))90,8
0O 10 [=3,N([]

10 ASJ{l)m{Y([oLl)=Yil=l)) w0,
ASJINL)S{YINL)=Y(NIL))
ASLi2)m({Z(3)*2(2))%0,.5
00 20 Jwi NJL

20 ASLUJIm{Z(yoLl)=2{J=1))90.9
ASTINJIO(ZINSI=TINILY)

Con CROSS=SECTIONAL AREAS tusvesessansssssseussssss
0C 30 Je2,NJ
00U 80 [w2,NI

SO AX({l,J)eASJIL)mASI(J)

Co® SUNFACE AREAS SH0SEsIsassessisiesustsssssssevnes
D0 &0 Iw2,NI
ANJUTI®AS J( L) oD X
0 635 J=2,NJ

65 ASI(JImASI(J)oOX
RETURN
ENO

I ——

2,
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20
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ORIGINAL F/QT 18
OF POOR QUALITY

2.0 SIPSIN DATE » 81224 t11736/29 P

SUBACUTINE SIPSIMiNP)

CCMMON/CONML/UL2%+2%),T(25
CCOMMON/CON/T1 281 02(29),
CUNHON/CONI/NJ INJL NI INJ
COMNMON/CONG/SIPP123,29),5
LySIPC(2%5,29),81M4C(25,29),

125 e M(29:2%) JANOI29,29),USH{25429)
vi2%),0Y{(29)
PoNFeNTL)NIZINIP,NELZ yNBLY,OX
INP(29+25) ,81MNI29+29) 0 SIPM(25,25) FLORAT
SINPL29,29) ,SICM 25,29),51C0129,29)
COMMCN/CGAS/UCNTR s TENTR s TnALL Lo THALLY o P yRINV VIERD,TZERC) EXPV, EXPY
COMMUN/CONG/AX(29+29) 1ASJI23),AS1(29)
CONMON/COMT/ALPMAY(29) JBETAY(29) JOELTAY (25 ) GANMAY(29), ALPHALL2S) »
LBETAZ(25) JOBLYAZI29) oGAMMALZI28) s VISCI(25429),VISCI125,28)
COMMON/CCME/MEBIGHT oW LDTHoHSLOPE ,WSLIPE,OLDAy ASPR

OIMENSION RU(29,23)

DLINJP)I®OLINJ)

UY(NEIP)SOY(NT)

PEEnl /06,

MOl2002(2)/32.

HOY2s0Y(21/32, ,

1'Sy BXCEPT SIMM(2,2)y REDUCED BY & TO ABSORD 1/6 APPEARING IN FOEe
00 .10 Je2,NJP

00 L0 [=2yNIP

ARULT o JISRNO( T J)OU(L 4 d)

SIMM{2,2)aGAMMALLIL)IPRUIZ,2)0Y(2)02(2)
SIPP(20&)®(2.0RUI2,2)*RUII2)*RUI2,3) ) oCY({3)002(])mEER
SIMP(202)9GAMMAY {2)9(3,0RUI2,2)*RU(2,3))ONDY2°0L(3)
SIPML2,2)uGAMMAZI2)0 L 3. 6RUL2,2)0RULI,2)100Y(3) 0022
FLORATASIPMI2,2)9SIPP(2,2) oSIVP(2,2) 08 IMM{2,2)9C. 28

0C 20 [=3,Nl , ,
SIPPII,2)8(2.0RUCL12)0RULLOL,2)0RU(T9I))eNY(Lo1)e0L(3)0FEE

SIMPLL 208 (2.0RU(L,2)2AULT)I)*RULI=L,21)00Y(1)002(3)OFFF

SIPM(L 2) sGAMMAZ(1)®(3.0RU(L,2)*RULI(=1,2))00Y(T)®4022

"STPMIT s2) GAMMAZIL)O (I . SRULTII2)ISRULI®L,2))00Y([ol)oND22
FLORATOFLORATOSIPPIL ,2)oSIMP (121 oS IMMIT,2)STPM(],2)
PLORATOPLORAT=SIPMINT 4 2) =SIPP (NI 4+ 2)

DU 30 J=d,NJ
SIPP(2,J)9(2,0RU(2,d)*RUII o J)*RUI2,J¢L))80Y(3)002(JsL)SFFF

SIHP I 2,J)m3AMMAY (IO (3 oRUL2:J)*RUI2,J¢L))oHOY20L(JsL)

SIMYC204) SGAMMAY(JI®( I, BRUI29J)GRULIZ2sd=1))0HDY200L(J)
SIPMI20Jd)0(2.0RU(24J)¢RU(2)d=L)*RULDpJ))O0Y(3)002(J)*FFF
FLORATSFLORATHSIPP(2,J)eSTMP(2,J) +SIMMI2,J)¢SIPMI2,J)
FLORATOFLORAT=SINP{2/NJ)=SIPP{2,NJ}

00 40 JmIyNJ

0C 39 [=3,NI
SIPP(1oddni2.0RULT)J)*AUIIOL JIPRUIT JeL) IOT(JoL)OY([oL)RFFF
SIMP (Led)m(2,8RULToJ)*RULT=1yJd)eRUCI JeL))1002{J*L)8DYI] )OFFF
SIMM(Lod)ol2,0RUILsd) CRUIT=LoJ)ePU(ToJ=L))002(J )20Y(] )®FFE
SIPM(12J)8(2.,0RULL JISRUITLSL ) JIPRUITyJ=L))o02(J )POY(IsL)®FFF
FLOKATOELORATOSIPP(Lod ) eSIMPLL J)¢SIMM( Lod)eSTIPMLT,J)
FLOKATSELORAT=SIPP (NI ¢ J)=SIPMINL,J)

]
)y
oN
23
(2
2y
Y )
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Ay el

RELEASE

50

63

70
100

. ® T 3 p
a® R Pj 4 PR |
5

GR:G" o ar s

PR

OF P:&Un {gnj een s ¥

2+C SIPSIN DATE » 51224

tu 50 Lsd Nl

ELORATOBLIOAAT=S{MB([ 1) =SIPP(LyNJ)
FLORATSPLORAT ¢S TPPIN{ s NJ)
FLORATFLORAT®4,

00 39 Ju2,Nd

IR

SIPO(L o) mSIPP (1,30 eSIPM(L,J)
SING(1od)mSINPE{,J)PSTNNIT ¢ d)
SICP(Lyd)uSIPA(sd)eSINPIL pd)
SLOM(Tod) wSTNM( [od ) oS IPME T, Jd)

SICO(S 1 d) 2.0 SIPOIL,d)eSINGLT i) )

IFINP NE,L) GC TO 100

WAITEL6,63) BLCRAT

FOANAT(LM ,'0e®ELORATS?, LAELL.4)

00 70 JREVsl,NJL

JONJIP=JREY
WRITE(6065)Js (SIMPLLod ), SIPPLLII) 102 NT)
wRCTE(6 9651 dy (SIVM(Lod)oSTAMITod)y In2,NT)

PORMATULH o' Je' 12,3 LPLOELL.H/CLIR,LPLOELLA4))

RETURN
END

11/736/20

2,



ORIGINAL PAGE 15
OF POOR QUALITY

iAN fv G FRELEASE 2.0 I0LYDY DATE = 91224 1172728

’ SUSKOUTINE 2DLYDY
CONMON/COML/U(29,25) 9T (2954291 yH125+25) oAHO(29,25) ,USH(25,25)
COP“ONICQK!/!‘?”-O‘(Z"9'(2"vOYlZ’)
CONMON/CONI/NJINJLoNJZ oNJPoNT o NTL NI IP,NOLZ s NBLY,OX

) CDPHONICDN#ISIP'(25025'05!N"25DZ5’951‘”(2502!’oSlPN‘Z’oZ!’-FLD.‘?
LoS1PO(29+25)+SIM0OL25¢25)+S10P125:25),510M(25,25),5100(2%,25)

COMMON/COMS/UCNTR, TGMH TR, TWALLL s TWALLY o yRINV o VI ERQ, TZERD, EXPV  EXPY
COMMON/COMG/ AX(29+23)0ASS(2T)0AST(29)
COMMON/COMT/ ALPHAY (25) oBETAY(25) oy OELTAY (25 ) sGAMMAY (25) )ALPHAZ(29),
L1BETAZI29) 0BLTALZI2S)sGAMMALI2S),VISCLI(29+29)sVISCJI129,25)
COMMON/CIOMO/HEIGHT yu IDTH)ASLOPE,wSLOPE ,QLDA ¢ ASPR
DIMENSION RU(29,25)+G(25+251)
00 10 Jed\NJ
0C 10 [=2,N!
10 RUEL o d)oRHQ(LEoJIoULT,d)
SUnaQ,.d
00 20 [=3,NI
20 SUMe SUMSS IPM( L=1,2)/030RULE=1,2)*RULT +2))/GANMAL( L=t )eSINM(],2)/
L (3.0RU(1,2)eRULTI=L102))/7GAMMALLL)
DZ42)m3IMMI2)2) /GAMMALIL) /RU(212) 2L b.2SUN
00 29 Iw3,Nl
00 &3 Je3,.NJ
28 GULoJ)mSIMMILd)/12,00U( o d)oRULTI=Lod)oRULTvd=1))oSIPMII~1,J)/
LEZ2eORULI=L,d) SRUL [ JORU(T =L gd=L) ) *SIPP(I=1yJd=1)/(2.0RU([=Lod=1)oR
2U (e d=l) CRUI L=l g J) D oSINPL L o d=b )} /1 2.%RU(L pJ=L)oRUCT=1 ).}~ ) oRULL4d))
00 39 Jed,NJ
$UM®0.0
OC 30 Le3, NI
30 SUNSSUMSGI I J)
SUMSSUMOS T M2 ,4)/(3.0RUI2)J)SRUI29J=L))/CAMNMAY(J)oSTNP(2,J=1)/
L (3.8RUI2,d=L)sRULI2:d))/GCANMNAY(J=1)
35 0Z(J)eSUNels,
SiLNeQ,
0C &0 Je2,NJ
40 SUMe SUMeDL( J)
YNIsl./(SUMSASPR)Se0,S
00 45 Jed,NJ
DatJ)=QZiJ)eYNIL
6% Lt Jd)elid=1)+02(J4)
SUMwO,
DC &7 Jel,NJ
67 SUMASUMSSIMP(2,d=L)/ 13RUI9J=L)RUI29J))/GANMAY(J=1)+STMM(2,J)/
1 (3.%RU(20J1#AU(29J=L))/GAMMALZ(J)
OY(2)®SIMM{2¢2)/GAMMAZIL) /RUC2+2) 2 16.05UM
00 %5 (=3 Ml
SUMEQ,.
D0 50 Je3,NJ
50 SUMeSUMeG (!l .J)

R R A S R BRI
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ORIGIMAL WFEL
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OF PCOV €775

-
0
awons

P

RELEASE 2.9 Zozvoy OATE = 31226 11736728

SUMSSUMSS IMMIT 020/ (30ORUCT42) eRUIT=1y2) ) /GAMMAZI L) #SiPYM( [=Ly2)/
1 (3,5RUCT=4,2) eRUIL+2) ) /GANMAZ(L=1)
55 OV(lleSuM®lé,
StiNe0,
CC 60 1@2,NI
60 SUMESUM*OY( ()
IN[wLl./(SUM/ASPR 800, 3
0C 65 [#2,Nl
OY (1) eOY( JieZNI
uS YL wy(I=0)e0Y(I)
RETURN
ENO



ORIGINAL Py g,
OF POOR QUALITY

YAV ui  RELEASE 2.0 vsCsTY CATE = 81224 11736728 P

SUBRGUT INE VSOSTYINRY
COMMON/COM)L MY 259290 9 TU25925)0M(2%9,25) /PHOL29,25),USH(29,29%)
COMMON/COMYT M s ML oNJ2 oNJP oNT oy NTL JNT2oNLP, NBLZoNBLY DX
. * GOMMGN/COR T/ &4, 0mAY(29) yBETAY(29) sOELTAY(29),GAMMAY(25), ALPHAZ(2%)
LBETAZ(29) sORLTAZI2%) oGAMMAL(25) yVISCL(29,29),VISCIL25,29)
MuaLLesM{l, 1)
CL & Jal,NJ
00 40 L=l Nt
VISCtil,4)e0,000018
«Q VISCJ(1,J)=0,000019
RETURN
END




AN 1Y e

KRELEASE

ORIGINAL PACE LG
OF POOR Qu.suw

2.9 MnsoLy DATE = 81224 ). {36728

SUBROUTINE POSCLV(AL,Cl 3B AJoCIoODyXyXX)
CCOMMON/COMI/NY «NJLINJZ o NJP NT o NTLyNT2,MIP,NBLZ/NBLYOX
DIMENSICNAL129+25),C1125425),808(2%,258)/,AJ(25,29),CJ125.29%)
L oCR(2%,28)oX0254029) 0 XX125425)00(25),E(29),F(25),8(25)

L** ACUTINE SCLVES THE PENTAOIAGCNAL EQS. B3Y A=D=! METHCD essovessssssss

50

130

110

120

200

219

223
300

N T 7 kg,

00 50 (=l,Nlp

DQ 50 Jsl NiP

AX(Led)mX(14:))

00 300 NN=Z,iuJ

J NN

00 130 1=2,N1}

QULImdQUT o d) eXX T pd=L)oCdiLod)oRXTILod*L)®AJC]4J)
€(2)sal(2,4)/88(2,J)

F(2)20(2)/88(2,4)

vd 110 I=3,NL}

DENwBB{ [y J)=Clil,J)0L(T=1)

€1 =AL(1,J)/0EN

FlU)n(OUL)»ClLod)oF{ 1~ ')IDEN ,
XXUNLod)m (OUNL)eFINILISCAL(NIGJ)CTINT S D)/ (BBINT,JI=E(NIL)®
L (ALINT2J I 4G TINT L))

00 120 N=L,NI2

[eN(=N

AXEE J)mEL LIeXX{TeLod)+F( L)

T wNN

00 200 J=2.NJ

Q€41 =00{ Ly J)eXX(I=Lpd ) PCLUT o) eXX 1oL d)WAL(10d)
E(2)=AJ(1,2)/88(1,2)

Fi2)=0(2)/98(1,2)

0 21y J=3,NJ1L

OEN=BB( [, J)=CJl L J)SE(I=1)

E{J)=adil +J)/DEN

FlJIa(DIJ)+CUl L J)wF(J=1))/DEN
XXULoNJIS(OINJYPEINILI SEA (L NJIeCI T NII) I/ (BBCT,NII=E(NJL)"
L (A UT NI ) #CIL TN )

0C 220 N=1,NJ2

JENJ=N

XX(1 o) sE(J)mXX( Lo dol )of (J)

CONTINUE

L ETURN

END
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