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A COMPUTER PROGRAM FOR CALCULATING VELOCITIES AND STREAMLINES FOR
TWO-DIMENSIONAL, INCOMPRESSIBLE FLOW IN AXIAL BLADE ROWS
by Theodore Katsanis

Lewis Research Center

SUMMARY

A FORTRAN computer program was written that gives the solution of the two-
dimensional, incompressible, ideal flow problem for an infinite cascade of blades, or
equivalently, a two-dimensional, circular cascade of constant radius, as in an axial-flow
turbine. The computer program requires only the basic cascade geometry as input. The
output includes streamline coordinates, velocity magnitude and direction throughout the
passage, and the blade-surface velocities. The method is based on the stream function,
with the solution of the simultaneous, linear finite-difference equations being obtained
iteratively by using successive overrelaxation, with an estimated optimum overrelaxation
factor.

This report includes the FORTRAN computer program that was developed, with a
complete explanation of the equations involved, the method of solution, and the calcula-
tion of the velocities. A sample problem has been included to illustrate the use of the
program, and to show the results that can be obtained. The program results are in good
agreement with experimental results at low Mach numbers. It isconcluded that reason-
able results can be obtained if there is little variation in density.

INTRODUCTION

In the design of blade rows for turbines or compressors, it is desirable to obtain the
velocity distribution through the passage and particularly over the blade surfaces. The
trend to highly loaded blading results in more widely spaced blades with less of the pas-
sage being within a guided channel between the blades. Methods are available at present
for obtaining the velocity distribution within a guided channel; however, new techniques
must be developed to extend the solution to the unguided portion of the passage.



For a compressible flow problem, this solution is difficult to obtain analytically. )
However, a useful first approximation can be obtained based on the assumption of two-
dimensional, incompressible, ideal flow for an infinite cascade of airfoils. Even though
the actual velocities may not be accurate, large local variations in velocities will be evi-
dent. In addition, an approximation to the actual stagnation streamline location can be
obtained, which is useful in obtaining solutions based on guided channel flow.

The two-dimensional, incompressible flow problem can be solved by finite-difference
methods using the stream function, as discussed in references 1to 4. However, the pro-
cess of setting up the equations is extremely tedious, and the solution of a large number
of simultaneous, linear equations requires the use of a high-speed computer. It appears
at the present time that there is no generally available program which would automatically
set up the equations and solve them.

For these reasons, a computer program for axial-flow blade rows has been written
that requires only the basic geometry of the cascade plus upstream and downstream flow
angles as input. This program obtains a numerical solution for the entire passage based
on the assumption of two-dimensional, incompressible, ideal flow. Specifically, accu-
racy is limited to cases with small changes in density. The output includes streamline
coordinates, velocity magnitude and direction throughout the passage, and blade-surface
velocities. This report includes the FORTRAN computer program that was developed,
with a complete explanation of the equations involved, the method of solution, and the
calculation of the velocities. A stator blade of low solidity has been analyzed to illuus-
trate the use of the program, and these results are compared with experimental results.
This report is organized so that the engineer desiring to use this program needs to read
only the sections MATHEMATICAL ANALYSIS, NUMERICAL EXAMPLE AND COMPARI-
SON WITH EXPERIMENTAL RESULTS, and DESCRIPTION OF INPUT AND OUTPUT. If
a programmer is used to assist in the use of the program, all necessary information of
interest to the programmer is contained in the sections DESCRIPTION OF INPUT AND
OUTPUT and PROGRAM PROCEDURE.

SYMBOLS
A coefficient matrix (eq. (A6))
ag,2y,39,  coefficients in equation (A1)
a3:34
B matrix A -1
Ac space between two closely spaced streamlines




hl’ 1]2 2 h3,

—

e

[

Au

spacing between adjacent points (eq. (A1), see also fig. 13)

identity matrix

constant vector (eq. (A6)), =
k
n
coefficient matrix of equation (A7)
number of unknown mesh points
tangential blade spacing (fig. 2)
thickness of stream channel

stream function

"1
discrete approximation to stream function at n mesh points, =
Un
uy
m'® iterate of u, =
u

change in stream function value corresponding to Ac
normalized fluid velocity (fig. 1)

actual fluid velocity

weight flow through stream channel

weight flow through portion of stream channel defined by Ac
coordinate in tangential direction (fig. 1)

coordinate in axial direction (fig. 1)

outer normal {¢ region

density of fluid

spectral radius of matrix

angle of flow, measured from axial

overrelaxation factor (eq. (A7)



Subscripts:

i

in inlet or upstream

j dummy variable

out outlet or downstream

X component in tangential direction (fig. 1)
Z component in axial direction (fig. 1)
Superscript:

T transpose of vector or matrix

or compressor.

dummy variable

MATHEMATICAL ANALYSIS

It is desired to determine the flow distribution through a cascade of blades. The
case considered here is a circular cascade of axial blades, such as an axial-flow turbine

It is assumed that there is no change in radius in the stream sheet, and

that the radial spacing between stream sheets is constant. These assumptions make it
possible to treat the flow the same as if the cascade were a two-dimensional, straight,

infinite cascade (fig. 1).
irrotational, and isentropic.

The flow is assumed to be steady, incompressible, nonviscous,
For the solution, a finite region is considered, as indicated

in figure 2, with the condition that the flow along AB is the same as along HG, and the
flow along CD is the same as along FE. Also, it is assumed that AH is sufficiently far
upstream so that the flow is uniform along this boundary, and that the flow angle is known.

Tangential direction, x

N

w‘

Axial direction, z

Figure 1. - Two-dimensional infinite cascade.

Similarly, it is assumed that the flow is
uniform along DE, and that the flow angle
6
eout
of experimentally determined rules.
Specifying 6 out along DE is mathemat-
ically equivalent to specifying the location
of the stagnation point on the trailing edge
of the blade.

For the mathematical solution of the
problem, the stream function is used.
The assumptions that the fluid is irrota-
tional, incompressible, and ideal, lead

out is known. For an actual blade row,

may usually be determined by means

to the equation

2 2
9_‘2‘+§_‘1=0 (1)
0z axz



—_— -

. Vf 9:
Uniform in Uniform

flow S flow

;ieout

v

b

Figure 2. - Finite flow region.

Equation (1) has a unique solution satisfying the boundary conditions implied by the physi-
cal conditions mentioned in the preceding paragraph.

The stream function is defined to be equal to zero along BC and equal to 1 along GF.
For a normalized flow of 1 unit of volume per unit of time, with a unit thickness of stream
channel, the normalized velocity components are given by

ou
vV =-2
X oz
(2)
ou
v = 2=
z 0X

All velocities obtained are normalized velocities.

Since equation (1) is elliptic, boundary conditions for the stream function on the en-
tire boundary ABCDEFGH are required. Along BC, u = 0; along FG, u=1. Along AB,
GH, CD, and EF, a periodic condition exists; that is, the value of u along HG and FE is
exactly 1 greater than it is along AB and CD. Along AH and DE, du/dn is known, where
n 1is in the direction of the outer normal. It can be seen that Vz = 9u/9x =[u(H) - u(A)]/s
=1/s along AH and DE. Since VK/Vz =tan §, where 6 is the flow angle, it can be used
in equation (2) with the following result:

~
tan 6,
(a_u.> = 1N along AH
91/in s [
(3)
tan 9

<.a_‘i> =- % long DE

M/ out S J



These are the required boundary conditions to determine a solution to equation (1). After
computing a numerical solution to equation (1) in a given flow region, the velocity at any
point can be computed from equation (2) by using numerical differentiation. The stream-
lines are located by the contours of equal stream-function values. The method used for
the numerical solution of equation (1) is described in appendixes A and B.

To obtain an actual velocity W, three more quantities must be known, the density p,
the thickness of the stream channel t, and the corresponding weight flow w, flowing in
the stream channel. The normalized velocity V, between two closely spaced streamlines,
with space Ac, is given by V = Au/Ac. The actual velocity is given by W = Aw/(pt Ac).
Since Au = Aw/w, the actual velocity can be written as

w=>vy (4)
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Figure 3. - Mesh used for numerical example. Numbers are mesh point indexes (I in program). There are 840 unknown mesh points.
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TABLE I, - INPUT FORM WITH DATA FOR NUMERICAL EXAMPLE

[Top row of numbers are card column numbers, ]

1 10]11 2021 30131 40) 41 50|51 60(61 70171 80
PITCH CHORD STGR THETAT THETAOQ DTLR
1.6336 1.679 -1.451 0. -67. .0001
1 1011 20121 30]31 40|41 50|51 60
| RT ALUT ALLI RO ALUO ALLO
.15 28.3 -14.2 .035 -72.4 -56.1
1 St6  10]11 15116 20[{21 25[26 30[31 35
MXBI |[MXBO MX [NBEBI [NUSP [NLSP [NINT
15 32 46 20 7 6 5
1 10J11 20121 30131 40141 50|51 60|61 79
ZU _ARRAY ——»
[.3376 .6752 1.0128 1.3504 1.5192
1 1011 20121 3031 40}41 50|51 60[61 70
! XSPU_ARRAY —»
[.230 .200 -.069 -.605 -.962
1 10]11 20]21 30131 40141 50|51 60
ZL ARRAY ———»
[.33786 . 6752 1.0128 1.3504
1 1011 20[21 30131 40141 50[51 60
XSPL, _ARRAY —w
[1.4305 1.2626 .9745 .5611
1 5|6 1011 15]16 20]|21 2526 30131 35]36 40141 45
BLDATA [NULAKT | ERPRT| STRFN| SLCRD| SLPLT [ARPRT | INTVEL|SURVEL
1 1 1 1 1 1 1 1 1
1 10411 2021 30]31 40]41 S50
W WR TOLER BDA BDD
0. .00001 .000001 0. 2.




TABLE II. - STREAMLINE COORDINATES

z~coordinate

Stream function

x-coordinate

Stream function

x-coordinate

Stream function

x-coordinate

-1.3827059
-1.2839411
~1.1851764
-1.0864117
-0.9876470
-0.8888823
-0.7901176
-0.6913529
-0.5925882
-0.4938235
-0.3950588
-0.2962940
-0.1975293
-0.9876463E-01
0.7264316E-07
0.9876478£-01
0.1975295
0.2962942
0.3950589
0.4938236
0.5925883
0.6913530
0.7901177
0.8888824
0.9876471
1.0864118
1.1851765
1.2839412
1. 3827059
1.4814706
1.5802353
1.6790000
L. 7777647
1.8765294
1.9752941
2.0740588
2.1728235
2.2715882
2.3703529
2.4691176
2.5678823
2.6666470
2.7654116
2.8641763
2.9629410

3.0617057

0.2000000
0.8000000
0.2000000
0.8000000
0.2000000
0.8000000
0.2000000
0.8000000
0.2000000
0.8000000
0. 2000000
0.8000000
0.2000000
0.8000000
0. 2000000
0.8000000
0.2000000
0.8000000
0.2000000
0.8000000
0.2000000
0.8000000
0.2000000
0.8000000
0.2000000
0.8000000
0.2000000
0.8000000

0
0.6000000
[+]
0.6000000

0
0.6000000
0
0.6000000

[+]
0.6000000
0
0.6000000
[
0.6000000
0
0.6000000
0
0.6000000
0
0.6000000
0

0.6000000
[}
0.6000000

[o]
0.6000000
[

0.6000000
0
0.6000000
[
0.6000000
0

0.6000000
0

0.6000000
0.2000000
0.8000000
0.4000000
1.0000000
0.6000000
1.2000000
0.6000000
1.2000000
0.8000000
1.4000000
1.0000000
1.6000000
1.0000000
1.6000000
1.2000000
1.8000000
1.4000000
1.9999999
1.6000000
2.1999999
1.6000000
2.1999999
1.8000000
2.3999999
2.0000000
2.5999999
2,0000000
2.5999999

0.2828171
1.2610173
0.2828164
1.2610173
0.2829707
1.2608900
0.2833027
1.2606169
0.28386t2
1.2601577
0.2847287
1.2594437
0.2860345
1.2583671
0.2879749
1.2567629
0.2908439
1.2543811
0.2950752
1.2508475
0.3012871
1.2456138
0.3102825
1.2379232
0.3228580
1.2268676
0.3391626
1.2116756
0

0.8883994
0.1425515
0.8737967
0.1878169
0.8557513
0.2204743
0.8335885
0.2388816
0.8065076
0.2414688
0.7736225
0.2267293
0.7339860
0.1931579
0.6865851
0.1390832
0.6303272
0.6242253€-01
0.5640146
-0.3896921E-01
0.4863461
~0.1666834%
0.3960013
~0.3174163
0.2919446
-0.4853115
0.1740957
~0.6647861
0.4376124€-01
~-0.8688387
-0.1015228
~1.1354732
-0.2686955
~1.4509354
-0.4571657
-1.3349311
-0.3740317
-1.2328247
-0.2844415
-1.1376492
~0.1894631
-1.3871769
-0.4082030
-1.2885423
~0.3157693
-1.1927978
-0.2214419
-1.4304440
-0.4493716
-1.3347470
-0.35560725
-1.2398961
~0.2621114
-1.1455710
-0.16782134
~1.3794466
-0.3994780
-1.2850309
-0.3056053
-1.1907387
~0.2116467
~1.4240814
~0.4438053

0.4000000
1.0000000
0.4000000
1.0000000
0.4000000
1.0000000
0.4000000
1.0000000
0.4000000
1.0000000
0.4000000
1.0000000
0.4000000
1.0000000
0.4000000
1.0000000
0.4000000
1.0000000
0.4000000
1.0000000
0.4000000
1.0000000
0.4000000
1.0000000
0.4000000
1.0000000
0.4000000
1.0000000
0.2000000
0.8000000
0.2000000
0.8000000
0.2000000
0.8000000
0.2000000
0.8000000
0.2000000
0.8000000
0.2000000
0.8000000
0.2000000
0.8000000
0.2000000
0.8000000
0.2000000
0.8000000
042000000
0.8000000
0.2000000
0.8000000
0.2000000
0.8000000
0.2000000
0.8000000
0.2000000
0.8000000
0.2000000
0.8000000
0.2000000
0.8000000
0.2000000
0.8000000
0.2000000
0.8000000
0.4000000
1.0000000
0.6000000
1.2000000
0.8000000
1.4000000
0.8000000
1. 4000000
1.0000000
1.5999999
1. 2000000
1.8000000
1.2000000
1.8000000
1.4000000
1.9999999
1.6000000
2.1999999
1.8000000
243999999
1.8000000
2.3999999
2.0000000
2.5999999
2.2000000
2.7999999
2.2000000
2.7999999

0.6087984
1.5889378
0.6087982
1.5889375
0.6088455
1.5889825
0.6089464
1.5890793
0.6091133
1.5892419
0.6093656
1.5894939
0.6097304
1.5898719
0.6102414
1.5904310
0.6109357
1.5912533
0.6118429
1.5924602
0.6129625
1.5942300
0.6142236
1.5968190
0.6154226
1.6005786
0.6161498
1.6061686
0.3572025
1.1919836
0.3754763
1.1691997
0.3887673
1.1430696
0.3956983
1.1130518
0.3946070
1.0780016
0.3838285
1.036884%4
0.3616488
0.9888542
0.3264130
0.9331863
0.2765197
0.8691821
0.2101129
0.7960975
0.1251964
0.71304878
0.1996823E-01
0.6191841
-0.1065226
0.5134198
-0.2536652
0.3952740
-0.4196129
0.2659561
-0.6027053
0.1305427
-0.8090605
~0.8672454€E-02
-1.0549767
-0.1790342
=0.9744606
-0.7852054€-01
-0.8922524
0.3226341€-01
-0.8078439
0.1428416
-1.0454709
-0.9117272€-01
-0.9543028
0.7962946€-02
-0.8631470
0.1062508
-1.0985718
-0.1261838
~1.0050443
-0.3071414E-01
-0.9117384
0.6456540€E-01
-0.8184018
0.159%169
-1.0515175
-0.7343548E-01
-0.9575694
0.2093099¢-01
-0.8636367
0.1152406
-1.0964792
-0.1176743

0.6000000
0.6000000
0.6000000
0.6000000
0.6000000
0.6000000
0.6000000
0.6000000
0.6000000
0.6000000
0.6000000
0.6000000
0.6000000
0.6000000

0.4000000
1.0000000
0.4000000
1.0000000
0.4000000
1.0000000
0.4000000
1.0000000
0.4000000
1.0000000
0.4000000
1.0000000
0.4000000
1.0000000
0.4000000
1.0000000
0.4000000
1.0000000
0.4000000
1.0000000
0.4000000
1.0000000
0.4000000
1.0000000
0.4000000
1.0000000
0.4000000
1.0000000
0.4000000
1.0000000
n.4000000
1.0000000
0.4000000
1. 0000000
0.4000000
1.0000000
0.6000000

0.8000000
1. 0000000
1. 0000000
1.2000000
1.4000000
1.4000000
1.6000000
1.8000000
2.0000000
2.0000000
2,2000000
2.3999999

243999999

0.9343205
0.9343207
0.9341995
0.9339404
0.9335084
0.9328464
0.9318694
0.9304561
0.9284417
0.9256102
0.9216915
0.9163676
0.9092884
0.9000907

0.6157414
1.6335998
0.6132330
1.4926214
0.6075340
1.4678576
0.5974513
1.4428377
0.5A17730
1.4104352
0.5592464
1.3677690
0.5285581
1.3147966
0.4883344
1.2515562
0.4371329
1.1780625
0.3734106
1.0942724
0.295%329
1.0001342
0.2019297
0.8955583
0.9149652E-01
0.7801226
-0.3619862E-01
0.6532318
-0.1R21745
0.5143370
-0.34R0026
0.3659094
~0.5334354
0.2151804
-0.7401864
0.1816985
-0.6645459

-0.58343R0
-0.4977273
-0.7211562
-0.6323167
-0.5415961
-0.77153%63
-0.6793078
-0.58641756
-0.4931497
~0.7249289
-0.6313061
~0.5375749

-0.7696929




TABLE II. - SURFACE VELOCITIES

(a) Based on axial components

Upper surface Lower surface

z-coordinate | Velocity, Angle, Axial component Velocity, Angle, | Axial component

w 9, of velocity, w 9, of velocity,

deg Wz deg Wz
0.7264E~-07 0 90. 00 0.4779E-02 0 -90.00 -0.2898E-01
0.9876E-01 0.9620 27.32 0.8547 0.7337 -20.67 0.6896
0.1975 1.0874 21.67 1.0106 0.6268 -13.81 0.6099
0.2963 1.2478 l14.64 1.2073 0.5901 -16.22 0.5682
0.3951 1.4228 6.21 l.4144 0.5779 -21.52 0.5403
0.4938 1.58567 -3.38 1.5840 0.5939 -26.74 0.5345
0.5926 1.7093 -13.61 1.6613 0.6184 -31.54 0.5330
0.6914 1.7863 -23.717 1.6348 0.6616 -35.90 0.5440
0.7901 1.8420 -33.35 1.5386 0.7157 -39,.87 0.5599
0.8889 1.8592 -41.92 1.3835 0.7816 ~-43.48 0.5807
0.9876 1.8415 -49.21 1.2030 0.8590 -46.74 0.6056
1.0864 1.7827 -54.84 1.0267 0.9566 -49.73 0.6394
1.1852 1.7377 -58.36 0.9115% 1.0566 -52.57 0.6679
1.2839 1.7094 -60.49 0.8419 1.1767 -55.23 0.7021
1.3827 l. 7409 -61.98 0.8179 1.2999 -57.63 0.7327
1.4815 1.7970 -66.76 0.7090 1.4380 ~58.77 0.7877
1.5802 1.6887 -71.69 0.5304 1.5345 -58.49 0.8465
1.6790 (¢] -90.00 0.4220 0 90.00 -0.3237
(b) Based on tangential components

Upper surface Lower surface
z-coordinate | Velocity, Angle, Tangential |z-coordinate | Velocity, Angle, Tangential

w 0, component w 8, component

deg of velocity, deg of velocity,
Wx Wx

0.7264E-07 Oe 1141 90.00 0.1141 0.2424E-01 0.4755% -56.97 -0.3987
0.2424E-01 0.7534 56497 0.6316 0.1875 0.4767 -13.31 -0.1097
0.1412 0.9611 25.05 0.4069 0.4485 0.5761 -23.57 -0.2304
0.7505 1.8539 -29.61 -0.9159 0.6058 0.6241 -31.06 -0.3220
0.8667 1.8544 -40.10 ~1.1944 0.7283 0.6747 -36.17 -0.3982
0.9526 1.8461 -46.77 -1.3451 0.8323 0.7350 -40.,05 -0.4730
1.0230 1.8122 -51.50 -1.4183 0.9241 0.8016 -43,17 ~-0.5484
1.0841 1.7829 -54.73 -1.4557 1.0073 0.8727 -45.75 ~-0.6252
1.1393 1. 7448 ~56.93 -1.,4622 1.0838 0.9356 -47.98 -0.6951
1.1909 1.7195 -58.52 -1.4663 l.1548 1.0111 ~-49.,97 ~0.7742
1.2397 1.7101 -59.68 -1.4762 1.2212 1.0886 -51.75 ~0.8549
1.2866 i.7040 -60.54 -1.48134 1.2838 1.1574 ~-53.36 -0.9287
1.3322 1.7113 =-61.16 ~1.4990 1.3429 1.2352 -54,.82 -i.3056
1.3766 1.7362 -61.81 -1.5303 1.3992 1.3175 ~55.97 -1.0919
1.4191 1. 7699 -63.34 -1.5818 1.4536 1.3867 -56.62 -1.1580
1.4584 1.7835 -65.39 -1.6215 1.5071 1.4612 -56.85 -1.2233
1.4939 1.7700 -67.53 ~-1.6356 1.5606 1.5188 -56.68 -1.2692
1.5260 1. 7468 ~69.52 -1.6364 1.6148 1.6407 -56.10 -1.3618
1.5553 1.7115 -70.90 -1.6174 1.6732 0.7964 56.55 -0.6645
1.5829 1. 6632 -71.76 -1.5796
1.6094 1.6281 -72.27 ~1.5508
1.6353 1.5962 ~-72.51 -1.5224
1.6610 1.5904 -72.51 -1.5169
1.6790 1.4800 -90.00 -1.4800
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Figure 4. - Streamlines for numerical example.
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«  NUMERICAL EXAMPLE AND COMPARISON WITH EXPERIMENTAL RESULTS

A numerical example, based on a stator nozzle mean blade section (ref. 5), is given to
illustrate the results and conclusions that may be obtained by the use of the program. The
blade shape is shown in figure 3, and the actual input in table I. The execution time for
this example was less than 1 minute.

The streamlines obtained by the program, shown in figure 4, were plotted from the
data in table II, which is output from the program. If the incompressible stagnation
streamlines are assumed to be close to the stagnation streamlines for compressible flow,
this information is useful in obtaining a compressible flow analysis by other methods. The
beginning and the end of the guided channel are indicated by A and B in figure 4.

The surface velocities obtained from the program are given in table II and are plotted
against axial distance in figure 5. The curve for each blade surface (upper or lower) is
plotted from two sets of velocity data, one based on axial velocities alone and blade sur-
face angle, and the other based on tangential velocities alone and blade surface angle. A
velocity based on a component nearly normal to a surface cannot be expected to be accur-
ate, so that the curve shown favors the velocity based on the component most nearly par-
allel to the blade surface. For intermediate blade surface angles (e.g., between 30° and
60° from axial) the difference between the two velocities is small. The velocities must be

2.0

l 28] .

.8 [

% B {fig. 4)4 2 ownstream
N )) velocity —
LAk
14
Aupper surface of J

- }:S lower blade /Vr
= 1.2 Lower surface of
g . /; upper blade|<

. /v
3 A a'tsig. ) s
2 / /
E 8 i
5 .
2 | Upstream éjl s

velocity /
6 f e an et
Il
Y Surface Based on -

O Upper Axial components

A Upper Tangential components
O Llower Axial components
v
4

Lower Tangential components

HEEREE.

. . Lo 1.2 1.4 1.6 1.8 2.0
Axial distance from leading edge, in.

-.4 -.2 0 .2

Figure 5. - Blade surface velocities for numerical example.
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Figure 6. - Blade surface velocity for numerical example.
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zero at the stagnation points. The zero blade-surface velocity is located at the stagnation
point, which is an extrapolation from calculated points on the stagnation streamline in fig-
ure 4.

In figure 6 the surface velocity data are plotted against blade-surface length from the
front stagnation point. This type of relation gives a most accurate picture of the acceler-
ation along the surface. Experimental data for this blade section at an exit Mach number
of 0. 33 are also plotted in figure 6. Equation (4) was used to correct the experimental
data to the normalized velocities shown in figure 6. There is generally good agreement
with the computed values for this example.

Contours of equal-velocity magnitudes are shown in figure 7 plotted from the output
data giving the velocities at each mesh point. The diagram of velocity contours shows the
velocity distribution through the passageway. In this case, the flow is accelerating
fairly evenly through the passage, as is desired in a stator nozzle. Also, there is a sub-
stantial variation in velocity across the passage width at the trailing edge of the blade.

In this example, the mesh region was extended 14 mesh spaces axially, both upstream
and downstream of the blade. The effect of varying this distance on the blade surface
velocities was checked. There was no detectable change when the extension was reduced
to 9 mesh spaces and only a slight change when it was reduced to 4 mesh spaces.

Normalized
velocity

Figure 7. - Normalized velocity contours for numerical example.
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DESCRIPTION OF INPUT AND OUTPUT

The computer program requires as input sufficient information to describe the blade
shape accurately, the inlet and outlet angles, the extent of the region to be considered,
and the mesh size to be used. Also required are values for convergence criteria, an es-
timate for an overrelaxation factor, if available, and data indicating what output is de-
sired. Output obtained from the program includes streamline locations, velocity magni-
tude and direction at all interior points, and the blade-surface velocities.

Input

Table I (p. 7) shows the input variables required as they are to be punched on the data
cards. There are two types of input variables, geometric and nongeometric. The geo-
metric input variables are shown in figure 8.

The blade shape is defined by specifying the leading- and trailing-edge radii and a
sufficient number of blade-surface coordinates so that a cubic spline curve through these
points will specify the blade shape adequately. In addition, the slopes at the end points
are specified to be tangent to the leading- and trailing-edge radii. A cubic spline curve,
which is a piecewise cubic polynomial, is a mathematical expression for the shape taken

T
O Spline point
PITCH
THETAI XSPL ~Lower surface
ALUI(+)
T qXSPU
ORIGINS /RI y ALLO(-)

ZU

STGR(-) rUpper surface
; ;THETAO(-)

RO~

}
ALUO(-)

CHORD

Figure 8. - Geometric variables required as input.
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by an idealized spline passing through the given points. Reference 6 describes spline
curves and a method for determining the equation of the spline curve. Using this method
requires few points to specify most blade shapes accurately, usually no more than five or
six points (and often less), in addition to the two end points. As a guide, enough points
should be specified so that a physical spline passing through these points would accurately
follow the blade shape. This means that the spline points should be closer where there is
large curvature and farther apart where there is small curvature. The coordinates of the
spline points are given with respect to the leading edge of the lower blade, as shown in
figure 8. The standard sign convention is used for angles, as indicated in figure 8, and
the blade should be oriented with the concave side down.

The card format for the nongeometric variables is shown in table I (p. 7). All the
variables on the card starting with BLDATA are used to indicate what output is desired.

A value of zero for any of these variables will cause the output associated with that varia-
ble to be omitted.

The mesh spacing and upstream and downstream regions are determined by the val-
ues of MXBI, MXBO, MX, and NBBI. The mesh spacing must be chosen so that there are
not more than 2500 unknown mesh points. If there are more than 2500 mesh points, there
will be an error return and a print out of the number of mesh points. The nongeometric
input variables are as follows:

DTLR Tolerance for mesh points near boundary mesh points. If a mesh point is
closer than DTLR to the boundary, the boundary is considered to go through
the mesh point. A suggested value is approximately 0.001 times the basic
mesh spacing.

MXBI Number of mesh spaces between AH and BG (fig. 3).

MXBO Number of mesh spaces between AH and CF (fig. 3).

MX Total number of mesh spaces in z-direction between AH and DE; maximum of
100 (fig. 3).

NBBI Number of mesh spaces between AB and HG, maximum of 50 (fig. 3).

The variables MXBI, MXBO, and MX specify the mesh region in the z-direction. The dif-
ference MXBO - MXBI is the number of mesh spaces in the axial chord length. Then the
values of MXBI and the difference MX - MXBO determine the distance upstream and down-
stream included in the region of the solution. NBBI is the number of mesh spaces desired
in the x-direction between A and H. All the numbers on this card and on the card begin-
ning with BLDATA are integers (no decimal point) and must be right adjusted.

NUSP Number of spline points including end points that are tangent to leading- and
trailing-edge radii for the upper surface (BC) of the blade (figs. 3 and 8).

15



NLSP
NINT
BLDATA

NULAKI

ERPRT

STRFN

SLCRD

SLPLT

ARPRT

INTVEL

SURVEL

WR

16

Same as NUSP, except for the lower surface (GF) of the blade. .
Number of streamlines desired as output; maximum of 10.

A value of 1 will result in first and second derivatives at the spline points,
and also the x-coordinate at each mesh line for each blade surface being
printed as output; zero will cause this output to be omitted.

A value of 1 will cause the values of NU and NL, which are internal variable
names, the coefficient array A, the vector K, and also the value of I for
the adjacent points, I1, 12, I3, and I4 to be printed out; zero will cause
this output to be omitted. This information is needed only for debugging.

A value of 1 will result in printing out the maximum change in the stream
function for each iteration of the SOR equation (eq. (A7)); zero will cause
this output to be omitted.

A value of 1 will result in printing out the value of the stream function at
each mesh point in the region; zero will cause this output to be omitted.

A value of 1 will result in printing out the streamline coordinates at each
vertical mesh line; zero will cause this output to be omitted.

A value of 1 will result in printing out a plot of the streamlines; zero will
cause this output to be omitted.

A value of 1 will result in printing out the values of the normalized axial
velocity components at each mesh point and at each vertical mesh line
along the blade surfaces, the values of the normalized tangential velocity
component at each mesh point, and the z-coordinate and tangential veloc-
ity component at each horizontal mesh line along the blade surfaces; zero
will cause this output to be omitted.

A value of 1 will result in printing out the velocity magnitude and the flow
angle at each mesh point; zero will cause this output to be omitted.

A value of 1 will result in printing out the z-coordinate, surface velocity,
and flow angle for each blade surface, based separately on axial velocity
components and on tangential velocity components; zero will cause this
output to be omitted.

A value for overrelaxation factor w to be used in equation (A7); if W =0,
the program will calculate an estimated value for optimum overrelaxation
factor (see appendixes A and B for discussion).

A tolerance specified for the calculation of overrelaxation factor w; a sug-
gested value is 1072,




TOLER When the maximum absolute value of the change in the stream function is less
than TOLER, the SOR iteration is considered converged; a suggested value

is 1076,

BDA Estimated value of the stream function at A (fig. 3). The value zero may be
used.

BDD Estimated value of the stream function at D. The value zero may be used.

Output

An example of the output for the sample problem is given in table IV. This problem
is the same as for the numerical example, but with a greatly reduced number of mesh
points to reduce the amount of output. The only items that have been changed are
MXBI = 5, MXBO = 10, MX = 15, and NBBI = 5. Each section of the output has been num-
bered to correspond to the following descriptions.

(1) The first output of the program is a listing of the input data. The output obtained
after this depends on what is specified to be printed out.

(2) This output is the number of unknown mesh points.

(3) If SLCRD = 1, the streamline coordinates along each vertical mesh line are
printed. The number of streamlines is given by the value of NINT as input, and there may
be as many as 10. If SLCRD = 0, this output is omitted.

(4) If INTVEL = 1, the velocity magnitudes and flow angles will be printed at each un-
known mesh point, grouped by vertical mesh lines. For each vertical line, the values are
given starting at the lower boundary and then for increasing values of x. If INTVEL =0,
this output will be omitted.

(5) If SURVEL = 1, the surface velocities based on axial velocity components are
printed, followed by the surface velocities based on tangential components. If
SURVEL = 0, this output is omitted.

The foregoing items give the basic output desired. In addition, further detail and in-
formation useful for debugging are given by the following items.

(6) If BLDATA =1 as input, a listing of the spline points for the upper and lower
blade surfaces with the first and second derivatives is printed. This is followed by the
x-coordinates at each vertical mesh line for the upper blade surface and then for the lower
blade surface. If BLDATA = 0, this output is omitted.

(7) If NULAKI = 1 as input, the NU and NL arrays are printed, followed by the A and
K arrays, with each corresponding value for IA, I, I1, 12, I3, and 14. If NULAKI = 0,
this output is omitted.

(8) If ERPRT =1 as input, the maximum change of any value of the stream-function
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estimate for each iteration is printed out as a measure of the error. If ERPRT = 0, this
output is omitted.

(9) If STRFN = 1, the stream-function value at each unknown mesh point is printed.

If STRFN = 0, this output is omitted.

(10) If SLPLT = 1, there will be a printer plot of the streamline coordinates. Be-
cause of the limitations of the printer, the plot is not accurate, but will give an idea of
how the streamlines look and is a check on whether any errors have been made in the in-
put data. If SLPLT = 0, this output is omitted.

(11) If ARPRT = 1, the axial velocity components (WZ ARRAY) for each unknown
mesh point will be printed, grouped by vertical mesh lines. This is followed by axial
velocity components along the upper surface (WZU ARRAY) at each vertical mesh line,
and then the axial velocity components along the lower surface (WZL ARRAY) at each ver-
tical mesh line. This is followed by the tangential velocity components (WX ARRAY) for
each unknown mesh point, grouped by vertical mesh lines. Next is the tangential velocity
components along the upper surface (WXU) at each horizontal mesh line, together with the
corresponding z-coordinate (ZXU) and then the same information along the lower surface
(ZXL and WXL). If ARPRT = 0, this output will be omitted.

(12) If an estimate for the overrelaxation parameter  is not supplied, an estimate
will be calculated by the program, and for each iteration the estimated upper and lower
bounds for the optimum overrelaxation factor and for p(Ll) will be printed out. These
bounds cannot be expected to converge to the same value in general (within practical time
limits) for reasons explained in appendix B.
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TABLE IV. - SAMPLE OUTPUT

Descrip-
tion
(@)
(  1.6336000 1.6790000 -1.4510000 0
0.1500000 28.300000 ~14.200000 0.3500000€~01
5 10 15 5 7 6 5
-0 0.3376000 0.6752000 1.0128000
1 < -0 0.2300000 0.2000000 ~0.6900000€~01
-0 0.3376000 0.6752000 1.0128000
-0 1.4305000 12626000 0.9745000
1 1 1 1 1 1 1 1 1
. o0 0.1000000E~04  0.1000000E-05 0
r NO. OF POINTS = 7
1 x DERTVATIVE
0.78886758E-01 0.13207159 0.53B44462
0.33760000 0.23000000 0.19945451
0.67520000 0. 20000000 -0.40684929
1.01279999 -0.569000000E-01 ~1.22904786
1.35040000 -0.60500000 ~1.83039498
1.51920000 ~0.96200000 -2.62059435
1.67736167 -1.44041 702 ~3.15240154
ND. OF POINTS = 6
z X DERIVATIVE
0.11320388 1.48818319 -0.25303894
0.33760000 1.43050000 —0.31869122
0.67520000 1.26260000 -0.67522165
1.01279999 0.97450000 -1.03255486
6 $ 1.35040000 0.56110000 -1.42826733
1.61494957 0.16307892 ~1.48815751
INTERPOLATED COORD INATES AND SLOPES COMPUTED BY BLODCRD
0. -0.84198380E 00
0.22963849€ 00 0.20220982E 00
0.20145132€ 00 —0.39944493E 00
~0.62404067E-01 -0.12138995€ 01
~0.59184095E 00 -0.18248280€ Ol
—0.14509543E 01 -0.16329249€ 01
INTERPOLATED COORDINATES AND SLOPES COMPUTED BY BLDCRD
0.16336000E Ol -0.73103970E 00
0.14310719€ 01 -0.31678933E 00
0.12650240F O1 ~0.567144369E 00
0.98006022€ 00 -0.10267909€ Ol
0.57135049€ 00 -0.14190909E 01
\ 0.18255432E 00 -0.11903937€ 01
2 { NUMBER OF INTERIOR MESH POINTS = T2

3See pp. 17 and 18.

~-67.000000
-72.400000

1.3504000
-0.6050000
1.3504000
0.5611000

2.0000000

2ND DERIV.
-1.08831435
-1.53227139
-2.05957577
-2.81126899
-0.75121377
-8.61133850
1.88648333

2ND DERIV.

0.47763922
-1.06278561
~1.04936150
-1.06754149
~1.27672654
0.82395561

0.1000000€E-03
-56.100000

1.5192000
-0.9620000
-0
-0

~0
-0
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Descrip-
tion

(@)

([ wmax
WMAX
WMAX
WMAX
WMAX
WMAX
WMAX
WMAX
WMAX
WMAX
WMAX
WMAX
WHMAX
WHMAX
WMAX
WMAX

WMAX
12 | wmax
WMAX
WMAX
WMAX
WMAX
WMAX
WHMAX
WMAX
WMAX
WMAX
WM AX
WMAX
WMAX
WMAX
WMAX
WMAX
L WMAX

A5ee pp. 17 and 18.

[ O O U O R O T T O T T TN TR IO USRI N TR O TN TN R B N B I N

TABLE IV, - Continued. SAMPLE OUTPUT

(( LIST OF NU AND NL

_———_0 000

-0
-1
-4
-5
-5
-5
-5
-5
2.000000
1.999827
1.999701
1.905932
1.803122
1.753757
1.737053
1.724705
1.715560
1.708773
1.703722
1.699950
1.697124
1.694999
1.693396
1.692184
1.691265
1.690566
1.690035
1.689630
1.689321
1.689086
1.688905
1.688768
1.688662
1.688582
1.688520
1.688473
1.688437
1.688409
1.688388
1.688372
1.688359
1.688350

OO0 COmNWIIIIINOIS

WMIN
WMIN
WMIN
WMIN
WMIN
WMIN
WMIN
WMIN
WMIN
WMIN
WMIN
WMIN
WMIN
WMIN
WMIN
WMIN
WMIN
WMIN
WMIN
WNIN
WMIN
WMIN
WMIN
WMIN
WMIN
WMIN
WMIN
WMIN
WMIN
WMIN
WMIN
WMIN
WMIN
WMIN

[ T T T I A A N O N RO NNE RO N NN O RN SRR RN N RN Y B R B

1. 040602
1.116348
1.123316
1.177113
1.246356
1.305510
1.364390
1.415331
1.460738
1.498849
1.529223
1.552430
1.569585
1.581955
1.590714
1.596841
1.601093
1.603586
1.604951
1.605875
1.606499
1.606922
1.607208
1.607358
1.607436
1.607488
1.607524
1.607546
1.607555
1.607560
1.607563
1.607566
1.607567
1.607567

LMAX
LMAX
LMAX
LMAX
LMAX
LMAX
LMAX
LMAX
LMAX
LMAX
LMAX
LMAX
LMAX
LMAX
LMAX
LMAX
LMAX
LMAX
LMAX
LMAX
LMAX
LMAX
LMAX
LMAX
LMAX
LMAX
LMAX
LMAX
LMAX
LMAX
LMAX
LMAX
LMAX
LMAX

Wl RS 0 H RN H N H MR W N NN R NN

1.000000
1.000000
1.000000
0.997564
0.988078
0.980285
0.977085
0.974522
0.972510
0.970953
0.969759
0.968846
0.968150
0.967621
0.967218
0.966911
0.966677
0.966498
0.966362
0.966258
0.966178
0.966117
0.966071
0.966035
0.966008
0.965987
0.965971
0.965959
0.965950
0.965942
0.965937
0.965933
0.965929
0.965927

LMIN
LMIN
LMIN
LNIN
LMIN
LMIN
LMIN
LMIN
LMIN
LMIN
LMIN
LMIN
LMIN
LMIN
LMIN
LMIN
LMIN
LMIN
LMIN
LMIN
LMIN
LMIN
LMIN
LMIN
LMIN
LMIN
LMIN
LMIN
LMIN
LMIN
LMIN
LMIN
LMIN
LMIN

IIIIlIIIn!IllIIIIlIlllnlllI“HIII!III”“IINHIHH“"HI

0.149983
0.373439
9.390908
0.511298
0.634364
0.717010
0.782978
0.829351
0.863713
0.888205
0.905226
0.916882
0.924802
0.930167
0.933798
0.936257
0.937926
0.938890
0.939413
0.939766
0.940003
0.940163
0.940272
0.940328
0.940358
0.940378
0.940391
0.940399
0.940403
0.940405
0.940406
0.940407
0.940407
0.940407



Descrip-
tion

(a)

VO VOVXXRBNNNGOCOCPONNVVL PP PTOWWWWNNNNNE = -

L 15

93ee pp. 17 and 18.

1

DNV N -

TABLE IV. - Continued. SAMPLE OUTPUT

0.25685
0.25685
0.25685
0.25685
0.25685
0.25685
0.25685
0.25685
0.25685
0.25685
0.25685
0.25685
0.25685
0.25685
0.25685
0.

0.25685
0.25685
0.25685
0.

0.25685
0.25685
0.19028
0.

0.25685
0.25513
0.

0.25685
0.23245
0.

0.25685
0.17460
0.

0.16248
0.24377
0.25685
0.23445
0.35764
0.48950
0.25685
0.25685
0.25685
0.23447
0.35764
0.48950
0.25685
0.25685
0.25685
0.23447
0.35764
0.48950
0.25685
0.25685
0.25685
0.23447
0.35764
0.48950
0.25685
0.25685
0.25685
0.23447
0.

0.

0.

0.

0.

0.

AlT+2)
0.
0.
0.
0.
0.
0.25685
0.25685
0.25685
0.25685
0.25685
0.25685
0.25685
0.25685
0.25685
0.25685
0.25685
0.25685
0.25685
0.25685
0.25685
0.25685
0.25685
0.25685
0.
0.17878
0.25685
0.25685
0.
0.20334
0.25685
0.
0.07617
0.25685
0.
0.16635
0.25685
0.
0.07279
0.16248
0.24377
0.25685
0.
0.45314
0.21593
0.25685
0.25685
0.25685
0.41952
0.45314
0.21593
0.25685
0.25685
0.25685
0.41952
0.45314
0.21593
0.25685
0.25685
0.25685
0.41952
0.45314
0.21593
0.25685
0.25685
0.25685
0.41952
0.
0.
0.
0.
0.
0.

All+3)
0.

0.

0.

0.

0.

0.24315
0.24315
0.24315
0.24315
0.24315
0.24315
0.24315
0.24315
0.24315
0.24315
0.24315
0.24315
0.24315
0.24315
0.24315
0.24315
0.24315
0.24315
0.24315
0.10977
0.24315
0.24315
0.13779
0.13315
0.24315
0.22609
0.

0.24315
0.24145
0.

0.24315
0.19424
0.

0.

0.

0.24315
0.17298
0.

0.14729
0.24315
0.24315
0.24315
0.17300
0.09461
0.14729
0.24315
0.24315
0.24315
0.17300
0.09461
0.14729
0.24315
0.24315
0.24315
0.17300
0.09461
0.14729
0.24315
0.24315
0.24315
0.17300
1.00000
1.00000
1. 00000
1. 00000
1.00000
1.00000

All,.4)
1.00000
1.00000
1.00000
1.00000
1.00000
0.24315
0.24315
0.24315
0.24315
0.24315
0.24315
0.24315
0.24315
0.24315
0.24315
0.
0.24315
0.24315
0.24315
0.24315
0.24315
0.24315
0.24315
0.24315
0.10977
0.24315
0.24315
0.
0.13315
0.24315
0.
0.07381
0.24315
0.
0.19622
0.24315
0.
0.08784
0.21132
0.24283
0.24315
0.17298
0.09461
0.14729
0.24315
0.24315
0.24315
0.17300
0.09461
0.14729
0.24315
0.24315
0.24315
0.17300
0.09461
0.14729
0.24315
0.24315
N.24318
0.17300
0.09461
0.14729
0.24315
0.24315
0.24315
0.17300
0.
0.
0.
0.
0.
0.

—
—

—
DR~NPOPLPWNe=

—
N

FPOOVDN~VSWN
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VWO~NORPIPWN~OODOOO

0.
-0.25685

0.

0.

0.

0.25685
-0.25685

0.

o.

0.

0.25685
-0.25685

0.

0.

0.

0.25685

0.

0.

0.

0.25685

0.

0.

0.
0.67193
0.

0.
0.51878
0.

Q.
0.52610
0.

0.

0.63116

0.

0.

0.

0.

0.41960
~0.35764

0.41952
-0.35764

0.

0.

0.

0.

0.41952
-0.35764

0.

0.

0.

Q.

0.41952
-0.35764

0.

0.

0.

0.

0.41952

0.48427

0.48427

0.48427

0.48427

0.48427

0.48427
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TABLE IV. - Continued. SAMPLE OUTPUT

Descrip-
tion
(a)
" ERROR = 0.28342844
ERROR = 0.18789074
ERROR = 0.16283273
ERROR = 0.10229385
ERROR = 0.08813190
ERROR = 0.05828751
ERROR = 0.04960943
ERROR = 0.03267638
ERROR = 0.02435843
ERROR = 0.01737347
ERROR = 0,01299492
ERROR = 0.01289449
ERROR = 0.00837459
ERROR = 0.00653413
ERROR = 0,00439080
ERROR = 0.00388455
ERROR = 0.00276583
ERROR = 0.00212220
ERROR = 0.00190944
ERROR = 0.00134461
ERROR = 0.00113655
ERROR = 0.00078486
ERROR = 0.00070114
ERROR = 0.00052264
8 ERROR = 0.00040352
ERROR = 0.00028567
ERROR = 0.00023039
ERROR = 0.00017443
ERROR = 0.00012948
ERROR = 0.00011159
ERROR = 0.00009041
ERROR = 0.00006004
ERROR = 0.00004838
ERROR = 0.00003868
ERROR = 0.00002921
ERROR = 0.00002357
ERROR = 0.00001960
ERROR = 0.00001372
ERROR = 0.00001073
ERROR = 0.00000825
ERROR = 0.00000640
ERROR = 0.00000500
ERROR = 0.00000434
ERROR = 0.00000317
ERROR = 0.00000226
ERROR = 0.00000176
ERROR = 0.00000139
ERROR = 0.00000113
 ERROR = 0.00000092
e STREAM FUNCTION VALUES
0.02888620 0.22850693  0.43018148
0.02888624 0.22850694 0.43018146
0.02718765 0.22633728  0.43048618
0.02105045 0.21888655 0.43171021
0.19560365 0.43662868 0.66207375
0.12433968  0.45800508 0.71671238
9 4 0.19117678  0.55856382  0.82332890
0.07183636 0.45842696 0.76752777
0.21740792 0.50015820 0.80753382
0.06643124 0.24272045 0.45665175
0.47200944 0.55513792  0.74640723
0.95289416 1.03971468 1.23679052
1.43612009 1.52391918 1.72294559
1.92008446 2.00814384 2.20774606
L 2.40434998 2,49240929  2.69201145

35ee pp. 17 and 18.

0.63156752
0.63156752
0.63376484
0.64103660
0.85570990
0.92621472

0.68396576
0.95027059
1.43786912
1.92325439
2.40785506
2.89212048

0.83087353
0.83087356
0.83223982
0.83733200

0.90246700
1.15983319
1.64104317
2.12430623
2.60828176
3.09254724

1.36433852
1.84227410
2.32468420
2.80843446
3.29269996



TABLE IV. - Continned. SAMPLE OUTPUT

Descrip-
tion
(a)
r STREAMLINE COORDINATES
Z COORD. STREAM FN. X COORD. STREAM FN. X CODRD. STREAM FN. X COORD.
-1.3432000 0.2000000 0.2802895 0.4000000 0.6046294 0.6000000 0.9287453
0.8000000 1.2560833 1.0000000 1.5858580
=1.0074000 0.2000000 0.2802895 0.4000000 0.6046295 0.6000000 0.9287454
0.8000000 1.2560832 1.0000000 1.5358580
-0.67t6000 0.2000000 0.2840282 0.4000000 0.6048338 0.6000000 0.9254065
0.8000000 1.2533170 1.0000000 1.5878014
~0.3358000 0.2000000 0.2966585 0.4000000 0.6052059 0.6000000 0.9146446
0.8000000 1.2428969 1.0000000 1.5953672
0.7450581E-08 o 0 0.2000000 0.3332485 0.4000000 0.6044660
0.6000000 0.8867970 0.8000000 1.2023373 1.0000000 1.6335999
0.3358000 ) 0.2296385 0. 2000000 0.3920730 0.4000000 0.5896215
' 0.6000000 0.8229188 0.8000000 1.1040835 1.0000000 1.4310718
3 < 0.6716000 0 0.2014513 0. 2000000 0.3331475 0.4000000 0.4973477
0.6000000 0.6981699 0.8000000 0.9466724 1.0000000 1.2650239
1.0074000 0 -0.6240407£-01 0.2000000 0.1072088 044000000 0.2748649
0.6000000 0.4631743 0.8000000 0.6949479 1.0000000 0.9800602
1.3432000 0 -0.5918410 0.2000000 ~0.3477421 0.4000000 -0.1111720
0.6000000 0.1044712 0.8000000 0.3180047 1.0000000 0.5713504
1.6790000 o -1.4509543 0.2000000 -1.0527308 0.4000000 ~0.7364154
0.6000000 -0.4457931 0.8000000 ~0.1624246 1. 0000000 0.1825543
2.0148000 0.6000000 -1.2291975 0.8000000 ~0.8922368 1.0000000 -0.5757247
1.2000000 -0.2638732 1.4000000 0.5964373E~01
2.3506000 1.0000000 -1.3728456 1.2000000 -1.0407892 1.4000000 -0.7145168
1.6000000 -0.3927729 1.8000000 -0.6917977E-01
2.6864000 1.6000000 -1.1818862 1.8000000 ~0.8542062 2.0000000 -0.5287107
241999999 -0.2035202 2.3999999 041233529
3.0222000 2.0000000 -1.3202116 2.2000000 -0.9928276 2.3999999 -0.6662495
, 2.5999999 -0.3402238 247999999 -0.1378451€E-01
3.3580000 2.6000000 -1.1307217 2 .8000000 -0.8037332 2.9999999 ~0.4775835
\ 3.1999999 -0.1514143 3.3999999 0.1754820 .

3See pp. 17 and 18.
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- Continued. SAMPLE OUTPUT

TABLE IV.

Descrip-

tion

1.6%

' 1
S i | | t [} ! g -
o ot ot -
S L I S yepspepeEpREIRT RIS E R EE R R L iiaiatalialatale - "
- - ) ! i
- - - - !
| i
| |
! H 1 w
1 o re Q@
+ 1 ! . o=
< -t ot i d ol o ok ok o v ottt §
e e e e L9
- 1 1 w
) ! | T
L - . » - | i -
! i 1 z
i _ H E3
i 1 ] 1m o
o » ! 1 1o o
! ot oo o ot ol ot v ad o D
8 e e .5 e
~ - ' ! H ) 2
- - - h ) h v
] - H ) z
' » ' | ' @
t ] ]
1 - t I -
' )
Y _ . 58
- -
ot e ot ) ottt o 4 bt b o ot o ot ot ok ottt ook ot b ot ot ol ot ot llllllllllllll\llllllllllllllﬂllllllllldlllllllll_l - e
I ' | - [ !
t 1 [l 1
.- “ “ 1 1 1 1] ' M
- - -» - - - 1] " -
- 1
' H 1
1 ] b E
l" - 1 = O
< ) ¢«
E ot ot ot ot ot ottt ot ot ottt o ot ok o ot ottt kit b bk ek it o ot o ottt o ot i ot o ok bk bk ottt A A St S S G
o ] * v ! w
1 - - 1
- 1 X
F L4
L - » - !
— - I [l
t L . “
o b 1 ] - Q (=}
-1 i i » | - &
ettt ot ok btk ot b B ko ) d o ot kb 0 ot et = ) ot kot kb S O
o b 1 -
]
- | z
i . =]
. i » -
| v
- | z
- » | » - w
~N 1 ~ x
S o ottt . . o ottt bt ot o ot ot ot ot ot o ot kb o ot b ol ot ot 4 h ot o ot b o ot b ot ot o ot o ot el o otk 5t ok kot ot d b ot ok ot o ot o kot ot ot ot
? © o
v ] - ] ]
1 >
) . . o
-
o - -
v o - ~ X
zZ 9 . w
et it ottt o bt ot 0t ot et ot ot el ot e b ok b o ok ke ot otk ot ol ot ok od gt d b o b ot omd ot ed ot ot ot ol ot okt b o okt d o ot ok ot o B )t ottt d ot gt 8O
4 © o w
x - - T -
by =
o =}
« - S
Lo - o
v -
- - ow
@ - « o
e ot ot ottt ottt ottt et ot ot ot b ot o ot ot ok o o ok ot kot b ok e ko b ok ok o ok kot d ol ot o o ool o md ot o ok ok T ot b ok ok b b o 4 o b ok o ok ot 4 ok k¢ &
3 - s
! - T ow
w
z
. -
-
» - T
. 1 1 \ t le
- ) 1 1 | P ow
e ot et ot ot ittt ot okt o ot ot 2 0 o ot kot ot b bt ot ot ool ok ot ot o b ok o b o o ot ol o kot o o ok kot ko okt o ot b ok ok o ok ok ook ok e ot B kb v &
- » | | .
(] ’ It v
1 - ] 1
' i
| 1
1 - ' ]
1 1 i
w - ] r [l
- | i .+
i o .t b bttt ot o o ot b ok ot b ok ok o ot ekt o ok b ot ot o ok b ol b d o ok ok ot ot ot o o b ) ok ot ok otk md ok ok oo ot ok d ok b okt ok d ok b b b ot o h ko d ok ok b okt
- Ll ~N o © - ~N ~ - Ll 8 - .
() © - - ~ ~ ~ ~ N < < n <
. . . . . . . . . N " -
- o o o o P~ - ~ ~ - - =
' i v
1=
L —
Y =
-
frs =) &
&8 - &
@
@
n
<

24




Descrip-
tion

(a)

WZ ARRAY
0.6080856
0.6080854
0.6023864

' 0.5835392

0.6856796

1.2183873

1.4085730

1.1686484

0.8279140

i 0.4806568

| 0.5769126

0.6030369

0.6N94910

0.6111459

0.6111453

WZU ARRAY
0.5290964

WZIL ARRAY
11 0.3799450

WX ARRAY
-0.1970229€-02
0.2462493€E-02
0.7294826€-02
0.3836227€-01
0.1822147
0.9685435€-01
-0.5300829
-1.3078349
—1.4094831
-1.5091154
' ~1.4202201
—1.4382184
~1.4401640
~1.4418969
—1.4423073
Xy
0.7450581E-08
1.5259748

xu
L 0.6058282

A5ee pp. 17 and 18.

0.6146073
0.6146072
0.6184869
0.6330001
0.7373856
0.8789574
0.9242060
1.1025012
0.9287799
0.6041583
0.5766601
0.6016449
0.6088546
0.6108497
0.6108493

1.3306874

0.5894090

~0.7149053E-03
0.8936067€-03
0.1652396E-01

0.1895802E-01
~0.1854434E-01
-0.1519258
-0.4631073
-0.9612214
-1.2103437
-1.5558320
=1.4353746

- 1.4445926
~1.4412398
-1.4422873
~1.4419945
wxy
0.8214765€~-01
-1.6103998
WXL

-0.2837112

TABLE IV. - Continued. SAMPLE OUTPUT

0.6182484
0.6182484
0.6268234
0.6552099
0.6479875
0.7056523
0.6991338
0.8093068
0.8756053
0.6857826
0.6033294
0.6083985
0.6107476
0.6115306
0.6115306

1.6201826

0.5570433

0.4098326E-03
-0.5121660E-03
~0.1083348E-02
-0.8812166E~02
-0.1033122
-0.2284175
-0.4236534%
-0.7608862
-1.1314970
~1.4898440
=1.4680472
-1.4528911
~1.4446742
-1.4428215
-1.4415668

Xy
0.9524691
1.6352555
XL
1.0072824

0.6133716
0.6133717
0.6152903
0.6224156
0.5187413
0.6000159

0.7043028
0.6381993
0.6206845
0.6149203
0.6132461
0.6132463

1.1371490

0.6337061

0.1921333E-02
~0.2401667E-02
~0.1194533€-01
=0.3441278E-01
-0.1290473
-0.2601741

-1.3950833
-1.4570848
=1.4479040
—l.4438288
—1.4425280
~1.4418018
WXy
=1.3076960
-1.5262239
WXL
-0.6084250

0.6074893
0.6074893
0.6009874
0.5796178

0.5905597
0.6400227
0.6207818
0.6149345
0.6132737
0.6132738

0.8137281
0.7156888

0.5985211€~03
-0.7483511€~-03
~0.9811377€-02
—0.1770512E-01

=1.2715523
=1.4297067
-1.4365135
~1.4407349
—1l.4417496
—1.4424249
IxXu
1.1908286
1.6790000

XL
1.2835704

0.6037539
0.6095055
0.6113401
0.6118489
0.6118490

0.4454367

0.4892353

~1.4239385
-1.4288265
~1.4403777
-1.4412323
-1.4428388
Wxu
-1.4407061
-1.3939518
WXL
-0.9064790

xu
1.3765786

XL
1.5070933

wWXu
-1.5260978

WXL
-1.2086117
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Descrip-
tion

(a)

\

1A= 1

T1A=10

[A=11

TA=12

1A=13

1a=14

TA=15

3See pp. 17 and 18.
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VELOCITY
0.6081

VELOCITY
0.6081

VELOCITY
0.6024

VELOCITY
0.5848

VELOCITY
0.7095

VELOCITY
1.2222

VELOCITY
1.5050

VELOCITY
1.7539

VELOCITY
1.6347

VELOCITY
1.5028

VELODCITY
1.5329
1.5466

VELOCITY
1.5595
1.5534

VELOCITY
1.5638
1.5647

VELOCITY
1.5661
1.5657

VELOCITY
1.5664
1.5672

ANGLE(DEG)
-0.19

ANGLE (DEG)
0.23

ANGLE(DEG)
0.69

ANGLE (DEG)
3.76

ANGLE(DEG)
14.88

ANGLE(DEG)
4.55

ANGLE{DEG)
~20.62

ANGLE (DEG)
-48.22

ANGLE {DEG)
-59.57

ANGLE [DEG)
-T72.33

ANGLE [DEG)
-67.89
-67,02

ANGLE (DEG)
-67.25
-66.90

ANGLELDEG)
-67.06
-67.00

ANGLEIDEG)
-67.03
-67.00

ANGLE{(DEG)
~67.04
-67.02

TABLE IV. - Continued. SAMPLE OUTPUT

VELOCIYY
0.6146

VELOCITY
0.6146

VELOCITY
0.6187

VELOCLTY
0.6333

VELOCITY
0.7376

VELOCITY
0.8920

VELOCITY
1.0337

VELOCITY
1.4627

VELOCITY
1.5256

VELOCITY
1.6690

VELOCITY
1.5469

VELOCITY
1.5649

VELOCITY
1.5648

VELOCITY
1.5663

VELOCITY
1.5660

VELOCITIES AT INTERIOR MESH PDINTS

ANGLE{DEG)
-0.07

ANGLE(DEG)
0.08

ANGLE (DEG)
1.53

ANGLE{DEG)
1.72

ANGLE {DEG)
=l.%4

ANGLE (DEG)
-9.81

ANGLE (DEG)
=26.61

ANGLE (DEG)
~41.08

ANGLE (DEG)
=52.50

ANGLE (DEG)
-68.78

ANGLE{DEG)
-68.11

ANGLE (DEG)
-67.39

ANGLE (DEG)
-67.10

ANGLE (DEG}
~67.05

ANGLE(DEG)
-6T.04

VELOCITY
0.6182

VELOCITY
0.6182

VELOCITY
0.6268

VELOCITY
0.6553

VELODCITY
0.6562

VELOCITY
D.7411

VELOCITY
0.8175

VELOCITY
1.1108

VELOCITY
1.4307

VELOCITY
1.6401

VELOCITY
1.5872

VELOCITY
1.5751

VELOCITY
1.5685

VELOCITY
1.5671

VELOCITY
1.56%9

ANGLE{ DEG)
0.04

ANGLE( DEG)
-0.05

ANGLE( DEG)
-0.10

ANGLE [ DEG)
~0.77

ANGLE{ DEG)
-9.06

ANGLE( DEG)
-17.95

ANGLE{ DEG)
-31.21

ANGLE{ DEG)
-43.23

ANGLE(DEG)
-52.27

ANGLE( DEG)
-65.28

ANGLE( DEG)
-67.66

ANGLE (DEG}
-67.28

ANGLE{DEG)
-67.08

ANGLE( DEG)
-67.03

ANGLE(DEG)
~67.01

VELOCITY
0.613%

VELOCITY
0.6134

VELOCITY
0.6154

VELDCITY
0.6234

VELOCITY
0.5346

VELOCITY
0.6540

VELOCITY

VELOCITY

VELDCITY

VELOCITY

1.5628

VELOCITY

1.5907

VELOCITY
1.5753

VELOCITY
1.5693

VELOCITY
1.5675

VELOCITY
1.5668

ANGLE (DEG)
0.18

ANGLE (DEG}
-0.22

ANGLE [DEG?)
-l.11

ANGLE {DEG)

3.16

ANGLE{DEG)
-13.97

ANGLE (DEG)
—23.44

ANGLE ( DEG)
ANGLE {DEG)
ANGLE [DEG)
ANGLE [DEG)
-63,21

ANGLE( DEG)

-66.3%

ANGLE ( DEG)
~66.80

ANGLE{DEG)
~66.93

ANGLE(DEG)
~66.97

ANGLE (DEG}
-66.96

VELOCITY
0.6075

VELOCITY
0.607S

VELOCITY
0.6011

VELOCITY

0.5799

VELOCITY

VELOCITY

VELOCITY

VELOCITY

VELOCITY

VELOCITY

1.4020

VELOCITY

1.5664

VELOCITY
1.5649

VELOCLTY
1.5665

VELOCITY
1.5668

VELOCITY
1.5674

ANGLE {DEG)
0.06

ANGLE (DEG)
-0.07

ANGLE (DEG)
-0.94

ANGLE [DEG)
S

ANGLE {DEG)
ANGLE(DEG)
ANGLE (DEG)
ANGLE {DEG)
ANGLE (DEG)
ANGLE(DEG)
-65.09
ANGLE {DEG)

-65.88

ANGLE{DEG}
-66.63

ANGLE (DEG)
-66.89

ANGLE {DEG)
-66.96

ANGLE {DEG)
~66.97



TABLE IV. - Concluded. SAMPLE OUTPUT

Descrip-~
tion
(@)
( SURFACE VELOCITIES BASED ON AXIAL COMPONENTS
UPPER SURFACE LOWER SURFACE
z VELOCITY ANGLE (DEG) W2 VELOCITY ANGLE{ DEG) WZ
0.7451€E-08 0 90.00 0.5291 0 -90.00 0.3799
0.3358 1.3576 11.43 1.3307 0.6183 -18.19 0.5894
0.6716 1. 7447 -21.77 1.6202 0.6710 -35.06 0.5570
1.0074 1.7885 —-50.52 1.1371 0.9083 -47.35 0.6337
1.3432 1.6933 ~-61.28 0.8137 1.2425 -56.74 0.7157
1.6790 0 -90.00 0.4454 [¢] 90.00 0.4892
SURFACE VELOCITIES BASED ON TANGENTIAL COMPONENTS
UPPER SURFACE
5 { 4 VELOCITY ANGLE (DEG) WX
0.7451€-08 0.8215E-01 90.00 0.8215€-01
0.9525 1.7950 ~46.76 -1.3077
1.1908 1.6894 -58.52 -1.4407
1.3766 1. 7314 —-6l.81 -1.5261
1.5260 1. 7191 -69.52 ~1.6104
1.6353 1.6002 -72.51 -1.5262
1.6790 1.3940 -90.00 -1.3940
LOWER SURFACE
z VELOCITY ANGLE (DEG) WX
0.6058 0.5499 ~31.06 -0.2837
1.0073 0.8493 -45.175 -0.6084
1.2836 1.1298 -53.36 —-0.9065
~ 1.5071 1.4436 ~56.85 —-1.2086

43ee pp. 17 and 18,



PROGRAM PROCEDURE

The program is segmented into four main parts, which are the subroutines COEF,
SOR, SLAXVL, and TASVEL called by the main program 2DINCP. In addition, there are
several other subroutines. All the subroutines and their relation are depicted in fig-
ure 9. All information which must be transmitted between the four main subroutines is
placed in COMMON. The program can handle up to 2500 mesh points on a computer with
a core storage capacity of 32 768.

The first segment of the program is COEF. This subroutine reads all the input cards,
calculates the blade coordinates on mesh lines, and calculates the entries of the matrix A
and the vector k of equation (A6). The subroutine SOR estimates an optimum overrelaxa-
tion parameter w if it is not given as input, calculates an initial solution estimate, and
finds the solution to equation (A6) by SOR. Then subroutine SLAXVL calculates the
streamline locations and axial velocity components, and plots the streamline locations.
Finally, the subroutine TASVEL calculates the tangential velocity components, the veloc-
ity magnitudes and direction, and the surface velocities based on axial velocities and on
tangential velocities.

Conventions Used in Program

For convenience, a number of conventions are used in naming variables and assigning
subscripts. First, several pairs of variables are spelled the same except for one letter,
which is U in one case and L in the other. The U signifies the upper surface BC, and L
the lower surface CF. Another practice is to use the letters I and O in a similar man-
ner, where I refers to the inlet or the region ABGH, and O refers to the outlet or region
CDEF. Thus, ALUO refers to the angle on the upper blade surface near the outlet, or
near point C (fig. 8, p. 14).

The variable IA is used as a subscript, or index, associated with vertical mesh lines,
from IA =1 at AH to IA = MX at DE. Similarly IB is used to number horizontal mesh

| CO%I [ _sor ] 7N
[ spNaz }I[ TiNTRL [ Promy ] [ [ SPLINT ] VELOC
[(BLDCRD] \ [pistuc | [ SPLINE

Figure 9. - Logical relation of subroutines.

[ sortxy]| [ BLDDER |
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lines with IB = O along AB. Then IB may be negative along CD. Sometimes IB is used
along one vertical mesh line at a time from 1 at the first mesh point to the last mesh
point. The variable I is used to number all the mesh points starting withI =1 at A and
proceeding along the vertical mesh lines and moving to the right to the next line after the
end of each vertical line and ending with I = NXN at the last mesh point near E. The mesh
spacing in the z-direction is labeled HA, and the spacing in the x-direction is HB.

The techniques used in the program and correspondence to the mathematical equations
are described briefly. Each subroutine is described separately, first the four segments
of the main program, followed by descriptions of each of the remaining subroutines. The
various segments of the subroutines are labeled by comment cards, which generally cor-
respond to the headings in the following descriptions.

Subroutine COEF

Input. - The first step is to read all input cards for a particular case. A detailed de-
scription of the input required is given in the section Input. All input data are given as the
first output.

Calculation of constants. - After all input has been read in, the various constants
needed in the program are calculated.

Calculation of mesh coordinates along boundary. - The x-coordinate of boundaries BC
and GF at each vertical grid line is calculated by BLDCRD and stored in the arrays XU
and XL. BLDCRD requires as input the first and second derivative at each spline point
of the cubic spline curves describing the blade surface. These values are calculated by
SPLN22. The first and last points of the spline curves are determined by the angle of tan-
gency to the leading- and trailing-edge radii. Therefore, these points need not be speci-
fied as input, but are computed by this section of the program.

Calculation of coefficients. - The coefficients of u in equations (A1) to (A5), which
are the terms of matrix A in equation (A6), are computed at the same time as the con-

stants in these equations, which are the
\ components of k in equation (A6), are

computed. This computation is per-
formed in three steps, as indicated hy
\\ ' comment cards: (1) upstream, (2) be-
r TTE2 {paint index) tween the blades, and (3) downstream. Be-
tineIBTE2  tween the blades it is necessary to com-

Line IBTEL N
HANTE= (T HAITEL [ |

pute values for h3 and h4 at some mesh
points adjacent to the boundary. These
values are calculated by INTPL.

Figure 10. - Special case near trailing edge. Near the trailing edge, a special situa-

tion may arise, as illustrated in figure 10.
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Here it should be noted that the blade intersects the mesh line twice between two adjacent
mesh points due to the small trailing-edge radius. This situation would not be detected by
the program in the normal procedure, which leads to a large error in the velocity calcula-
tion at the next to the last vertical grid line on the lower blade surface. Therefore, a
special check is made for the two vertical mesh lines involved at statements 113 and 114,
and if this situation occurs, the proper values of H3 or H4 are calculated. Also the num-
ber of the horizontal mesh line is stored in IBTE2 and IBTE1, so that this fact will be
used to calculate the tangential velocity components.

Subroutine SOR

Estimation of value of optimum overrelaxation factor. - If a value of W =1 is given
as input, it is used for the overrela.xatlon factor. Otherwise a value is estimated by using
equation (B3) to estimate the value of p (B) = p(Ll) and equation (B1) to obtain the corre-
sponding value of W (see appendix B). Equation (A7) is used to calculate u™ m+1 from
u™ for equation (B3), with w =1 and k = 0. To start, u? =1, for all i. Equation (A7)
becomes

. j-1 n

m+l _ m+l m

u; = - E aijuj - E 2 (5)
]:

j=i+1

In the program, i is replaced by I directly. For each i, there are only four values of
j for which a; is nonzero, which are the negative values of the coefficients A(I, 1),
A(1,2), A(I,3), and A(I,4). The value of j is determined by the index of the proper
neighboring point. These indexes are names I1, 12, I3, and I4, and are defined so uirll
has the coefficient A(I, 1), and similarly for the other coefficients. After the values of
the indexes are computed, equation (5) is used to compute um+1 from um. Then, the
minimum and maximum values of the ratio uin+1/u are calculated and given the names
LMIN and LMAX, respectively. After convergence, the opt1mum value of the overrelaxa-
tion factor w can be calculated from equation (B1), since p (B) = LMAX.

Calculation of initial solution estimate. - The time required to arrive at a solution
can be reduced by making an intelligent guess at the solution. A simple way to do this is
to use a linear approximation. As input, estimated values of the stream function at A and
D are given. It is known that the solution is 1 greater at the points H and E. The stream
function is known to be zero at B and C, and 1 at F and G. With this knowledge, bilinear
interpolation can be used on the two rectangles ABGH and CDEF, and linear interpolation

can be used along vertical mesh lines between the blades to define the initial vector go.
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. Solution of matrix equation by SOR. - With a value of w either as input or estimated
by the program, equation (A7) can be used iteratively to calculate a sequence 1_1m} that
will converge rapidly to a solution of equation (A6). The indexes i and j and the corre-
spondence of aij and u’]][1 to the program variables is the same as described previously
for estimating the optimum overrelaxation factor. During each iteration the maximum of
the change of the stream-function value is calculated. When this value is reduced below
TOLER given as input, the iteration is stopped, and the current estimate of the stream
function is accepted as the solution.

Subroutine SLAXVL

Calculation of streamline locations and axial velocity components. - Along most ver-
tical mesh lines, the stream function is a one to one function of the distance in the
x-direction. Therefore, the x-dimension is considered to be a function of the value of the
stream function, and the value of x at a given value of the stream function can be ob-

tained by interpolation. The method of interpolating uses a cubic spline curve, and the
interpolation is performed by subroutine SPLINT. At the same time, du/dx = Vz is com-
puted along the same mesh line, estimating the derivative by use of the cubic spline. This
calculation at each mesh point is done by SPLINE. The axial velocity at unknown mesh
points is stored in the array WZ, and the axial velocity along the blade surfaces is stored
in WZU for the upper surface of the blade and in WZL for the lower surface. These cal-
culations are performed in three sections, as noted by comment cards: (1) upstream,
(2) between the blades, and (3) downstream.

Plotting of streamlines. - The streamlines can be plotted to give a rough idea of their

locations. These locations are particularly helpful in quickly disclosing any errors of in-
put. The plotting printout is done by PLOTMY, which, with the necessary further sub-
routine PISTUG, is described completely with FORTRAN II listing in references 7 and 8.
These programs are available as SHARE No. SDA 3034. The plotting can be omitted by
removing statements following statement 420 up to and including statement 470.

Subroutine TASVEL

Calculation of tangential velocity components. - The tangential velocity component is
calculated from ou/oz = -Vx by considering each horizontal mesh line. The fact that the
various horizontal mesh lines start and end at various places complicates this process.
To simplify the procedure, upstream and downstream ends of each mesh line are consid-
ered separately. At the upstream end, there are three possibilities: (1) the line starts
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at AH(IA = 1), (2) the line starts on lower surface of blade, or (3) the line starts on the .
upper surface of the blade. Similarly, at the downstream end there are three possibili~
ties: (1) the line ends at DE(IA = MX), (2) the line ends on the lower surface, or (3) the
line ends on the upper surface. For convenience, case numbers are assigned to the vari-
ous possibilities as follows:

Case Starts Ends
1 AH Upper surface
2 AH DE
3 AH Lower surface
4 Lower surface| DE or lower surface
5 Upper surface | DE or lower surface

As mentioned in the description of COEF, a special situation often arises where a
horizontal mesh line is intersected twice between two adjacent mesh points, as illustrated
in figure 10 (p. 29). When this occurs, the index of the horizontal mesh line is stored in
IBTE2 and IBTE1. Under cases 2, 4, or 5, if IB = IBTE2, the special case arises, and
previously calculated information is used for this line to the left of the trailing edge. Af-
ter all other tangential velocities have been calculated, tangential velocities are calcula-
ted for the remainder of this line (IB = IBTE1) to the right of the trailing edge.

TASVEL calculates the necessary information about the two end points of each hori-
zontal mesh line by using INTPL to calculate the mesh spacing at the end points. Then
VELOC calculates du/dz at each point along the line by using SPLINE to calculate the
actual derivatives. The tangential velocities at unknown mesh points are stored in the
array WX, and the tangential velocities along the upper surface are stored in WXU, with
the corresponding z-coordinates stored in ZXU. The corresponding information for the
lower surface is stored in WXL and ZXL. After all values for velocities are computed,
the signs are changed, since Vx = -0u/dz. The values of WXL and ZXL are rearranged
in increasing order of ZXL by SORTXY.

Calculation of velocities and angles at interior points. - At each interior point, the

velocity magnitude is calculated by V = Vi + Vi,

tan 9 = Vx/Vz‘
Calculation of surface velocity based on axial components. - The surface velocity at
each vertical mesh line is calculated by

and the angle 6 is calculated by

Vv 2
V2 =v, 1+<d_x>
cos 6 dz

The slope dx/dz of the blade surface at each vertical mesh line is computed by BLDCRD,
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at the same time the blade coordinates XU and XL are computed, and is stored in DXDZU
and DXDZL for the upper and lower blade surfaces. The surface velocity based on axial
components is more accurate at small angles from the horizontal and would not be expec-
ted to be accurate at angles over 60° from the horizontal.

Calculation of surface velocities based on tangential velocity components. - The sur-
face velocity at each horizontal mesh lines is calculated by

2

(&)

The slope dx/dz of the blade surface at each horizontal mesh line is computed by
BLDDER and is stored in DXDZU and DXDZL. The surface velocity based on tangential
components is more accurate at large angles from the horizontal and would not be expec-
ted to be accurate at angles less than 30° from the horizontal.

Internal Variables for COEF, SOR, SLAXVL, and TASVEL

A array of coefficients of u which are elements of matrix A in equation (A6)

AAA array used for temporary storage

All ag in equation (A1)

B temporary storage

CASE number (integer) of case in calculating tangential velocity components

CHANGE change in value of stream function at a particular point when using SOR
iteration

DELINT increment of stream function for which streamline locations are to be cal-
culated

DXDZL array of values of slope of lower blade surface at each vertical mesh line,
and later at each horizonial mesh line

DXDZU same as DXDZL, but for upper blade surface

EML array of second derivatives of spline curve at each spline point for lower

blade surface, calculated by SPLN22
EMU same as EML, but for upper blade surface
FIRST value (integer) of I at lowest mesh point for given vertical mesh line
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IBTE1
IBTE2
IA1
IAN
IL
ITE2

J1

34

hy (see fig. 13 in appendix A)

hy (see fig. 13 in appendix A)

hg (see fig. 13 in appendix A)

hy (see fig. 13 in appendix A)

basic mesh space in axial (z) direction

basic mesh space in blade-to-blade (x) direction
length of first mesh space along horizontal mesh line

HA1for special case shown in figure 10 for line segment to right of trailing
edge

length of last mesh space along horizontal mesh line

HAN for special case shown in figure 10 for line segment to left of trailing
edge

distance between EF on boundary and first mesh line below (fig. 3)
distance between CD on boundary and first mesh line above (fig. 3)
index of mesh point

index of mesh point located at 1 in figure 13 withI at 0

index of mesh point located at 2 in figure 13 withI at 0

index of mesh point located at 3 in figure 13 with I at 0

index of mesh point located at 4 in figure 13 withI at 0

index of mesh line in axial (z) direction

index of mesh line in blade-to-blade (x) direction

index of special mesh line shown in figure 10

index of special mesh line shown in figure 10

index of first mesh point along horizontal mesh line

index of last mesh point along horizontal mesh line

array of indexes of highest mesh point for each vertical mesh line
index of mesh point indicated in figure 10

array of indexes of lowest mesh point for each vertical mesh line
temporary index

temporary index




JB
JL

JU

JUM1
K

K1, K2, K3,

K4, K5
KK1

KN

KKK
LAST
LMAX
LMIN
MXBIM1
MXBIP1
MXBOM1
MXBOP1
NBB
NBBO

NBUO

NCH
NL

NSP
NU

temporary index

number of points where horizontal mesh line intersects lower blade sur-
face

number of points where horizontal mesh line intersects upper blade sur-
face

JU-1
array (real) of constants that is vector k in equation (A6)

code variables (real) used in determining values of coefficients A(I,J) and
constants K(I)

code to specify whether first point of horizontal mesh line is on
AH(KK1 = 0) or upper blade surface (KK1 = 0) or lower blade surface
(KK1=1)

same as KK1, but for last point

array containing information used in plotting subroutine PLOTMY
value of I at highest mesh point for given vertical mesh line
upper bound (real) for p(Ll) from equation (B2)

lower bound (real) for p(Ll) from equation (B2)

MXBI - 1

MXBI + 1

MXBO -1

MXBO + 1

number of mesh points along vertical mesh line

number of mesh lines above mesh line AB for first mesh line below EF
(may be negative)

number of mesh lines above mesh line AB for line CD (usually negative,
unless STGR is positive)

number of vertical mesh lines in length of blade

array of number of mesh points on vertical mesh line above line AB (may
be negative)

number of mesh points plus boundary points along vertical mesh line
array; on vertical mesh line IA, the mesh point nearest the upper blade

surface is NU(IA) mesh points above line AB (NU(IA) may be negative)
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RATIO
SL

SLLPE

SLUPE
SRW

TANTH
TANTHL
TANTHU
THETA
THETAL
THETAU
U

UINT

UNEW

UNO
USP

36

array of input information for plotting subroutine PLOTMY

m

value of u +1/u;n for use in equations (B2) and (B3)

array of streamline coordinates for input data to the plotting subroutine
PLOTMY

array of slopes of spline curve at each spline point for rower blade surface,
calculated by SPLN22

same as SLLPE, but for upper blade surface

code (integer) variable that will cause certain subroutines to write out data
useful for debugging:
SRW =18 SPLN22 will write input and output data
=19 BLDCRD will write out blade coordinates and slopes at each
mesh line
=19 INTPL will write out pertinent data for each iteration
=16 SPLINT will write input and output data
=13 SPLINE will write input and output data
=20 BLDDER will write out z-coordinates and slopes

tan 6 at unknown mesh points

tan 6 along lower blade surface

tan 6 along upper blade surface

streamline angle 6 at unknown mesh points
streamline angle 6 along lower blade surface
streamline angle 6 along upper blade surface

array of estimated values of stream function or of eigenvector associated
with spectral radius of L, and p(Ll), as estimated by power method

array of values of stream function for which it is desired to obtain interpo-
lated values of x-coordinate

new value of eigenvector estimate at single point, as calculated by equa-
tion (5) (p. 30)

(au/an)in (egs. (3) and (A2))
(au/an)out (eqs. (3) and (A3))

array of values of stream function along vertical mesh line, including
boundary points

array of velocities at unknown mesh points




WL
WMAX
WMIN

WXL

WXU

wWZ
WZL

WZU

X1
XBB
XINT

XL
XU
ZINT
ZPL
ZXL

ZXU

array of velocities along lower blade surface

upper bound for optimum w from equations (B1l) and (B2)
lower bound for optimum w from equations (Bl) and (B2)
array of velocities along upper blade surface

array of tangential velocity components at unknown mesh points

array of tangential components of velocities where horizontal mesh lines in-
tersect lower blade surface

array of tangential velocity components where horizontal mesh lines intersect
upper blade surface

array of axial velocity components at unknown mesh points

array of axial velocity components where vertical mesh lines intersect lower
blade surface

array of axial velocity components where vertical mesh lines intersect upper
blade surface

value of x for which INTPL is to compute H3 or H4
array of x-coordinates associated with array USP

array of interpolated x-coordinates calculated by SPLINT and corresponding
to array UINT

array of x-coordinates of lower surface of blade at each vertical mesh line
array of x-coordinates of upper surface of blade at each vertical mesh line
argument for BLDCRD, not used in main program

array of z-coordinates of vertical mesh lines

array of z-coordinates of intersections of horizontal mesh lines with lower
blade surface

array of z-coordinates of intersections of horizontal mesh lines with upper
blade surface
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Program Listing for COEF, SOR, SLAXVL, and TASVEL

$IBFTC 2DINCP

10 CALL COEF(NXN)
IF{NXN.GT.2500) GO TO 10
CALL SOR
CALL SLAXVL
CALLTASVEL
GO 1O 10
END

$SIBFTC COEF
SUBROUTINE COEF({NXNI)

IA IS AXIAL INDEX

IB IS BLADE-TO-BLADE INDEX

1 IS OVERALL INDEX

HA IS BASIC AXIAL INCREMENT

HB8 IS BASIC BLADE-TO-B8LADE INCREMENT

OO0

REAL KyK1,K2,K3,K&,KS,LMAXLMIN
INTEGER SRW,FIRST,CASE,BLDATA,ERPRT ,STRFN,SLCRDySLPLT,ARPRT,SURVEL
COMMON SRW,PITCH,CHORD,STGR, THETAI , THETAO,DTLR,RI4ALUI,ALLI,
ROy ALUDO,ALLO MXBI yMXBOy MXsNBBI yNUSP,NLSPyNINT,
BLDATAyNULAKI,ERPRT, STRFN, SLCRD, SLPLY, ARPRT 4 INTVEL ,SURVEL,
ZULS50) , XSPUL50) 2L (50) ¢ XSPL(SO) sy WeWR,TOLER,BDA,BDD,
U(2500),A{2500,4)4K(2500),
DXDZU(100),DXDZL (100}, SLUPE [50) 4EMU(50) ,SLLPE(50),EML(50),
XU(100) 4XL{100)4NU(100) yNL(LOO) 4 UINT(L1)¢XINT(1L),
HA ¢ HB s NXNy MXBIM14MXBOP1 ¢y JUy JLoHU4HL 1D, NBBO, NBUD 4NCH,
IBTEL, IBTE2,ITE2,HAL1TE,HANTE
DIMENSION WZ{2500),WX(2500),V{2500), THETA(2500},SL(1100)
DIMENSION WZU(100),WZL{100),WXU(100) yWXL(100) ,ZXU(100)4ZXL{100),
1 THETAU{100), THETAL(100) +WU{100),WL(100),
2 UsSP{(100),2PL1100),1U(100),IL(100),AAALL100)
EQUIVALENCE (A{1,1)eWZUL)) o (ALL2) WX({L))o(ALLs3),VIL)),
1 (A{1y4),THETA(1) )+ (K(1501),SL(1))
EQUIVALENCE (K11}, WZIU(1)),{K(101) ,WZL{1))tK(201),WXU(L)]),
1 (K{30L1),WXL{1) )y (K(40L) +ZXUTL} )4 (K(501),42XL(1)),
2 {K{601) g THETAU( L))y (K{T701),THETALIL) ) o (KIBOL)»WULL) ),
3 (K{90L) yWLI1)) o (K{10OL) USPLL))»(K(L1OL),ZPLI(1}),
4 (K(1201 0, TUCL) Do (K (1301 },IL{L))4(K(1401),AAA(L})
10 WRITE (6,999)
READ (5,1010) PITCH,CHORD,STGR, THETAI, THETAO,DTLR
WRITE(651020) PITCH,CHORD,STGR, THETAI,THETAOQO,DTLR
READ (5,1010) RI,ALUI,ALLI+RO,ALUO,ALLOD
WRITE(6,1020} RI,ALUI,ALLI,RO,ALUD,ALLD
READ (5,1000)MXBI yMXBO,MXyNBBI s NUSP 4 NLSP4NINT
WRITE{6,1000)MXBI 4 MXBOyMXy NBBI y NUSPsNLSPoNINT
READ (5,1010) ( ZU(IA),1A=1,NUSP)
WRITE(6,1020) ( ZULIA)Y,T1A=1,NUSP)
READ (5,1010) (XSPU(IA),IA=1,NUSP)
WRITE(641020) (XSPU(IA),IA=1,NUSP)
READ (5,1010) { ZL(IA),1A=1,NLSP)
WRITE(641020) { ZL{TA),1A=1,NLSP)
READ (S,1010) (XSPL(IA),IA=1,NLSP)
WRITE(6,1020) (XSPL(IA),IA=1,NLSP)
READ (5, 1000) BLDATA,NULAKI JERPRT{STRFN,SLCRD,SLPLT;ARPRT, INTVEL,

[--JENI SRV SV S

1 SURVEL
WRITE(6,1000) BLOATA,NULAKI yERPRT(STRFN,SLCRD,ySLPLT,ARPRT, INTVEL,
1 SURVEL

READ (5,1010) W,WR,TOLER,BDA,BDD




WRITE{641020) W,WRyTOLERBDA,BDD
C
c END OF INPUT
c
CHORD/FLOAT(MXBD-MXBI )
PITCH/FLOATI{NBBI)
A = [PITCH+STGR)}/HB
B8 = STGR/HB
NBBO = A-SIGN{DTLR,A)
IF(A.LT.DTLR) NBBO = NBBO-1
NBUD = B-SIGN{DTLR,B)
IF(B.LT.-DTLR) NBUD = NBUO-1
HU = FLOAT{NBUO+1)*HB-STGR
HL = PITCH+STGR-FLOAT(NBBO)*HB
THETAI = THETAL1/57.29577
THETAGC = THETAO/57.29577
UNI = SIN(THETAI)/COS(THETAI)/PITCH
UNO = —-SIN(THETAD)/COS{THETAO}/PITCH
ALUI ALUI/S5T7.29577
ALUO ALUO/S57.29577
ALLI ALL1/57.29577
ALLO ALLO/5T.29577
ALUL SIN(ALUI)/COS(ALUI)
At uo SIN{ALUD)}/COS(ALUO)
ALLI SIN(ALLI)/COS(ALLI)
ALLO SIN(ALLO)/COS{ALLD)
NCH = MXBO-MXBI+1
MXBIM1 = MXBI-1
MXBOP1 = MXB0O+1
IBTEL = 1000
IBYE2 = 1000

X
>
o

[ T T T L T ]

C CALCULATE MESH COORDINATES ON BOUNDARY

WRITE (6,999)

ZUT1) = RI*({1.-ALUI/SQRT{1.+ALUI**2))

ZUINUSP) = CHORD-RO*(1.+ALUD/SQRT{1.+ALUO**2})

ZL(1) = RI*{T.+ALLI/SQRT(1.+ALLI**2)}

ZLINLSP) = CHORD-RO*{1.~-ALLO/SQRT(1.+ALLD**2))

XSPU{1l) = SQRT(ZU{1)*{2.%RI-ZU(1)))

XSPL{1) =-SQRT{ZL(1)*{2.%RI-ZL(1))) +PITCH

XSPU(NUSP) = SQRT{{CHORD-ZUI(NUSP)) *(2,.*RO-CHORD+ZU{(NUSP)) ) +STGR
XSPLINLSP) = -SQRT({CHORD-ZL(NLSP})) *(2.*RO-CHORD+ZL (NLSP))}#STGR
1 +PITCH

IF{BLDATA.EQ.1) SRW=18

CALL SPLN22(ZU,XSPU,ALUI+ALUD,NUSP,SLUPE,EMU)

CALL SPLN22{ZL 4XSPL,ALLIJALLO,NLSPySLLPE,EML)

IF{BLDATA.EQ.1) SRW=19

CALL BLDCRD {ZU4XSPU, SLUPE yEMU,NUSP,RI yALUI,RO,ALUO,CHORD,STGR,

1 PITCH,y le v XUINCHGZINToMXBI yDXDZU)

CALL BLDCRD {ZLyXSPLySLLPE JEML,NLSP,RI,ALLI,RO,ALLO,CHORD,STGR,
1 PITCHe~1a 9 XL NCH,ZINT,MXBI,DXDZL)
SRW = 0

C

C CALCULATE UPSTREAM COEFFICIENTS

C



90 CONTINUE
1 =20
DO 100 IA = 1,MXBIM]
NL(TIA) = NBBI-1

NU{TIA) = O
NBB = NL{IA)-NU(IA)+1
XU{IA) = 0.

XL{TA) = PITCH
DO 100 IB=1,NBB

I = I+1

ATl = 2.%(HA®*¥2+HB*%2)
All, 1) = HA*%2/Al1
A{l1,2) = AlI,1)

All,3) = HB**2/All
All.4) = A(1,3)

K(I) = 0.

IF(IB.EQ.1) K{I) = -A(I,1)+K(I)

IF{IB.EQ.NBB) K(I) = A{1,2)+K(I])
IF({IA.EQ.MXBIML).AND.(IB .EQ.1)) A{I,4) = O.
IF(IA.NE. 1) GO TO 100

Atls+1) = 0.

A(I,2) = 0.
A(1,3) = 0.
A(l,4) = 1.

K{I) = HA*UNI
100 CONTINUE
C
c CALCULATE COEFFICIENTS BETWEEN BLADES
r
D0 110 IA=MXBI,MXBO
NUCTA) = INT{{XU(TIA)+DTLR)/HB)
IF(XU{TIA).GT.-DTLR) NU{IA)=NU{TA)+1
NLE{IA) = INT{{XL{IA)-DTLR)/HB)
IFIXLIIA).LT.DTLR) NLITA) = NL(TIA)-1
110 CONTINUE
NL (MXBOP1) NBBO
NU{ MXBOP 1)} NBUOD
DO 120 TA = MXBI,MXBO
X1 = FLOAT{NU(IA))*HB
NBB = NL{TA)-NU(TA)+1

K5 = 0e

D0 120 IB=1,NB8B

I = I+1

IFLI.6T.2500) GO TO 120
Kl = .

K2 = 0.

K3 = 0.

H3 = HA

H4 = HA

IFCINU{IA}+IB) LE.NU(TIA-1)) CALL INTPLIXUsTA¢X1,H3404K34ZUyXSPU,
1 ALUT+ALUDy NUSP, SLUPE ¢EMU4RI yRO4CHORDs STGRyPITCHe 14,HA,HB,
2 MXBI,MXBOD)

IFUINUUTA) +IB) JLELNU(CTA+1)) CALL INTPLIXUyIAsX1oHéy14K&2ZUsXSPU,
1 ALUT,ALUD, NUSP 4 SLUPE EMU,RI yROyCHORDySTGRyPITCHy leyHAHB,y
2 MXBI,MXBO)
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C
c

c
c
C

1
2

IFUINUITA)+IB) GT INL{TA-1)+41)) CALL INTPLU(XL,TAyX1yH3,405K34ZL,
XSPLyALLIJALLOyNLSPySLLPE 4EML 4RI yRO,CHORDySTGRyPITCHy~ 1.4 HAy HB,y
MXBI,MXBD)

IF{INU{TA)+IB) GTL(NL(TA+1)+1)) CALL INTPL{XL,IAsXleHG9s1lyKasZL,
XSPLy ALLIJALLO,NLSP s SLLPELEMLyRIyRO,CHORDySTGRyPITCHy~1.yHA,HB,
MXB1,MXBO)

IF{ [A-MXBO+1) 115,113,114

SPECIAL CALCULATION OF COEFFICIENTS AT TRAILING EDGE OF LOWER SURFACE OF

113

114

115

120

UPPER BLADE

IF{X1.LT.PITCH+STGR-RO) GO TO 115

IF(X1.GT.PITCH+STGR) GO TO 115

HAMRO = HA-RO

XL{MXBO)} = PITCH+STGR—-RO

CALL INTPLU{XL oIAyX19H%y1yK4sZL»XSPLyALLI+ALLOyNLSP,SLLPE,EML,
RI 4ROy CHORD,y STGRyPITCH,-1a yHAMRD,HB,MXBI,MXBO)

HANTE = Hé4

IBTE2 = NU(TIA)+]IB-1

XL{MXBO) = PITCH+STGR

GO TO 115

IF({X1.LTL.PITCH+STGR-R0O) GO TO 115

IF(IBTE2.EQ.1000) GO TO 115

B = XL{MXBD-1}

XL{MXB0O-1) = PITCH+¢STGR-RO

CALL INTPLUXL,IAsX14H340eK34ZL,XSPLyALLI,ALLOyNLSP,SLLPE,JEML,
RI4ROyCHORD, STGRyPITCHy~14yR0O,HByMXBI »MXBO)

HALTE = H3
IBTEl = NU(IA)+IB-1
ITE2 = |

XL(MXBO-1) = B

IF(IB.EQ.1) K1 = 1.

IF(IB.EQ.NBB) K2 = 1.

Hl = HB-K1*{XU(IA}-X1+HB)

H2 = HB-K2*(X1-XL(IA)+HB)

AIT = (H34+H4)*¥{1./Hl+1./H2)+{H1¢H2)*{1./H3+1./H4)

All,1) = (H3+H4)/H1/AII
A(I,2) = (H3+H4)/H2/A11
A{I,3) = (HL+H2)/H3/AII
AlI,4) = (H1+H2)/H4/ALL

IF{K3.lTee5.ANDK4.LT.a5) K5 = 1.
K{I) = KS5%{K2%A(I,2)+K3*A{I,3)+K4&*A(I,4))

IF(K1.GT..5) AlI,1) = 0.
IF(K2 .6T..5) A{I,2) = 0.
IF(K3.GT..5, A("B’ = Oo
IF{K4 .GT..5) Afl.4) = 0.
X1l = X1+HB

CONTINUE

CALCULATE DOWNSTREAM COEFFICIENTS

D0 170 IA=MXBOP1l,MX

NU(TIA) = NBUD
NL(IA) = NBBD
XU(IA) = STGR
XL{TA) = PITCH#STGR
I = [+1

IF{1.6T.2500) GO TO 140
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ALl = (HA+HA)*{1./HL+1./HU)+{HL+HU) *2. /HA

A{I,1) = (HA+HA)/HL/AII
AlI,2) = (HA+HA)/HU/ALI
A(I,3) = (HL+HU)/HA/ALI
AlIs4) = AlI,3)

K(I) = -A{I,1)
IF{IA.EQ.MXBDOP1) A(I,3) = 0.
IF(IAJNE.MX) GO TDO 140
A{I,1) = 0.
A(I,2) = O.
All,4) O.
AlI,3) = 1.
K{I) = HA®UNO
140 1 = I+1
IF(1.6T.2500) GO VO 150
AITl = (HA+HA)®(1./HB+1./HU) +({HB+HU) *2, /HA

A{lI,1) = (HA+HA)}/HU/AIIL
A{I,2) = {HA+HA)/HB/AIL
A(I,3) = (HB+HU)/HA/AII
AlI,4) = A(I,3)

K(I) = 0.

IF(IALNE.MX) GO TO 150
A(l,1) = 0.

All,2) = 0.

All«4) = 0.

AlI,3) = 1.

K(I) = Kt1-1)

150 NBB = NL{IA)-NU{IA)
00 160 IB=3,NB8
I = [+1
IF(I.6GT.2500) GO TO 160
All = 2.%(HA®*2+HB%*%*2)
AlI,1) = HA**2/A11l
AlT42) = A(I,1)

A(I,3) = HB*%2/A1l
AlI,4) = AlI,3)

K(I) = 0.

IF{IA.NE.MX) GO TO 160
Al(I,1) = O.

All,2) = 0.

Al(I,4) = 0.

A{I43) = 1.

K(I) = K(I-1)

160 CONTINUE
I = 1+1
[F(1.GT.2500) GO TO 170
ATl = (HA#HA)*(1./HB+1./HL }+(HB+HL ) *2, /HA
AlI,1) = (HA+HA)/HB/AIIL
AlI,2) = (HA+HA)/HL/AII
A(T1,3) = (HB+HL)/HA/AIIL
A(l,4) = A([,3)
K(I) = AlT,2)
IF(TAJNE.MX) GO TO 170
AlI,1l) = O.
A(I,2) = 0.
Al(l,4) = 0.




170

999
1000
1010
1020
1410
1420
1430

AllI,3) = 1.

K(I)}) = K(I~-1)

CONT INUE

NXN = I

WRITE (6,1420) NXN

IF{NXN.GT.2500) WRITE{6,41430)

NXNL = NXN

IF(NULAKI.EQ.Q0) RETURN

WRITE (6,1410) (NU(IA),NL(IA) ,IA=1,MX}

RETURN

FORMAT {1H1)

FORMAT (1615)

FORMAT (8F10.5)

FORMAT (1X,8G16.7)

FORMAT (18H LIST OF NU AND Nt 7/ (2110))

FORMAT (1H »5X,32HNUMBER OF INTERIOR MESH POINTS =,15)
FORMAT{76HKTHE NUMBER OF UNKNOWN MESH POINTS EXCEEDS 2500,
1ER GRID MUST BE USED)

END

A CODARS
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$IBFT

c E
190
200

210

215

C SOR

SUBROUTINE SOR
REAL KyK1l9K29K39K49K5,LMAX,LMIN
INTEGER SRWyFIRSTyCASEBLDATA,ERPRT, STRFN,SLCRD,SLPLT, ARPRT 4 SURVEL
COMMON SRW,PITCHyCHORDsSTGR,THETAI , THETAODsDTLRyRI»ALUIALLI,
RO, ALUD+ALLO+MXBI yMXBOyMXoNBBI yNUSP¢NLSPoNINT,
BLDATAyNULAKI,ERPRT, STRFN,SLCRD,SLPLT,ARPRTy INTVEL 4 SURVEL,
ZU(50) 9 XSPU(50) 4 ZL(50) 4 XSPL(50) yWsWR,TOLER,BDA,BDD,
U( 2500)+,A125004+4) 4K12500),
DXDZU(100),0XDZL{100),SLUPE{50),EMU(50) ,SLLPE(50),EML{50),
XU{100)yXL{100)yNU(L00) 4NL(100) ,UINT{11)}4XINT(11),
HAyHBy NXNyMXBIML sMXBOP1 s JUy JLyHU+HL 1D, NBBO, NBUONCH,
IBTELl, IBTE2,ITE2,HALTE,HANTE
DIMENSION WZ(2500),WX(2500),V(2500) , THETA(2500),5L{1100)
DIMENSTION WZU{100),WZL{100) +WXU(100) ¢WXLI100) yZXU(100),ZXL{100),
1 THETAU(100),THETAL(100),WU{100),WL(200),
2 USP(100)4,2PL{100),IU(100),IL{100),AAA(100)
EQUIVALENCE {AUL, LY, WZ(1))o(A{L142)4WX(L))»(A(Ls3),VI(1D]),
1 (A{1,4),THETA(1)),IK(1501),SL{1)})
EQUIVALENCE (K(L),WZULL1)) o {KI{LOL) 4WZLIL)){K(201)WXU{L1)),

DN NDWN -

1 (K301 )y WXL L) Do (KEA0L) 9 ZXULL) )9 (KI501) +ZXL(L) ),

2 (K(601)y THETAUCL)) o (KITOL), THETALCL) )9 (K{BOL)oWU(L)),
3 (K{901)yWL{L1D)e(K{L1001),USPLL)) o IKILLOL)}ZPL(1)}),

4 (K(1201)5 IUL1) ) {K{L301),ILUR))+(K(1401),AAA(LD)
STIMATE WBEST

IF(W.GE.1l.) GO TO 225

DO 200 I=1,NXN
utr) = 1.

WMAX = 2.
I=20

WMAX1 = WMAX
LMAX = O.

LMIN = 1.

D0 220 IA=1,MX
NBB = NL{IA)-NU(IA)+1
D0 220 IB =1,NBB

I = 1+1
I1 = I-1
12 = [+1

IF(UCJALLT.MXBI).ORJ(TA.GT.MXBO)).AND. (IB.EQ.1)) Il = [1+NBB
IF(({TA.LT.MXBI).OR.(IA.GT.MXBO)).AND. (IB.EQ.NBB}) 12 = I2-NBB
I3 = [-NL{TA-1)+NU(TA)-1

I4 = T+NL(TA)-NU(TA+L)+1

UNEW = A(I,1)*ULTIL1)#A(TI,2)%UTI2)+A(T,3)1%U(I3)¢A(1,4)%U(]4)
RATID = UNEW/ULT)

LMAX = AMAX1{RATIO,LMAX)

LMIN = AMINI{RATIG,LMIN)

UlT) = UNEW

220 CONTINUE




WMAX 2./(1.+SQRT{ABS(1.-LMAX})))

WMIN 2./{1.+SQRT(1.~LMIN})

WRITE (6,1500) WMAX,WMIN,LMAX,LMIN

IFCC(WMAX 1-WMAX) .GT.WR}.0R. [WMAX.GT.(2.~-100.*WR))) GO TO 210
M = WMAX

C
Cc CALCULATE INITIAL SOLUTION ESTIMATE
C
225 1 =0
DD 230 IA=1,MXBIM1
NBB = NL(IA)-NU(IA)}+#1
X1 = FLOAT{MXBI-TA)/FLOAT{MXBI)*BDA
DO 230 IB=1,NBB
I = I+]
ULI) = X1+FLDAT(IB-1)/FLOAT{NBB)
230 CONTINUE
D0 240 1A=MXBI,MXBD
NBB = NL{IA)-NU(IA)+1
DO 240 IB=1,NBB
I = 1+1
J = NU(IA)+IB-1
ULT) = (HB*FLOAT(J)-XU(TA))/(XL{IAY=XU(IA))}
240 CONTINUE
DO 250 IA=MXBOPl,MX
NBB = NL(IA)-NU(IA)+1
X1 = FLOAT{IA-MXBO)/FLOAT{MX-MXBO)*BDD
DD 250 I8=1,NB8B
I = [+1
ULT) = X1+FLOAT(IB-1)/FLOAT{NSB)
250 CONTINUE
c
c SOLVE MATRIX EQUATION BY SOR
C
IF{INULAKI.NE.O)} WRITE (6,1450}
260 1 =0
ERROR = 0.
DO 270 IA=1,MX
N8B = NL{IA)-NU(IA)+1
DO 270 IB=1,NBB

I = I+1
I1 = I-1
12 = I+1

IFI{LTALLT.MXBI).OR.{TALGT.MXBO))sAND. (IB.EQ.1)) Il = I1+NBB
IF{({TIA.LTMXBIV}.OR(IA.GT.MXBO)) .AND.(IB.EQ.NBB}) 12 = ]12-NBB
I3 = JI-NL{IA-1)+NU(TA)-1

I4 = I+NL{IA)-NU(JA+1)+1

CHANGE = WE(K{I}-UTI)I+A{T  1)*U(T2)+A(T,2)%U(12)+A(],3)%U{][3)+
1 AlI+4)%U(14))

ERROR = AMAX1{ERROR,ABS{CHANGE)}

U{T) = U(T)+CHANGE

IFINULAKT.EQ.0) GOTO 270

IF{IA.EQ.1) I3=0

IF(IALEQ.MX) I4=0

WRITE (691460) TA,I4(A(I4J)9J=194)+11412613,14,K(T1}

270 CONTINUE
NULAKYI = 0
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IFC{ERPRT.NE.O) WRITE (6,1510) ERROR
IF{ERROR.GT.TOLER) GO TD 260
IF(STRFN.NE.O) WRITE(6,1520)
LAST = 0
00 280 IA=1sMX
FIRST = LAST+1
LAST = FIRST+NL{TIA)-NUIIA)
IUCTIA)=FIRST
ILCIA)=LAST
280 IF(STRFN.NE.O) WRITE (641530) (UCI)},I=FIRST,LAST)

RETURN
1450 FORMAT (88H1L IA I A(I.1) All,2) A(I,3) All4)
111 12 13 14 K(I) )

1460 FORMAT (2X313,1644F10.5+417,F10.5)

1500 FORMAT (7H WMAX =4F9.6y5Xs6HWMIN =yF9.6,5X6HLMAX =4F9.64+5X,
1 6HLMIN =,F9.6)

1510 FORMAT ( 8H ERROR =,F1l1.8)

1520 FORMAT (1H1l,10Xs22HSTREAM FUNCTION VALUES)

1530 FORMAT (2X,10F13.8)
END




$IBFTC SLAXVL

SUBROUTINE SLAXVL
REAL KsK19K2,K3,K&,KS,LMAX,LMIN
INTEGER SRW,FIRST,CASEBLDATALERPRTSTRFN,SLCRD+SLPLT ; ARPRT,SURVEL
COMMON SRW,PITCHeCHDORD¢STGRy THETAI , THETADDTLR,,RI,ALUI,ALLI,
ROy ALUD,ALLO,MXBI MXBO, MX4NBBI NUSP,NLSPoNINT,
BLDATA,NULAKIERPRT, STRFN,SLCRD, SLPLT,ARPRT, INTVEL SURVEL,
ZU(50) ¢ XSPU(S50),ZL(50) s XSPL{50) 4 Wy WR,TOLER,BDA,8BDOD,
U{2500)4,A(2500,4),K{2500),
DXD2U{100),DXDZL(100) 4SLUPE (50) ,EMU{50) ,SLLPE(50),EML{50),
XUL100) 4XL{100)4NUCL100) 4NLIL10OO) UINT(11),XINT(11),
HA HByNXNo MXBIM14MXBOPL 4 JUs JLyHUHL,I1D,NBBO,NBUO4JNCH
IBTEl,IBTE2,ITE2,HALTE,HANTE -
DIMENS ION WZ{2500),WX(2500),V{2500)  THETA{2500) ,5L{1100)
DIMENSION WZU{100),WZL(100} (WXU(100) 4WXL{100)} +ZXU{100),ZXL(100),
1 THETAU(100), THETAL(100) 4WU{100),WL{100)
2 USP(100),ZPL{100),1U{100),IL{100) ;AAA{100)
EQUIVALENCE (A(Llo1)oWZTIL) )T A(Ly2)yWX{L))y(A(L43)yV(1)),
1 (A({1s4),THETA(1)),(K(1501),SL(1})
EQUIVALENCE (K(13,NZU(L) )4 {K(1OL) WZL(1)),(K{201) WXU{L1)),
1 (K{301) oWXLIL) ) {K(40L1) 4ZXUL1)),{K(501),ZXL(1)),
2 (K{601), THETAUC 1)), (K{701), THETAL(L1)),(K(8OL),WU(L) ]},
3 (K{901) o WLI11),{K(1001),USP{1)), {K({1101),ZPL{L)),
4 (K(1201), TUCL) D4 (K(1301),ILL{1)),(K{1401),AAA(1)}])
DIMENSION XBB(52)4WZSP(52),KKK(24),P({11)
DATA (KKK{J)yJ=%92492)/11%1H*/

DN NSWN -

C
C CALCULATE STREAMLINE LOCATION -— UPSTREAM
c

I1=1

1 =0

DELINT = 1./FLDATININT)

NBB = NL({1)+1

xB8{1) = 0.

ZPL(1) = HAXFLOAT(1-MXBI)
D0 318 IA=2,MX
318 ZPL{IA) = ZPL(IA-1)+HA
IF({SLCRD.NE.O) WRITE{6,1550)
00 320 I8 =1,NBB
320 X88(I8+1) = XBB(IB)4+HB
DO 350 IA = 1,MXBIMI1
UINT{1) = AINT(U(I+1)/DELINT)*DELINT
IF(U{I¢1).6T.0.) UINT(1) = UINT(1)+DELINT
00 330 JB=2,NINT
330 UINT(JB) = UINT(JB-1)+DELINT
DO 340 IB=1,NB8
I = [+1
340 USP{IB) = U(I)
NSP = NRBR+1
USPINSP) = USP(1)+1.
CALL SPLINT{USP,XB8,NSP,UINT,NINT, XINT)



48

OO0

(e Nalgl

CALL SPLINE(XBB,USPsNSP,WZ{I1),AAA)
I1=I1+NL(IA)+]1
IF{SLCRD.NE.O) WRITE(6,1540) ZPL{IA),(UINT{J) +XINT(J)sJ=1,NINT)
DO 345 JB=1,NINT
J = MX¥(JB-1)+]A
SL{J) = XINT{JB)
345 CONTINUE
J1 = MXENINT+IA
SL(Jd1) = sLid)
350 CONTINUE

CALCULATE STREAMLINE LOCATION -— BLADE

Ju=Mx8I-1
NINT = NINT+1
UVINT{1) = 0.
DO 360 JB=2,NINT

360 UINT{JB) = UINT(JB-L1)I+DELINT
UsP(1) = 0.
DO 380 IA=MXBI,MXBO
X88{1) = XUlIA)
N8B = NL(IA)-NU(IA)+1
XBB(2) = FLOAT(NU(IA))*HB
DO 370 IB = 1,NB8B

I = I+1
UsSP(IB+1) = U(I)

370 XBB(IB+1) = FLOAT(IB-1)*HB+XBB{2)
NSP = NBB+2

USPINSP) = 1.
XBBINSP) = XL(IA)
CALL SPLINT{USP¢XBB 4NSPyUINToNINT,XINT)
CALL SPLINEIXBBsUSPNSP,WZSP,AAA)
00 375 IB8=]1,NB8
WZ(I1)=WZSPLIB+1}
375 Il=11+1
Ju=Ju+l
WZU(JU)I=HWZSP(1)
WZLIJU)I=WZSPINSP)
IF{SLCRD.NE.O) WRITE(6,1540) ZPL(TA),{UINT{J) XINT{J}sJ=1,NINT)
DO 380 JB=14NINT
J = MX*(JB-1)+IA
SL{J) = XINT(J8B)
380 CONTINUE

CALCULATE STREAMLINE LOCATION — DOWNSTREAM

NINT = NINT-1
NBB = NL (MXBOP1)-NU(MXBOPL)+1
NSP = NBB+1
X88(1) = STGR
X88(2) = STGR+HU
DO 390 I1B8=3,N88B
390 XBB(IB) = XBB(IB-1)+HB
XBB{NSP) = STGR+PITCH
DO 420 IA=MXBOP1,MX
UINT(L1) = AINT(U{I+1)/DELINT)®DELINT




(@) [aXaXal

IF(U(TI#1).GT.04) UINT(1) = UINT(LI+DELINT
DO 400 JB=2,NINT
400 UINT(JB) = UINT(JB-1)+DELINT
DO 410 IB8=1,NBB
I = 1+1
410 USP(IB) = Ul
USP{NSP) = USP(l)+].
CALL SPLINT{USP,XBBsNSPsUINT,NINT,XINT)
CALL SPLINE(XBBsUSPyNSP,WZ(I1),AAA)
I1=11+NLUTA)-NULIA)+]
IF{SLCRD.NE.O) WRITE{641540) ZPLI{IA),{UINT{J) ¢XINT(J)J=1,NINT)
00 415 JB=1,NINT
J = MX*{JB-1}+IA
SL{J) = XINT{JB)
415 CONTINUE
J1 = MXENINT+IA
SLEJ1) = suty)
420 CONTINUE

PLOT STREAMLINES

IF(SLPLY.EQ.O) GO TO 480
CALCULATE PLOTTING PARAMETERS
IMIN = ZPL(1)
XMAX = XL{1)
XMIN = XU(1)
DO 430 TA = 2,MX
XMAX = AMAXL{XMAX,XL{IA))}
430 XMIN = AMINLI{XMINsXU(IA)})
DX = XMAX—-XMIN
XFACT = 2.
440 IFI{DX.GT.10.) GO TO 450
DX = DX*10.
XFACT = XFACT+l.

GD TO 440
450 IF(DX.LE.100.) GO TO 460
DX = DX/10.
XFACT = XFACT-1.
GO 1D 450

460 DX = AINT(DX+l1.)
DZ = AINT{5.%DX/3.)
ZFACT = XFACT

IMIN = AINT{ZMIN*10.%*%2FACT)
XMIN = AINT(XMIN®¥10.%*XFACT)
KKK(1) = 49

KKK{2) = NINT+1

P(1) = 1.

P{6) = 6.-ZFACT

P{T) = LMIN

P(8) = DZ

P{9) = 6.-XFACT

P{10) = XMIN

P{11) = DX

KKK(3) = MX
WRITE(641530)
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CALL PLOTMY (ZPL,SLyKKK,P)
WRITE (6,41560)
IPL{1) = HA*FLOAT({1-MXB8I)
DO 470 IA=2,MX
470 IPL{IA)=ZPL{IA-1)+HA
480 IF(ARPRT.EQ.O0) RETURN
WRITE (6,1600)
LAST=0
DO 490 [A=1,MX
FIRST=LAST+1
LAST = FIRST+NL(IA)-NU(IA)
490 WRITE (6,1020) (WZ(I1),I=FIRST,LAST)
WRITE (6,1610)
WRITE {6,1020) (WIU{IA), IA=MXBI,MXBO)
WRITE (641620}
WRITE {6,1020) (WZL{IA), IA=MXBI,MXBO}
RETURN
1020 FORMAT (1X,8G16.7)
1530 FORMAT (2HPT,50X, 16HSTREAMLINE PLOTS )
1540 FORMAT (1X,7G18.7/(19X,6G18.7))
1550 FORMAT (1H1,26X,22HSTREAMLINE COORDINATES///7X,8HZ COORD.,
1 3(9Xy LOHSTREAM FN. 19Xy B8HX COORD.)//)
1560 FORMAT ( 2HPL 435X, 86HSTREAMLINES ARE PLOTTED WITH X-DIMENSION ACROS
1S THE PAGE AND Z-DIMENSION DOWN THE PAGE)
1600 FORMAT(1HO, B8HWZ ARRAY)
1610 FORMAT{1HOy 9HWZU ARRAY)
1620 FORMAT(1HO, 9HWZL ARRAY)
END




$IBFTC TASVEL

SUBROUTINE TASVEL
REAL KyK1sK29K3¢K&yK5,LMAXyLMIN
‘ INTEGER SRW,FIRST,CASE,BLDATALERPRT,,STRFNySLCRD,SLPLT, ARPRT,SURVEL
| COMMON SRW,PITCH,CHORDySTGRyTHETAl y THETAD+DTLR,RTIoALUI ALLI,
’ RO, ALUD,ALLOyMXBI 4MXBO4,MXyNBBI,NUSP,NLSP,NINT,
BLDATA, NULAKI ERPRTySTRFNy SLCRDy SLPLT,ARPRT,, INTVEL,SURVEL,
ZU150) 9+ XSPU(50),2L150) + XSPL{50) y W,WR,TOLER,BDA,BDD,
U( 2500),A1(2500,4),K(2500),
DXDZU{100) sDXDZL(L00) s SLUPE (50) yEMU{50) »SLLPE(S0),EML(50),
XU{100),XL{100),NU(200) sNL{100) UINT{L21)4XINT(11),
HAsHB yNXNoMXBIM1 4 MXBOPL e JUy JLyHU4HL ,IDs NBBO s NBUO sNCH,
IBYELr, IBTE2,ITE2,HALTE,HANTE
DIMENSION WZ(2500).WX{2500),V12500)  THETA{2500),5L1{1100)
DIMENSION WZU(100),WZL{100),WXU{100) ,WXL(100) ,ZXU{100),ZXL{100),
1 THETAU(100) ,THETAL{100),WU(100)yWL(200),
2 UsP(100),2PL(100),IU{100),IL(100),AAA(100)
EQUIVALENCE (A(1s1)sWZU1))4CA(L,2),WX{1)}),(A(L143),V(LI}),
1 (AC194) s THETA(1)){K(1501),5L(1))
EQUIVALENCE (K{1},WZULL1)) s (K{L1OL) ,WZL(1) )4 (K(201) WXULL)),
1 (KE301) yWXL{L) )9 (K{40L1) »ZXU(L) ), 1KI501),ZXLIL)),
2 (K{601) y THETAU( 1)1 (K{T701) 4 THETALI(1) ), (K{8O1) WU(L}]),
3 {K(901) sWLI1) ), (K{100L1),USP{1)),{K{1101),ZPLIL)),
4 {K(1201)s IU(1) ) (K{L301),ILC1))+{K{1401),AAA(1))

@y NS WN -~

c
C CALCULATE TANGENTIAL VELOCITY COMPONENTS
c
C START AT IA =1 (CASES 1,2,3)
C

CASE =1

Ju = 0

JL = 0

KK1 = 0

KN =0

I8 =0

IAl = 1

HALl = HA

IAN = MX81

I = NBBI+1

| C END ON UPPER SURFACE (CASE 1)
510 IF(IB.GT.NL{1)) GO TO 600

DO 530 IA=IAN.MXBO
530 IFE{NU(IA).GT.IB) GO YO 540

CASE = 2
GO TO 550
540 IAN = IA
IA = IAN-1
X1 = FLOAT(IB)*HB
CALL INTPLIXU,IA,X1,HAN,1,K4,ZU,XSPU,ALUT ALUD NUSP, SLUPE ENY,
1 RIyROyCHORDsSTGRsPITCH,1.9HA HB, MXBI MXBO)
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C EN

D AT TA = MX (CASE 2}

550 IF(IB.NE.IBTEL1l) GO TO 554

554
555

C EN

560

570

580

c sT7

600
620
630
640
650
660

670

c sT

680
690

700

710
720

IAN = MXBO

HAN = HANTE

KN = 1

GO 1O 770

DO 555 IA=MXBI,MXBOD
IF{IB.GT.NL(IA)) GO TO 560
IF{IB.GT.NL{1)) GO TO 600

IAN = MX

HAN = HA

GO YO 770
D ON LOWER SURFACE (CASE 3)

CASE = 3

IF(IB.GT.NL(1)) GO TO 600

DO 570 IA=MXBI,MXB0
IF(NL(TA).LT.IB) GO TO 580
IA=MXBO

IAN = IA

IA = [AN-1

X1 = FLOAT(IB)*HB

CALL INTPL (XLsIAsX19HAN¢L sK4oZL o XSPLyALLT JALLOyNLSP,SLLPE, EML,
1 RI4R0Oy CHORDy STGR4PITCHy— 14 yHA,HB o MXBI ,MXBO)
KN = 1

GO 10 770
ART ON LOWER SURFACE {CASE 4}
CASE = 4

KK1=1

DO 630 TA=MXBI,MXxBO
IFINLITA+1).GT.NL(IA)) GO TO 640
CASE=S

GO TO 680

I8 = NL{TIA)+]

IAl = [A

DO 660 I1A=1A1,MXBO
IFINL{IA+1).GE.IB) GO TO 670
CASE = 5

GO TO 680

IAl = IA
TIA = IAl+1
X1 = FLOAT(IB)*HB

I = IL{IA)+IB-NL(IA)

CALL INTPL (XLoIAyX1,HAL,0,K34ZLyXSPL,ALLI yALLO,NLSPySLLPE,EML,
1 RIyROy CHORDySTGRyPITCHy-1. sHA,HB,MXBI ,MXBO)
GO TO 740
ART ON UPPER SURFACE (CASE 5)

00 690 I1A=MXBI,MXBO
IF(NU{TIA+1)}.LT.NU(IA))} GO TO 700
CASE = 6

GO TO 765

I8 = NUlIA)-1

fAl = IA

KK1=0

DO 720 1A=IA1l,MXBO
IFINU(TIA+1).LE.IB) GO TO 730
CASE = 6




GO TO 765
T30 1Al = A
IA = 1A +1
X1 = FLOAT(IB)*HB
IF{IB.EQ.NUIMX)) X1=STGR
I = TU(TIA}+IB-NULIA)
CALL INTPL (XUyIAyX14HA1,04K342U,XSPU,ALUI ,ALUO,NUSP,SLUPE, EMU,
1 RIsROyCHORDy STGRyPITCHy 1. yHA4HBy MXBI,MXBO)
CASES 4 AND 5
740 IAN=1Al+1l
DO 750 IA=IAN,MXBO
750 IFINL(IAY.LT.IB) GO TO 760
IF{IB.NE.IBTELY) GO TO 755

IAN = MXBO
HAN = HANTE
KN =1

GO 1O 770

END AT IA = MX
755 IAN = MX
HAN = HA

KN = 0
GO Y0 770

END ON LOWER SURFACE
760 IAN = IA
IA = 1A-1
KN = 1
CALL INTPLUXL,IA;X1yHANy1,K44ZL XSPLyALLIALLO,NLSP,SLLPE,EML,
1 RI,RO,CHORD,STGR,PITCH,y~1. yHA,HB, MXBI 4MXBOD)
GO TO 770
765 IF(IBTE2.EQ.1000) GO TO 780
1Al = MXBD-1
HA1 = HALTE

I = ITE2
IAN = MX
HAN = HA
IB = IBTE2
KK1 =1

T70 CALL VELOC (UsZPLyIA1+1AN,HAL sHAN,I 4IB,MXy NXNoNBBO,JU yJL 9 KK1 KN,

1 USPy WX WXU3ZXUy WXL ZXLyNUyNL,AAA)

I8 = IB+1

I = 1+1

IF(CASE.EQ.5) IB=IB-2

GO TO (510,5504560,650,710,780),CASE
780 DO 790 I=1,NXN
790 WX{I)=—WX(I)

DO 800 I=1l,4U
800 WXUII)=—WXU(I)

DO 810 I=1,JL
810 WXL(I)=-WXL(I)

CALL SORTXY{(ZXL,WXL,JL)

END OF TANGENTIAL VELOCITY CALCULATION
IF{ARPRT.EQ.O0) GO TO 830

WRITE (6,1630)
LAST=0
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o000

OO0

C
c
C

DO 820 IA=1,MX
FIRST=LAST+1
LAST=FIRST+NL(TA)-NU{IA)
820 WRITE(6,1020) (WX(I}, I=FIRST,LAST)
WRITE {6,1640)
WRITE(6,1020) (ZXU(TI) WXU{I)} , I=1,JU)
WRITE (6,1650)
WRITE(691020) (ZXL{I) o WXL(T) oI=1,JL)

CALCULATE VELOCITIES AND ANGLES AT INTERIOR POINTS

830 IF(INTVEL.EQ.O0) GO TO 870
DO 850 I=1,NXN
VIE) = SQRT(WX(L)**2+WZ(1)%*%2)
IF(WZ{I).EQ.0.) GO TO 840
THETA(I) = ATAN(WX{I)/WZ{I))*57.29577
GO TO 850
840 THETA(1)=90.0
850 CONTINUE
WRITE {6,1660)
LAST=0
DO 860 IA=1,MX
FIRST=LAST+1
LAST=FIRST+NL(IA)-NU(IA)
860 WRITE(6,1670)IAy (V{I),THETA(I) ,I=FIRST,LAST)

SURFACE VELOCITIES BASED ON AXIAL COMPONENTS

870 IF{SURVEL.EQ.O0) RETURN
WRITE (6,41680)
THETAU(MXBI)=90.0
THETAL(MXBI)=-90.0
WwuiMxsl) = 0.
WL {MXBI) = 0.
THETAU(MXBO)}=-90.0
THETAL(MXB0)=4+90.0
WUIMX80) = 0.
WL (MXBO) = 0.
MXBIPL=MXBI+1
MXBOM1=MXBO-1
DO 880 I[A=MXBIP1l,MXBOM1
TANTHU=DXDZU( IA)
THETAU(IA)=ATAN(TANTHU)*57,29577
WUCTA)=WZU(TLA)*SQRT(1.+TANTHU*TANTHU)
TANTHL=DXOZL(IA)
THETAL(TA)=ATAN( TANTHL }1%59,29577

880 WL(IA)=WZL(TA)*SQRT(1.+TANTHL*TANTHL)
WRITE (6,1690) (ZPL{IA),WULIA) THETAU{IA) JWZUCIA},WL(IA),
1 THETAL(TA),WZL{IA) o IA=MXBI,MXBO)

CALCULATE SURFACE VELOCITIES BASED ON TANGENTIAL COMPONENTS

CALL BLDDER(ZU,XSPU, SLUPE,EMU,NUSP,R1,ALUI,R0,ALUD,CHORD,STGR,
1 PITCHylaoJUsZXUsMXBI4HA,DXDZU)

CALL BLODERUZLyXSPLySLLPE JEML,NLSP,RI,ALLI 4RO4ALLO,CHORD,STGR,
1 PITCHo-lesJLoZXLoMXBI HA,DXDZL)




C UPPER SURFACE
WRITE (6,1700)
THETAU(1)=90.0
WU(1)=ABS{WXU(1})
THETAU(JV) =-90.0
WU{JU)=ABS{WXULJU))
JUM1=Ju-1
D0 900 I=2,JUMl
TANTHU=DXDZU(I}
THETAU(I )=ATAN{TANTHU)*57, 29577
IF{TANTHU.EQ.0.) GO TO 890
WULT )= ABS(WXU{I))*SQRT{L.+1./{TANTHUSTANTHU))
GO TO 900
890 wull) = 0.
900 CONTINUE
WRITE (641710) {ZXU{I)¢WULI),THETAULL) JWXU(I) o I=1,JU)
C LOWER SURFACE
WRITE (6,1720)
DD 920 I=1,JL
TANTHL= DXDZL(I)
THETAL(I)=ATAN{TANTHL)*57,.29577
IF (TANTHL.EQ.0.) GO TO 910
WLIT)=ABS{WXL(I))*SQRT{La+1o/{TANTHL*TANTHL]))
G0 TO 920
910 WLII) = O.
920 CONTINUE
WRITE (651710} (ZXLU{IDoWLEI)oTHETALITI) WXL} 4 I=1,JL)
RETURN
1020 FORMAY {1X,8G16.7)
1630 FORMAT(1Hl, 8HWX ARRAY)
1640 FORMAT(1H +4(6Xe3HIXUs13Xy3HWXU,7X))
1650 FORMAT({1H +4{6Xy3HZXL 113Xy 3HWXL,7X)}
1660 FORMAT (1H1l,40X,34HVELOCITIES AT INTERIOR MESH POINTS )
1670 FORMAT (1HL,3HIA=,12,5(24H VELOCITY ANGLE(DEG) )/ (3X,
1 5(G15.4+F9.2)))
1680 FORMAT (1H1,35Xy,44HSURFACE VELOCITIES BASED ON AXIAL COMPONENTS /
| § 25Xy 16HUPPER SURFACE, 26X 16HLOWER SURFACE/TX ¢ 1HZ+2(10X,
2 SBHVELOCITY, 33Xy LOHANGLE(DEG) ¢S5X92HWZ+4X))
1690 FORMAT (1H 92613.4,F9.2,615.4+s618.44F9.2,G15.4)
1700 FORMAT (S1Hl SURFACE VELOCITIES BASED ON TANGENTIAL COMPONENTS/
1 25Xy 13HUPPER SURFACE/T7X41HZ 10X, 8HVELOCITY,3X,10HANGLE{DEG),
2 5Xy 2HWX )}
1710 FORMAT (1H 426G13.44F9.2,615.4)
1720 FORMAT (25X, 13HLOWER SURFACE/7X,1HZ y10X,8HVELOCITY,3X,
1 LOHANGLE(DEG) 9 5X4 2HWX)
END
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Subroutine BLDCRD

BLDCRD obtains the x-coordinates and the slopes of the blade surfaces corresponding
to the given z-coordinates. BLDCRD may be used in two ways, either to obtain the infor-
mation at all vertical mesh lines in one call, as when called by COEF directly, or at a
single specified point, as when called by INTPL. The value of NCH is the number of
points at which output is desired. Since BLDCRD is used for either the upper or lower
blade surface, SURF is used as a code to determine which surface is desired. SURF = 1.
for the upper surface and SURF = -1. for the lower surface.

The entire blade surface is defined by the leading- and trailing-edge radii and by two
cubic spline curves (upper and lower surfaces), which are piecewise cubic polynomials,
The procedure then is to scan the spline points to determine which interval the
z-coordinate (ZINT) is in, and then to calculate the x-coordinate and derivative, both of
which are specified analytically.

The input variables are as follows:

Z array of z-coordinates of spline points for blade surface (upper or lower)
XSpP array of x-coordinate of spline points for blade surface (upper or lower)
SLOPE array of slopes at spline points for blade surface (upper or lower)

EM array of second derivatives at spline points for blade surface (upper or lower)
NSP number of spline points on blade surface (upper or lower)

RI see figure 8 (p. 14)

ALI either ALUI or ALLI (see fig. 8)

RO see figure 8

ALO either ALUO or ALLO (see fig. 8)

CHORD see figure 8
STGR see figure 8
PITCH see figure 8

SURF code to indicate upper or lower surface, SURF = 1., for upper surface and,
SURF = -1., for lower surface

NCH number of points for which output is desired

ZINT used as input only when NCH = 1, then it is z-coordinate for which corre-
sponding x-coordinate for blade surface is desired

MXBI same as main program, number of mesh points on line AB
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The output variables are as follows:

X

DXDZ

array of x-coordinates at the vertical mesh lines for blade surface, or if
NCH =1, at z = ZINT

array of slopes at same points as X

The internal variables are as follows:

HA
IA
IFST
ILST

RMZ

SRW

SwW

ZINT

basic mesh spacing in axial (z) direction
index of vertical mesh line

index of first point considered

index of last point considered

index of spline point

difference between z-coordinate of point considered and z-coordinate of center
of leading- or trailing-edge radii

integer variable in common used to obtain output useful in debugging; when
SRW = 19, BLDCRD will write out calculated blade coordinates and corre-
sponding slopes

coefficient with value of zero on upper blade surface and 1 on lower blade sur-
face; used to add pitch to computed blade coordinate for lower surface only

z-coordinate at which x-coordinate and slope of blade surface are required
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$IBFTC BLDCRD

s NeNaNel

SUBRDUTINE BLDCRD(ZXSPySLOPE,EMyNSPyRI,ALI RO,y ALOs CHORD,STGR,
1 PITCHySURF4 XeNCH,ZINT,MXBI ,DXDZ)

SURF = 1. —-- UPPER SURFACE
SURF = -1, -— LOWER SURFACE

10

20

30

50

60

T0
100

DIMENSION XSPINSP)4ZINSP),X{NCH),SLOPEINSP),EMINSP) yDXDZ(NCH)

COMMON SRW

INTEGER SRW

SW = 0.

IF(SURF.LT.0.) SW = 1.

IFST = 1

ILST =1

IFI(NCH.EQ.1) GO TO 10

IFST = MXBI

ILST = NCH+MXBI-1

HA = CHORD/FLOAT(NCH-1)

ZINT = 0.

K =2

D0 100 IA=IFST,ILST

IF(ZINT.GT.Z(1)) GO TO 30

X{IA) = SQRT{ZINT*{2,%RI-ZINT))*SURF+PITCH*SW

RMZ = RI-ZINT

IF{TANE.IFST) DXDZ(IA) = RMZ/SQRT(RI*%2-RMZ*%2)*SURF

ZINT = ZINT+HA

GO 10 100

IF(ZINT.LE.Z(K)}) GO TO 50

IFIK.GE.NSP) GO TO 60
K = K+l

GO TO 30

S = Z{K)-Z(K-1)

XCIA) = EM(K=L1)*(Z(K)-ZINT)*%3/6,./S+EMIK)*(ZINT-Z(K-1))**3/6./S
1 +(XSPIK)/S—EM(KI*S/6. V¥ ( ZINT-Z(K-1))+{XSP(K~1}/S—-EM{K-1)%5/6.)
2 ®{Z{K)-ZINT)

OXDZ{TIA) = —EMIK-1)*(Z(K)-ZINT)*%2/2,/S+EM(K) *(Z{K-1)~-ZINT)*%2/2,
1 /S+{XSPI{K)-XSP(K-1))/S-(EMIK)-EM(K-1))*S/6.

ZINT = ZINT+HA

GO TO 100

IF ((IA.EQ.NCH).AND.(IA.GT.1)) GO TO 70

X{IA) = STGR4SURF*SQRT{(CHORD-ZINT) *(2.*R0O-CHORD+ZINT))+PITCH*SH

RMZ = CHORD-ZINT-RO

IF(IALNE.ILST) DXDZ(IA) = RMZ/SQRT{RO**2-RMZ*%*2)*SURF

ZINT = ZINT+HA

GO TO 100

X{IA) = STGR+PITCH*SHW

CONTINUE

IF{SRW.EQ.19) WRITE(6,1000) (X{IA)yDXDZ(IA),IA=IFST,ILST)

RETURN

1000 FORMAT (1X,54HINTERPOLATED COORDINATES AND SLOPES COMPUTED BY BLDC

1RDy/(5Xy 2E16.8) }
END




Subroutine BLDDER

BLDDER obtains the slopes of the blade at given z-coordinates. It is used by TASVEL
to obtain the blade slopes at each horizontal mesh line. BLDDER is similar to BLDCRD,
except that the z-coordinates are an input array and the x-coordinates are not given as
output.

The input variables for BLDDER are the same as those for BCDCRD, except that
ZINT is not input. Also included are

zZX array of z-coordinates from the line BG in figure 2 (p. 5) for which slopes for
blade surface are desired; these values must be arranged in increasing order

HA basic mesh spacing in axial direction
The output of BLDDER is
DXDZ array of slopes at z-coordinates in array ZX

The internal variables are as follows:

IA index of point in ZX array
K index of spline point
RMZ difference between z-coordinate of point considered and z-coordinate of center

of leading- or trailing-edge radii

SRW integer variable in COMMON used to obtain output useful in debugging; when
SRW = 20, BLDDER will write out calculated blade slopes

ZINT z-coordinate from blade leading edge at which blade slope is desired
ZLE z-coordinate from line AH in figure 2 (p. 5) of leading edge of blade

59



60

$IBFTC BLDDER

2 NeXaXel

SURF
SURF

10

20

30

50

60

SUBROUTINE BLDDER(Z¢XSPySLOPE,EM,NSP,RI,ALI,R0O,ALO,CHORDySTGR,
1 PITCHy SURF4NCHy ZXoMXBI yHA,DXDZ)

1l -- UPPER SURFACE
-1l. -— LOWER SURFACE

DIMENSION XSP{NSP)yZ(NSP),SLOPE{NSP) EMINSP) yDXDZ{NCH) ,ZX{NCH)
COMMON SRW

INTEGER SRW

K =2

00 100 IA = 1,NCH

ZINT = IX(IA)

IF(ZINT.GT.Z(1)) GO YO 30

RMZ = RI-ZINT

IF(IANE.1.OR.SURF.LT.0.) DXDZ(IA) = RMZ/SQRT{RI*#2—-RMZ*%2)*SURF
GO TO 100

IF{ZINT.LELZ{K)) GO TO 50
IF(K.GE.NSP) GO TO 60

K = K+1

GO TO 30

S = Z(K)-Z(K-1)

DXDZ(IA) = —EM{K=1)%(Z{K)~ZINT)*%*2/2./S+EM{K)*(ZIK-1)-ZINT)**2/2.
1 /S+IXSP{K)I=XSP{K-1))/S-{EMIK)-EM(K-1))*S/6,

GO TO 100

RMZ = CHORD-ZINT-RO

IFC{IANE.1.ANDoIA.NE.NCH).ORa SURF.LT.0.) OXDZ{IA)=RMZ/SQRT{RO**2
1-RMZ*%2)*SURF

GO TO 100

100 CONTINUE

IF(SRW.EQ.20) WRITE(6,1000) (ZX(IA),DXDZUIA),IA=1,NCH}
RETURN

1000 FORMAT (1Xy56HZ COORD. AND INTERPOLATED DERIVATIVES COMPUTED BY BL

1DDERy /{5X¢2E16.8})
END




. Subroutine INTPL

To compute the terms of the matrix A of equation (A6), it is necessary to obtain the
distance along a horizontal mesh line from a mesh point near the blade to the blade itself.
This is the quantity hg or h, in equation (A1). This value is computed by INTPL. Since
the equation of the blade surface is known, this amounts to finding the root of an equation.
The root is found by INTPL by an iterative procedure, sometimes called the method of
false position (falsi reguli). The variables shown in figure 11 correspond to those used in
INTPL. After H has been calculated, the actual value on the spline curve (XI) is computed
by BLDCRD and a reduced interval is considered so that the curve still crosses the value
X1. Then the procedure is repeated on the smaller interval. A few iterations will deter-
mine the value of z for which the spline curve crosses the mesh line, and from this, h3
or h4 is determined.

The input variables are as follows:

HA basic mesh spacing in axial direction
HB basic mesh spacing in blade-to-blade direction
1A index of vertical mesh line on which mesh point lies

MXBI number of mesh points on line AB

N integer which is zero when h3 is to be computed and which is 1 when h4 isto
be computed

X array of blade x-coordinates at each vertical mesh line

X1 x-coordinate of mesh point considered (see fig. 8, p. 14)

The remaining input variables are transmitted to BLDCRD. Their definitions are included
in the description of this subroutine.

HAN

=|I = X2

c

X0
A
20 ZINT

A x HAN
C .

f——— I»

Figure 11. - Notation used in subroutine INTPL H =
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The output variables are as follows:
H horizontal distance from mesh point to blade, whichis hg or h, of figure 13
K real code variable changed to 1 by INTPL

The internal variables are as follows:

A X1 - XO (see fig. 11)
C X2 - XO (see fig. 11)
H distance from ZO to approximate root ZINT determined by linear interpola-

tion (see fig. 11)
HAN length of interval in which root has been determined to lie (see fig. 11)
IAPN index of vertical mesh line to left of interval
IAPNM1 index of vertical mesh line to right of interval

SRW integer variable in COMMON used to obtain output useful in debugging; when
SRW = 19, values of IA, N, HA, X1, X2, XO, and ZO are printed to start,
followed by values of H, XI, X1, ZO, and ZBASE for each iteration, and
final value of H after convergence

XI x-coordinate of blade computed by BCDCRD for z = ZINT (see fig. 11)
X0 x-coordinate of blade at right end of interval (see fig. 11)

X2 x-coordinate of blade at left end of interval (see fig. 11)

ZBASE z-coordinate of left end of interval for first iteration

ZINT z-coordinate determined by linear interpolation (see fig. 11)

Z0O z-coordinate of left end of interval (see fig. 11)
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$ IBFT

10

20

30

40

1000
1010

1020

C INTPL

SUBRDUTINE INTPL (XyIAgX1yHsNsKsZ,XSP,ALI+ALO,NSP,SLOPE,EM,RI,RO,
1 CHORDy STGR4PITCH, SURF ,HA,HB , MXBI , MXBO)

DIMENSION X{100)4Z(NSP)XSPINSP),SLOPE(NSP) EMINSP)

COMMON SRW

INTEGER SRW

REAL K

K = l.

IAPNM1 = IA+N-1
IAPN = IA+N

X0 = X (IAPNM1)
X2 = X { IAPN)
HAN = HA

20 = FLOAT(IAPNM1-MXBI )*CHORD/FLOAT{MXBO—MXBI)
IF(IA.EQ.MXBO) 20 = CHORD-HA

H=HA

IF{SRH.EQ.19) WRITE(6,1010) TAsNyHA4X14X2,X0,20
IF(Z0LTe0..0R.Z0.GT. {CHORD~.001%HA)) RETURN
ZBASE = 70

IF(ABS{X1-X0).GT.(.001*HB}) GO TO 10

A=

C = X2-X0

H = A/C¥HAN

IF{SRW.EQ.19) WRITE(6,1020) Hy XI4X1,20,2ZBASE

ZINT = Z0+H

CALL BLOCRD (ZXSP,SLOPE,EM,NSP,RI,ALI,R0O,ALO,CHORD,STYGR,PITCH,
1 SURFe XT41,ZINT,MX81,0XDZ)

IF{ABS(XI-X1).LE.{HB*,001)) GO TO 40

IF(A*(XI-X1).LT.0.) GO TO 30

HAN = H

X2 = XI
G0OT010

HAN = HAN-H
X0 = XI

L0 = I0+H
GO 70 10

H = Z0+H-ZBASE

IF{N.EQ.0) H = HA-H

IF{SRW.EQ.19) WRITE{6,1000) H

RETURN

FORMAT (1X,22HH AS COMPUTED BY INTPL /15X45E16.8))

FORMAT (lX,QHIA =916'5X’3HN ='[415XQ4HHA :'514o6'SX’4Hx1 ='E14-61
1 4Xy4HX2 =9E14.694Xy4HX0 =9E14.644Xy4HZ0 =4E14.6)

FORMAT (1X,3HH =,E14.645X,)4HXI =+1E1&a5¢5Xs4HXL =4E14.6¢5X,4HI0 =,
1 El4.695Xy THZBASE =,E14.6)

END
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Subroutine VELOC

The tangential velocities Vx are computed from Vx = -0u/dz, which require esti-
mating derivatives of the stream function along each horizontal mesh line. Information
about the ends of the line, as indicated in figure 12, are calculated by TASVEL, and with
this information as input, the required derivatives are computed by VELOC by using
SPLINE for the actual calculation of the derivatives based on a cubic spline curve.

The input variables are as follows:
HAN see figure 12
HA1l see figure 12

I mesh point index of second point on line located at vertical mesh line IA2 (see
fig. 12)

IAN index of vertical mesh line to right of horizontal mesh line segment (see fig. 12)

1Al index of vertical mesh line to left of horizontal mesh line segment (see fig. 12)

1B index of horizontal mesh line being considered

KK1 code index to indicate which surface mesh line begins on; lower surface is indi-

cated by KK1 =1, otherwise KK1 =0

KN code index to indicate which surface mesh line ends on; lower surface is indica-
ted by KN =1, otherwise KN =0

MX total number of vertical mesh lines

NBBO number of mesh lines above mesh line AB for first mesh line below EF (may be
negative)

NL array of indexes of first horizontal mesh lines below boundary EFGH, with index
of mesh line AB being zero

NU array of indexes of first horizontal mesh line above boundary ABCD, with index
of mesh line AB being zero

NXN number of unknown mesh points in region

U array of stream-function values at unknown mesh points

~ I {point index)

T \ + + + 1B (mesh line)
H '-— HAL —-‘HAN‘*

1Al [A2 (mesh line index) [ANM]1 IAN

Figure 12. - Notation used in subroutine VELOC.
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ZPL

array of z-coordinates of vertical mesh lines

The output variables are as follows:

JL
JU
WX
WXL

WXU

ZXL
ZXU

increased by 1 for each time one end of mesh line ends on lower blade surface
increased by 1 for each time one end of mesh line ends on upper blade surface
array of tangential velocity components at unknown mesh points

array of tangential velocity components at each horizontal mesh line along lower
blade surface

array of tangential velocity components at each horizontal mesh line along upper
blade surface

array of z-coordinates for which WXL is obtained

array of z-coordinates for which WXU is obtained

The internal variables are as follows:

AAA
IA2
IANM1
I1

NSP
USP
WXSP
ZA

array used internally by SPLINE

index of vertical mesh line at second point from left (see fig. 12)

index of vertical mesh line at second point from right (see fig. 12)

mesh point index of point being considered

number of points on horizontal mesh line segment being considered

array of stream-function values at points on horizontal mesh line segment
array of velocities obtained by SPLINE for horizontal mesh line segment

array of z-coordinates of points on horizontal mesh line segment
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$IBFTC VELOC

SUBROUTINE VELOC{U,ZPL,IAL,IANoHAL4HAN,I I1ByMXoNXNyNBBO,JUsJL,
1 KK1oKNsUSPy WXy WXUZXU WXLy ZXL s NUoNLsAAA)
DIMENSION UINXN),ZPL{100) ,WX{NXN)},WXU(100)sZXU(100) +»ZXL (100},
1 ZA{100),USP(100) yWXSP{100) yWXL{100},NUC100),NL{L00),AAAL100}
C KK1 OR KN = 1, LOWER SURFACE
C KK1 OR KN = 0, UPPER SURFACE
Il =1
IA2 = [Al+l
IANM1 = [AN-1
ZA(CIALl) = ZPL{TA2)-HAl
ZA{IAN) = ZPL{IANM1)+HAN
NSP = TAN-TAl+1l
D0 10 IA=]A2, JANM1
USPLIAY) = UlIL)
I1=T1+NL{IA)-NU{TA+1)+1
10 ZAUIA) = ZPLI(IA)
I1 = NXN+IB-NBBO
USP(TIA1)=0.0
USP(IAN) = O.
IFITALLEQ.1) USP{1) = U(IB+1)
IFIKK1.NE.O) USP(IALl} =1.0
IF{ IAN.EQ.MX) USP{IAN)} = UlIl)
IF{(KN.NE.O) USP({IAN) = 1.
CALL SPLINE (ZA(IA1),USP({TAL) NSP,WXSP(IALl),AAA)}
I1 = 1
DO 20 IA=1A2,IANM1
WX{I1) = WXSP(IA)
20 Tl = JT1#NL(TA)-NU{IA+1)+1
C TAKE CARE OF FIRST POINT
IF(IAL.NE. 1} GO TO 30
WX{IB+1) = WXSP(IALl)
GO TO S0
30 IF(KK1.NE.O) GO YO 40
JU = JU+l
WXUGJU) = WXSPIIAL)}
IXU(Ju) = ZA(1A1)
GO TO0 50
40 JL = JL+1
WXL{JL) = WXSP{IALl)
IXL{JL) = ZA(IA1)
C TAKE CARE OF LAST POINY
50 IF{IAN.NE.MX) GO TO 60
I1 = NXN+IB-NBBO
WX{IL) = WXSP{IAN)

RETURN

60 IF(KN.NE.O) GO TO 70
JU = Ju+l
WXU(JU) = WXSPUIAN)
IXU(Ju) = ZA(IAN)
RETURN

70 JL = JL+1
WXL{JL) = WXSP(IAN)
IXL{JL) = ZA(IAN)
RETURN
END
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Subroutine SPLINE

This subroutine is based on the cubic spline curve. SPLINE solves a tridiagonal ma-
trix equation given in reference 6 to obtain the coefficients for the piecewise cubic poly-
nomial function giving the spline fit curve, SPLINE is based on the end condition that the
second derivative at either end point is one-half that at the next spline point.

The input variables are as follows:

X array of ordinates
Y array of function values corresponding to X
N number of X and Y values given

The output variables are as follows:
SLOPE array of first derivatives
EM array of second derivatives

If Q=13 in COMMON, input and output data for SPLINE are printed out. This is
useful in debugging.
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$IBFTC SPLINE
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SUBROUTINE SPLINE {X,Y,NySLOPE,EM)

DIMENSION X{N),Y{N),S{100),A(100)},B({100),C(100),F(100),W(100),
1 SB(100),6(100),EMIN),SLOPE (N)

COMMON Q

INTEGER Q

00 10 I=2,N

SUD=X(1)-xt1-11)

NO=N-1

D0 20 I=2,ND

AlL1)=5(1)/6.

BI)={SLI)+S{I+1))/3.

C{I)=StI+1)/6.
FCD=(Y(I+1)=Y{I))I/SET+ )= (YLI)=Y{I-1))/S(])

A{N)=-.5

B(1)=1.

B(N)=1.

Cll)=-.5

F(1)=0.

FI{N)=0.

Wwil)=8(1)

SB(1)=Cl{1)/W(1)

G(1)=0.

DO 30 I=2.N

WII)=B(I)-A(TI)*SB(I-1)

SBIII=CL{I)/W(T)

GIIN=(F(I)-A(D)*G(I-1))/WLI)

EMIN)=GIN)

DO 40 I=2,N

K=N+1-1

EM(K)} =G(K)-SB{K)*EM{K+1)

SLOPE{ 1)==S{2)/6.%(2.«EM(L)+EM(2))+(Y(2)-Y(1))/S(2)
DOS0 I=24N

SLOPEL 1)=S{T1)/6.%{2. %EM(T }+EMLTI-1) ) +LY(I)-Y(I-1))/S(])
IF {Q.EQ.13) WRITE (64100) No{X{I)oY(I),SLOPE(I),EM{I),I=1,N)
FORMAT (2X15HNO. OF POINTYS =13/10X5HX 15X5HY 15X5HSLOPELSXSH
1EM /14F20.8))

RETURN

END




) Subroutine SPLN22

This subroutine is the same as SPLINE, except that for the end conditions, the slopes
are specified.

The input variables are as follows:

X array of ordinates

Y array of function values

YIP slope at first point

YNP slope at last point

N number of X and Y values given

The output variables are as follows:
SCOPE array of first derivatives
EM array of second derivatives

If Q=18 in COMMON, input and output data for SPLN22 are printed out. This is
useful in debugging. /
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$IBFTC SPLN22
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SUBRDUTINE SPLN22 (XsY,Y1P,YNP, N, SLOPEEM)
DIMENSION X{50),Y(50),S{50),A150),B(50)+C(50),F(50),W(50),5B(50),
1G( 503, EM{ 50), SLOPE(50)

COMMON Q

INTEGER Q

DO 10 [=24N

S()=x{I1)-Xt1-1)

NO=N~1

00 20 I[=2,NO

AlT)=St1)/6.

BUII=(S(T1}1+5(I+1)})/3.

CeII=S(I+1)/6.
FED)=(Y(I+1)-Y(I))/S(I+1)=(Y(I)-Y({I-1)})/S(]}

A(N) = S(N)/6.

8{1)=5(2)/3.

B{(N) = S{N)/3.

clt1)=St(2)/6.

FLli=(Y{2)-YLL)D/S(2)-Y1P

FIN) = YNP-{YIN)-Y{N-1})}/S(N)

Wil)=8(1)

SBULI=C(L}/W(1)

Gl1)=F{1)/¥(1)

DO 30 [=2,N

WI)=B(l)-A(I1)*SB(]I-1)

SBUI)=CLI}/NlI)

GIIN={FIII-ACT)*GULI-1} /WL

EMIN) =GI{N)

DO 40 I=2.N

K=N+1-1

EM(K) =G(K }-SBIK)*EM{K+1)
SLOPE({1)==St2)/6.%{2.%EM{LI+EMI2))+(Y(2)-Y(1))/512)
DOSO0 I=2,N

SLOPE( I)=S(I)/6.% (2. %EM(II+EMLI-1))+{Y(I)-Y(I-1))/S (1)
IF (Q.EQ.18) WRITE (6,100) Ny{X{I}yY(I)sSLOPE{I)4EM(TI),I=1,N)
RETURN

FORMAT (2X15HNO. OF POINTS =I3/10XSHZ 15X5HX 10X1OHDERIVATIV

1E10X10H2ND DERIV./(4G20.8})
END




Subroutine SPLINT

This subroutine is based on the cubic spline curve, with the same end conditions as
SPLINE. The cubic spline curve is then used for interpolation.

The input variables are as follows:

X array of spline point ordinates

Y array of function values at spline points

N number of X and Y values given

VA array of ordinates at which interpolated function values are desired

MAX number of Z values given
The output variable is as follows:
YINT array of interpolated function values

If Q=16 in COMMON, or if some element of the z array falls outside of the inter-
val for the x array, then input and output data for SPLINT are printed out. This is use-
ful in debugging.

71




72
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SUBRDUTINE SPLINT (X,Y+NsZsMAX,YINT)

DIMENSION X{S01,Y({50),5{50),A(50),B{50),C(50),F(50)4W(50),5SB(50),

1G{50),EM{50) 4 Z{50),YINT{50)
COMMON Q

INTEGER Q

11T = Q

00 10 [=24N

StH)=x{I)-X{1-1)

NO=N-1

DO 20 1=2,NO

Al1)=S(1)/6.0
B(II=(S(I)+S(1+1))/3.0
C(I1)=S(I+1}/6.0

FOIM=(Y(T« 1) -YLI))/SUT+« )= (Y {T)=Y(I-1))/SLT)
A(N)==.5

8(11=1.0

B(N)=1.0

C(1)=-.5

F(1)=0.0

FI(N)=0.0

Wwiilr=8(1}

SB(1)=Cl1)/Wll)

G({1)=0.0

D0 30 [=24N
WII)=BII)-A{I)*SB{I-1)
SB(I)=ClI)/W(I)
GUI)=(FLI-A{TI)*GLI-1))/u(])
EMINI=G(N)

DO 40 I=2,N

K=N+1-1
EM(K)=G(K)-SB(K)*EM{K+1)

DO 90 I=1,MAX

K=2

IF(Z{I)-X(1)) 60,450,70
YINT{I)=Y(1)

GO TO 90
IF(ZUI)eLTa(l.1%X{1)-.1%XE2)) IWRITE (6,10000Z(1)
Q = 16

GO TO 85

FORMAT (17H OUT OF RANGE Z =F10.6)
IF(Z(I).6To{ 1. 1¥X{N)—.1%X{N-1))) WRITE (6,1000)Z{I)
Q =16

K=N

GO TO 85

IF(Z{I)-X(K)) 85,75,80
YINT(I)=Y(K)

GO TO 90

K=K+1

IF(K-N} 70,70,465

YINT(I) = EM(K-1)%(X{K)=Z(1))*%3/6./SIKI+EMIK)I*(Z(I)=-X(K-1))**3/6,




L/S{K)+(YIK)/SIK)-EMIK)2S(K) /6 I *¥(Z{T)=X{K-1)}+(V(K-1)/S{K)-EM({K-1)

2%S5(K) /6. VX (X{K)-Z
90 CONTINUE
MXA = MAXOUN,MAX)

(1)

IF{Q.EQ.16) WRITE{6,1010) NyMAXoUX(I)oVY{I}oZ{1),YINT(I),I=1,MXA)

Q= III
1010 FORMAT (2X21HNO.
INTS =,13,/10X5HX
2E20.8))
100 RETURN
END

OF POINTS GIVEN =,13,30Hys NO. OF INTERPOLATED POI
15XSHY 12X11HX—INTERPOL.9XIIHY-INTERPOL./ (4
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Subroutine SORTXY ’

This subroutine rearranges the NPTS elements of the V array in increasing order.
The elements of the W array are moved to maintain the original pair relation; that is, if
the fifth element of the V array is moved to the first position of V, the fifth element of W
is moved to the first position of W.

$IBFTC SORTXY

100
102
104

112
114
116
118
120
122

140

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, August 23, 1966,
720-03-01-35-22.
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SUBROUTINE SORTXY{X,Y,NPTS)
DIMENSION X{100)},Y{100)
N=NPTS
NN=N-1
DO 140 KT=1,NN
XMIN=X{KT)
JAD=KT
JKL=KT+]
DO 120 JK=JKL,N
IF {(XMIN-X{JK)) 120,120,116
XMIN=X(JK)
JAD=JK
CONTINUE
YMIN=Y(JAD)
X{JAD)= X{KT)
Y{JAD)= Y(KT)
X(KT)= XMIN
Y{KT)=YMIN
CONT INUE
RETURN
END




APPENDIX A

FINITE-DIFFERENCE APPROXIMATION

An approximate numerical solution for the stream function u can be obtained by

finite-difference methods.

These methods involve first establishing a rectangular grid of

mesh points in the region as shown in figure 3 (p. 6). Then at each point where the value
of the stream function is unknown, a finite-difference approximation to equation (1) can be

Figure 13. - Notation for adjacent mesh points

and mesh spaces.

written. Adjacent to the boundary, the boundary condi-
tions are included. If there are n unknown values, n
linear equations are obtained in n unknowns. The meth-
od used to solve these equations is point successive over-
relaxation (SOR). This method is an iterative technique
that gives rapid convergence to the solution and is com-
pletely described in reference 9.

A typical mesh point with the numbering used to in-
dicate neighboring mesh points is shown in figure 13.
The value of the stream function u at 0 is denoted by
u,, and similarly for the neighboring points. If can be
shown (ref. 9) that equation (1) can be approximated by

4
U = Z a4y (A1)
i=1
_hg+hy
a; =
aghy
h3 + h4
3.2 =
anh,
Vv &
_ h1 + h2
ag =
aghy
_ h1 + h2
a4 =
a0h4
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a, = (h +h)—1+i + (h +h)i+—1— '
0 3 4 h. h 1 2 h. h
1 2 3 4

This equation can be used at all interior mesh points.
Along the boundary where the value of u is unknown, the equation will vary. For ex-
ample, along the upstream boundary, du/dn is known, and a finite-difference approxima-

tion to (ou/ an)in in equation (3) gives
tan 6,
=u, + h4< 1r> (A2)

- ou
Uy =uy + h4 (—)
91/in s

Similarly, along the downstream boundary,

tan 6

un=u, +h, (% =u, - h,{—°ut (A3)

0 3 3 3 3 3 S
T/ out

For the points along AB and CD, equations can be derived by using the periodic
boundary condition. If the point 0 (fig. 14) is on the boundary between A and B, the point 1
is outside the boundary. However, it is known that uy = ul, s 1, where the point 1,s is
a distance s above point 1 in the x-direction, as shown in figure 14. Substituting this
condition in equation (A1) gives

4
u, = ay g+ Z au, - a; (A4)
i=2
H 1, S> 8
s \\ where the a; are the same as defined in equa-

\ tion (A1). Of course, equation (A4) holds
along CD also.

The points along GH need not be consid-
uprups-l ered, since they are just 1 greater than the
corresponding point along AB. The equation
for the first mesh line below HG must be
modified. In this case uy = Uy st 1, where
] Lﬂ - /\ the point 2,-s is a distance s below point 2
A E_+ _4‘_" ' B in the negative x-direction, as indicated in
! figure 15. Substituting this condition in equa-
tion (A1), gives

Figure 14. - Mesh point on line AB.
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ug =aguy + Uy _g +aglig +agly +ay (A5)

T e
N
[}

\

\
1 Equation (A5) also applies to the first mesh
line below FE.

One of equations (A1) to (A5) can be ap-
plied to each mesh point for which the stream
function is unknown in the region of interest,
giving the same number of linear equations as
there are unknowns. These points where the
/\ stream function is unknown will be referred to
A 2,-s B simply as unknown mesh points.

Figure 15. - Mesh point on first line below HG, This system of n equations is represented
in matrix form as

Up=tp g *1

Au =k (A6)

where u = (ul, c e ey un)T is a vector whose components are the unknown values of the
stream function, A is the coefficient matrix of equations (A1) to (A5), and

k = (kl’ c ey kn)T is the vector whose components are the known constants of equations
(A1) to (A5). Since the coefficient matrix A is irreducibly diagonally dominant, there is
a unique solution (ref. 9).

A numerical solution for equation (A6) can be obtained by iterative techniques. These
techniques are particularly valuable in solving systems of linear equations of this type,
that is, where there are a large number of unknowns, but few terms in each equation.
Storage requirements are small, and the roundoff error is minimized. In order to obtain
a high rate of convergence, successive overrelaxation (SOR) is used in the program. The
equation is given by

i-1 n

m+l _ m m+1 m m .

u; Uy o+ we- E 2;Y; - E a4 +k; - uy for i=1,2, ..., n (AT)
j=1 j=i+1

where w is the overrelaxation factor. The a;; are the elements of the matrix A, and
the ki are the components of the vector k of equation (A6). The u? are the initial es-
timates of the u;. Itcan be shown (ref. 9) that equation (A7) will always converge to the
solution u of equation (A6) for any initial guess go if 0 <w < 2. The point is, how-
ever, that much more rapid convergence can be obtained for certain valuesof w>1. In
fact there exists an optimum value for w that can be estimated (ref. 9). A method of es-

timating this optimum value of the overrelaxation factor w is given in appendix B.
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APPENDIX B .

THEORETICAL ESTIMATION OF OPTIMUM OVERRELAXATION FACTOR

The optimum value of w (ref. 9) is given by

W= 2 (B1)

1 +J1 - p%(B)

where p(B) is the spectral radius of the matrix B = A - I. In reference 5 it is shown
that p2(B) = p(Ll), where L = is the coefficient matrix for equation (A7), and L is the
matrix when w =1, Thus, the problem is essentially to estimate p(Ll). The simplest
method is the power method. Reference 9 shows that p(Ll) is a simple eigenvalue, and
that the associated eigenvector has positive components. In this case, p(Ll) can be esti-
mated by

u_m+1 u{n+1
min = p(Ll) =< max (B2)
i um i a™
i i
and
um+1 u{n+1
p(Ly) = lim min {2 = lim max |- (B3)
m-© i m m-—o i m
U u,

m
where ui +1

is calculated from uim by equation (AT) with w =1 and k=0, and go is
an arbitrary vector with positive components. Thus, it would appear that the iteration
merely has to be performed until the upper and lower limits are sufficiently close. How-
ever, the practical convergence of this method can become extremely slow. What actu-
ally happens is that the upper bound converges to a constant value fairly quickly, and that
the lower value also converges reasonably to a constant value. However, the values are
different. In some cases another 500 iterations were made with no further change in
either of the two bounds in the seventh decimal place.

Further experimentation revealed the source of the difficulty. There is rapid conver-
gence in the region between the blades, and much slower convergence in the regions up-
stream and downstream of the blades, because of the difference in the type of boundary

conditions. Convergence is much more rapid where the boundary value is specified

8




(Ririchlet boundary conditions) than where there is a normal derivative specified (Neumann
boundary condition) or where there is a periodic boundary condition. Thus it is almost as
if there were two separate regions so that a large change in the upstream flow angle would
have a negligible effect on the downstream solution. In estimating p(Ll), a spectral ra-
dius for the upstream and downstream regions is estimated almost as if the regions were
not connected. Eventually the procedure would converge, but it would take an extremely
long time for information to be transmitted between the upstream and downstream regions.

In order to test this hypothesis, a special case was run on the computer with only
65 mesh points. The results are shown in figure 16. The upper and lower limits both
converged to constant values within only 20 iterations. Both values remained essentially
constant for the next 300 iterations! Then, finally, the lower limit started to increase,
and after another 300 iterations had come close to the upper limit. The point now is that
the upper limit remained unchanged after 20 iterations and is p(Ll). Thus, an accurate
value of p(Ll) was determined after only 20 iterations for this simple case with 65 mesh
points. The principle applies to other cases. When the upper limit is observed to be-
come essentially constant, it can be assumed to be p(Ll).

For a few cases, experiments with varying values for «w were made. In these few
cases it has not been extremely critical to use exactly the theoretically optimum value of
w, although the most rapid convergence was obtained fairly close to the theoretical value.

2.0

L9

1.8

1.7 [ Upper bound for optimum overrelaxation factor

L6 —T]

Lower bound for optimum overrelaxation factor

L5

L4

Qverrelaxation factor,

L3

L2

L1

Lo
0 40 80 120 160 200 240 280 320 360 400 440 480 520 560 600

Number of iterations

Figure 16. - Bounds for optimum value of overrelaxation factor for special case with 65 mesh points.
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Furthermore, even though the upper limit in equation (B3) does converge to the spectral.
radius p(Ll) at a reasonable rate, a considerable amount of computation is still required,
and the calculation is comparable to the computation of the solution of equation (A6).
Therefore, it is not desirable to compute the spectral radius for every case. Actually,
the value of the spectral radius depends primarily on the maximum of the number of un-
knowns in the upstream region or in the downstream region and secondarily on the shape
of the region. Thus, the optimum value of w can be estimated based on calculations for
other similar regions.
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