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COMPUTER PROGRAM FOR CALCULATING VELOCITIES AND STREAMLINES
ON A BLADE-TO-BLADE STREAM SURFACE OF A TURBOMACHINE
by Theodore Katsanis

Lewis Research Center

SUMMARY

A FORTRAN IV computer program was written that gives the solution of the two-
dimensional, subsonic, compressible (or incompressible), nonviscous flow problem for a
rotating or stationary circular cascade of blades on a blade-to-blade surface of revolu-
tion. The flow may be axial, radial, or mixed. There may be a change in stream chan-
nel thickness in the through-flow direction.

The computer program requires the basic cascade geometry, the meridional stream
channel coordinates, fluid total conditions, weight flow, and inlet and outlet flow angles.
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,
nonlinear, finite-difference equations being obtained by two major levels of iteration.

The inner iteration consists of the solution of simultaneous linear equations by successive
overrelaxation, using an estimated optimum overrelaxation factor. The outer iteration
then changes the coefficients of the simultaneous equations to compensate for compres-
sibility.

This report includes the FORTRAN IV computer program with an explanation of the
equations involved, the method of solution, and the calculation of the velocities. Numeri-
cal examples have been included to illustrate the use of the program, and to show the re-
sults which are obtained.

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. The velocity distribution is read-
ily obtained within the guided channel by stream filament techniques.

For the unguided portion of the passage, finite-difference methods have been used.
Stanitz (refs. 1 and 2) obtained finite-difference solutions for compressible flow through
turbomachines, without the use of a computer. Kramer (refs. 3 and 4) has obtained
finite-difference solutions for incompressible flow through centrifugal pumps, using a
computer for the solution of the finite-difference equations for the stream function. More
recently a program has been written to perform in addition to the solution of the finite-
difference equations, the calculation of the coefficients, and the differentiation of the
stream function to obtain the velocities for incompressible flow through an axial blade
row (ref. 5).

To extend this technique, a computer program has been written to obtain a numerical
solution for ideal, subsonic, compressible (or incompressible) flow for either an axial,
radial, or mixed flow turbomachine blade row which may be fixed or rotating. The stream
function used here is a function of meridional streamline distance and angular coordinate,
whereas the previously mentioned references all used either radius or axial coordinates
instead of the meridional streamline distance. Also, the finite-difference equation has
been given in a simpler form. The input required consists of the basic geometry coor-
dinates, fluid total conditions, weight flow, and inlet and outlet flow angles. The output
includes velocity magnitude and direction through the passage, blade surface velocities,
and streamline coordinates.

This report includes the FORTRAN IV computer program that was developed, with an
explanation of the equations involved and the method of solution. A radial gas turbine
rotor and an axial turbine stator have been analyzed to illustrate the use of the program,
and these results are compared with results obtained by other methods.

This report is organized so that the engineer desiring to use this program needs to
read only the sections MATH ANALYSIS, NUMERICAL EXAMPLE, and DESCRIPTION OF
INPUT AND OUTPUT. The necessary information of interest to a programmer is con-
tained in the sections DES CRIPTION OF INPUT AND OUTPUT and PROGRAM PROCE -

DURE.

SYMBOLS
A coefficient matrix, eq. (A7)

a,,a,,a,,a
ao al g 3 coefficients in eq. (A2)
412734

aij typical element of matrix A

AT e et £



normal stream channel thickness, m

b, 5,03y quantities in eq. (A2)
°y specific heat at constant pressure, J/(kg) °r)
h,, hZ’ hg,h, spacing between adjacent points, eq. (A1), see fig. 18
ky
k constant vector, - |, eq. (A7)
L, coefficient matrix of eq. (A8) when Q =1
m meridional streamline distance, see fig. 2
n number of unknown mesh points
R gas constant, J/(kg)(°K)
by radius from axis of rotation, m
s angular blade spacing, rad
T temperature, ok
u stream function
b |
u discrete approximation to stream function at n mesh points,
Yn
!
gm mth iterate of u,
um+1
Vv absolute fluid velocity, m/sec
A fluid velocity relative to blade, m/sec
w mass flow per blade flowing through stream sheet, kg/sec
Z axial coordinate, m
a angle between meridional streamline and axis, rad, see fig. 1
B angle between relative velocity vector and meridional plane, rad,

see fig. 1



v specific heat ratio

n outer normal to region

0 relative angular coordinate, rad, see fig. 1
by prerotation (rv9)in’ m2/sec

p density, kg/m3

p() spectral radius of matrix

Q overrelaxation factor, eq. (A8)
w rotational speed, rad/sec
Subscripts:

cr critical velocity

giv given

i dummy variable

in inlet or upstream

j dummy variable

1 lower surface of blade

m component in direction of meridional streamline
out outlet or downstream

r radial component

u upper surface of blade

z axial component

] tangential component

0,1,2,3,4 quantities at these locations in finite difference expression, fig. 18

Superscripts:

T transpose of vector or matrix
' absolute stagnation condition
" relative stagnation condition

Py
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MATHEMATICAL ANALYSIS

It is desired to determine the flow distribution through a stationary or rotating cas-
.cade of blades on a blade-to-blade surface. The following simplifying assumptions are
used in deriving the equations and in obtaining a solution:

(1) The flow is steady relative to the blade.

(2) The fluid is a perfect gas or is incompressible.

(3) The fluid is nonviscous.

(4) There is no loss of energy.

(5) The flow is absolutely irrotational.

(6) The blade-to-blade surface is a surface of revolution.

(7) The velocity component normal to the blade-to-blade surface is zero.

(8) The stagnation temperature is uniform across the inlet.

(9) The velocity magnitude and direction is uniform across the upstream and across
the downstream boundaries.

(10) The relative velocity is subsonic everywhere.
The flow may be axial, radial, or mixed and there may be a variation in the stream chan-
nel thickness b in the through-flow direction.

The coordinate system is shown in figure 1. Since the variables r and z are not

Figure 1. - Coordinate system and velocity components.



blade sur-
face

Figure 2. - Blade-to-blade surface of revolution.

independent on the stream surface, one variable can be eliminated. It is better, how-
ever, to use the meridional streamline distance m as an independent variable (see
fig. 2). Then, m and @ are the two basic independent variables. A stream channel is
defined by specifying a stream channel thickness b as shown in figure 3.

For the mathematical formulation of the problem the stream function is used. The

stream function u satisfies

1 9w, ouw_113p3ou sina 1 oabp)} ou _
2 542 2 2p 90 a6 r bp om

2 2 .
9u 1 1 0p du l:sm a 1 a(bp):| ou _ 2bpw sin o (1)

This may be obtained from equation 12(9) of reference 6 by letting u = -/w, where Y
is the stream function as defined in reference 6. The stream function u has the value 0
on one blade and 1 on the other. Also, the derivatives of the stream function satisfy

ou _ _bp w, (2) |
om w ‘
ou _ bpr |
—=——W (3) z
39 w ™ |
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Figure 3. - Flow in a mixed flow stream channel.
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Figure 4. - Finite flow region for a radial turbine.

For the solution of equation (1), a finite region is considered (as indicated in fig. 4)
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 Bin is known. Similarly,
it is assumed that the flow is uniform along DE, and that the flow angle Bout is known,

For an actual blade row, 3 may usually be determined by means of experimentally de-

out
termined rules. Specifying Bout along DE is mathematically equivalent to specifying



the location of the stagnation point on the trailing edge of the blade.

Since equation (1) is elliptic for subsonic flow, boundary conditions for the entire
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 ex-
actly 1 greater than it is along AB and CD. Along AH and DE, 2u/9n is known, where 7
is in the direction of the outer normal. From equations (2) and (3), since WG/Wm =tanf3,

o4 _ 0 yang (4)
Jm rod

Along AH and DE,

ou _u(H) - u(a) _1

96 S s
so that
tan B.
<a_u> = 1N 3long AH (5)
on in STin
tan 8
<a_u> - . out along DE (6)
on out SI‘out

These are the boundary conditions required to determine a solution to equation (1). The
method used for the numerical solution of equation (1) is described in appendix A.

After computing a numerical solution to equation (1) in a given flow region, the veloc-
ity at any point can be computed from equations (2) and (3) by using numerical differen-
tiation. The streamlines are located by the contours of equal stream-function values.

NUMERICAL EXAMPLES

To illustrate the use of the program and to show the type of results which can be ob-
tained, two numerical examples are given. The first example is a radial inflow turbine,
and the other is an axial turbine stator.




P

Radial Inflow Turbine Rotor

The turbine profile is shown in figure 5 with the mean streamlines and mean stream-
sheet thickness as calculated by the quasi-orthogonal method (ref. 7). The blade-to-
blade shape in § and m coordinates is shown in figure 4. This particular rotor had
splitter blades as indicated in figure 5. There were 11 complete blades and 11 splitter
blades. The program cannot handle the case where the blades are not all identical.
However, two solutions can be obtained, one based on 11 blades and one based on
22 blades. The solution with 11 blades should be reasonable for the region beyond the
splitter blades, and the solution with 22 blades should be reasonable for the region with
the splitter blades. Note that this technique would not work for a compressor with split-
ter blades, since the percentage of flow on each side of the splitter blade would not be
known.

|n|et'\‘
~Shroud
/—End of spiitter
1 Streamlines
/' adjacent to
/! mean stream- ~Mean
line /’ meridional
;  streamline {
— 15
Hub~ “— End of
complete
blade

Figure 5. - Hub-shroud profile with streamlines used for blade-to-blade analysis of a
radial turbine.

The input for the case with 11 blades is given in table I. Because of a high local
velocity near the trailing-edge radius, the program did not converge at every point (see
error condition (6) (p. 36) for further discussion). However, the solution failed to con-
verge at only one point, so that the rest of the velocities should be valid.

The results are plotted in figure 6. There is also shown in this figure a solution ob-
tained by the quasi-orthogonal method of reference 8. To make the results comparable,
the quasi-orthogonal solution was obtained for zero loss. There is close agreement on



TABLE I. - ELEVEN-BLADE RADIAL INFLOW TURBINE ROTOR AND COMPUTER INPUTS

GAM AR Tip REOLP
1.66€670C0 2c8.z2¢CcC 10€3.CCA0 0.255€€6CC
CHORD STGR BETAL PETAC
G.€844000E-01 ~—C.5390QCCC -54.2(CCCC -61.50CCCQ
RT ALLI ALLE
0.64ECCCOF-02 2.ccCCCCC —2.CCC0CCC 0.753CCCOE-03
MX81 MXBC MX ARPI NLSF NLSF KNRSP MEL MNINT
5 29 €0 1€ 11 11 16 11 5
FU BRRAY
-0 €.86CCCLCE-02 €.16(CCCQE-C1 €.22500C0E-C1
€.53940Q0E-01 0.6167CCCE~C1  ~C
XSPU ARR2Y
-0 0.1220CCCE-C? 0.1560CCOE-C1 C.18900COE-C1
-0.€€2CCCOE-01 -0.2791C(C -0.5427C00
ML ARRAY
-C (.86CCCCCE-C2 C.16CCOCOE-0O1 0.2350CCCE-CL
€.5254C00E-01 C.&6167CCCE-C1  -Q
XSPL ARRAY
-C -0.12200C0E-C1  -0.1560C00F-01 ~C.19CCCCOE-CI
-0.1452C00 —-0.23470CC -0.5842CC0
NR BARRAY
-C.7620000€6-07 o] 0.86C0000E-0? 0.1600000E-C1

0.46230C0E-01
BRRRY
C.E4CI1000E-01
0.44350C0E-01

RSP

0.5364CCCE-C1

C.7€4SCC(F-C1
0.4295CCCE-CL

BESP RRR2Y

C.<T0Q0COE-0?
0.13320C00E~-0?

BLDATA AULAKI
1 C

10

C.S6CCOCCE-C
0.14300C0E-02

0.61S7CCCE-C1

0.68CC000E-01
0.4131C00E-OL

0.1C3CCCOE-02
€.153C0COE-02
ARPRT INTVEL SLRVEL

0.6844000F-01

0.61C20C0E-C1
0.4C0O5CCOE-OL

C.1C%0000E-C2
0.1620000E-02

1 3

wTFL
0.12580G0€E-C2

ALuG
-€32,80CCC0

0.2903CCOE-C)

0.2C900C0E-01L

0.2903CC0E-01

—-0.2C7CCGCE-QL

€.2250CCCE-01
G.735400GE-01

C.%471CCCE-0Q1
0.39€40C0E-01

C.114CCCOE-C2
0.1670000E-02

Quasi-orthogonal solution (ref. 8)

End of
splitter
blade ~.

g

— — — Potential flow solution ~ 22 blades
— — — — Potential flow solution - 11 blades

ONEGA
4€3C.0C00

ALLO
63.8CCCCC

C.3428CCCE-CL

G.2150CCCE-C1

0.3428CCCE-QC1

0.2220CC0E~-C1

0.2SC3CCCE-CL
0.8116CCCE-C1

C.S5CESCCCE-C]
0.3944C0CE-C1

0.116CCCOE-C2
G.16SCCOCE-02

ERPRT STRFN SLCRD
k] 2 2 c

300 }—
2
Ry
£ 200
=
2
38 -
Q
>
s 100
3 1

\
0

Figure 6. - Blade surface velocities for a radial turbine with splitter blade.
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4

6
Meridional streamline distance from leading edge, cm

Ge3$54CCCE-C)

C.1600C00E-CL

€.3554CL0E~CL

-0.2840CCOE-C1

C.3428C0CE-Cl
0.E8878CGOE-CL

C.48CECCCE-CL
€.3940CC0E-O1

C.11&CCCOE-C2
0.17C00C0E-C2

End of blade
Downstream
,/ velocity
Y A
|
|
i J
8

0.4623000€-01

~-0.11600G0E-01

0.4623000E-C1

—0.5580CC0€E-C1

0.39540C0E-01
0.5700000€~01

0.4602000E-01
0.3940000E-01

0.1240000E-02
0.17000C0E~-02

—

R
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Mxel
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-0

-0

-0

-0

-0.
0.

0.
BLOATA NULAKI ERPRT STRFN SLCRD ARPRT INTVEL

Figure 7. - Axial stator blade for numerical example.

TABLE I. - AXIAL STATOR COMPUTER INPUT

GAM AR e
40u00VG 287.0530C 288.15000
CHORD STGR BETAIL
4265000E-01 -0.1116150 0

Ri ALUL ALLI
381000UE-0C2 28.3C0C00 -14.200000
MX B0 MX NBBI NUSP NLSP NRSP NBL NIAT
32 47 20 7 6 2 50 5
MU ARRAY
0.8575000E-02 0.17150C0E-01
XSPU ARRAY
0.17¢90C0E-C1 U.15380C0E-0CL
ML ARRAY
C.85750CCE-~C2 Gel7130C0E-C1
XSPL ARRAY
—U.15620C0E-01 -0.2854CC00E-O1
MR ARR AY
S5000CO0CE-C1 C.1000C00
RMSP ARRAY
33020uC C.23C200C
BESP ARRAY
101600C G.10160CC

1 C 3 1 2 o

1

RHOL P
1.2250000
BETAC
=67.0L00V0
RO
v.889000UE-03

0.2572500€E-01
-0.5310000E-02
0.2572500E-01

—0.5070000E~01

SURVEL
3

wT FL OMEGA n
0.3146000 0 1.8500000
ALUO ALLO
-72.400000 -56.1C0CCC

0 .3430000E-01 0.38588CCE-01 -0
-0.4654000E-01 -C.740CCCOE-01 -0
0+3430000E-01 -0

-0.8250000€-01 -0

11



TABLE Ili. - AXIAL STATOR COMPUTED SURFACE VELOCITIES .

(a) Surface velocities based on axial components

* * i
* UPPER SURFACE * LOWER SURFACE *
M * VELOCITY ANGLE (DEG} SULRF. LENGTH RHC *4 * VELOCITY ANGLE (DEG} SURF. LENGTH RHC*W * §
0 * ¢ $0. 06 G -6.3313 * 4] ~60.C0 0 —8.9717 * E
0.25096-C2 * G7.€25 27.31 C.4405E-02 114.73 * T€.£41 —-z2C. €7 0.4372E-02 Gl.409 * )
0.50186-02 * 111.01 21l.6¢€ Ce 7165E-02 128 .86 * 64,625 ~13.&U C.6959E~C2 T7.745 *
0.7526E-C2z * 128.9C 14.63 €.9807E-02 l46.82 * £C.55¢2 -l€.cl 0.9547E-C2 73.054 * j
0.1004E-01 * 148.82 6.2¢C 0.1236E-01 165.37 * 59.431 =-2Z2l.52 0.1219-01 71.698 * .
0.12546-01 * 168.62 —3.36 Ca1487E-01 182.13 * €0.9€7 —2€.,15 0.1492E~01 73.491 * §
0.15056-C1 * 18£.87 —-13.61 0el741c-01 195.23 * 64.05¢€ ~31.55 0.1777E~-01 77.085 * b
0.1756E-C1 * 199.2¢ —23.7¢& 0.2006E-01 204435 * €8.€€1 -25.61 0.2075E-01 82.408 *
0.2007E~G1 * 2Cé.91 —-33.3¢ V.2292E-01 209.18 * T4.60C —25,.87 C.2387€-01 89,205 * ¥
0.2258E~C1 * 211.94 —41.92 0.2609E-01 212417 * 82.03¢ ~43.47 0.2716E-01 97.602 * i
0.25096-01 * Z11.49 -45.21 Ue2969E-CL 211.90 * 91.116 —46.74 0.3063E-01 107.066 *
0.27606-01 * 205.15 =54.84 0. 3379E-01 208.10 * 1Cl.5C —4S5.74 0.34286-01 119.31 *
0.30116-C1 * 15€&.55 —-58.3¢ G.3837Lt-01 203.94 * 1l4.€C —-52.57 0.3814£-01 132.55 *
0.3261E-01 * 1$5.8%5 —-60.5C Ue.4331E-01 202.14 * 1z9.32 —-£5.22 0.4223E-Cl1 147.24 *
0.35126-C1 * 20z.02 -61.9¢% 0.4852E-01 206.15 * 146.4C —-£7.€2 Ce 4656E£-CL 163.20 *
0.37¢3E-01 #* 20%.68 —¢6.76 0.5428E-C1 210.84 * lé4.5¢ -£E.75 0.5108E-01 179.18 *
C.4014E~C1 * 192.93 -7l.68 0.6150E-01 200 .16 * 170.C2 —-58.49 0.5566E-01 183,24 *
0.4265E-C1 * QO ~%0,0C Ce6989E-C1 51.236 * 0 5¢.C0 0.5830E-01 —47.293 *

(b) Surface velocities based on tangential components

UPPER SURFACE LOWER SURFACE
M VELUOCITY ANGLE (DEG) RAC*NW M VELOLITY ANGLE (DEG) RHC *W
-0 10.858 SG. 00 13.294 0.6158E-C3 El.65C -56.57 02.545
0.£157E-C32 18.37¢ 56,57 93,484 0.47€4E-C:2 28.457 -13.2% 406,810
0.2586E-Cc €5.86¢& 25.04 112.87 0.11396~C1 €0.251 —23.5% 124656
0.1906£-C1 204.51 -29.5% 2C7.71 0.1539€6-C1 €4.57C —31.G67 78.146
0.2201E8-C1 2CS.7¢ =40.C5 210.89 0.1850EC1 7C.9GC2 ~36.17 84,943
0.24196-C1 21le.11 —46,7¢ 212.26 0.2114E-C1 171.737 =4C. U5 92.762
G.25986-01 206.E7 ~51.5¢ 21C.95 0.23476-C1 Eb.2¢z —43.17 101.20
0.2753E-C1 20%.28 -54.73 208.18 0.2558E-C1 S$3.344 ~45.76 11¢.09
0.2854E-01 26G.81 ~56.63 205.37 0.2753E-01 101.7¢ —-47.9¢% 119.16
0.20256~C1 197.72 -58.52 203.37 0.2933E-C1 11C.¢€4 -4G.97 128.49
0.31496-C1 19¢€.28 -59.08 2C2.49 «3102601 116.5C ~5l.75% 137.93 ‘
0.22686-C1 155.7¢ =60.54 202.08 0.22¢61E-C1 129.4¢ -53.3% 147.36
0.2384E-C1 197.C2 —-€l.16 202.91 0.3411E-C1 136.12 =54, 81 156455
0.34%76-C1 2Cl.14 -61.82 2C5.59 Q.3554E-C1 14%.5¢ - 55.6¢ 166.05
0.3605E-C1 20¢e.82 ~63.34 2C9.12 0.2662E-C1 156.€6C =56.6C 174.88
0.3704E-C) 2C8.57 —-65.3¢ 21G.42 0.28286-C1 l65.¢5 -56.83 182.95
0e37656-C1 Z0€,33 —67.52 21G. 04 0.3964E-C1 178,75 -56.67 1$G.00
0.3876E-C1  204.5% -£5.51 207.76 0.4102&-C1 195,67 —56.1C 204464
0.3951E-C1 199.C1 -70.86 204.21 0.4250E-C1 £Q0.C7¢ 56.49 95.402
0.40216~C1 15z.51 -71.74 199.88
0.4088E-C1 187.24 -72.25 196.21
0.4154E-C1 1€2.58 -72.5¢C 192.84
0.42196-C1 184.58 -72.51 154.30
0.,42€56-C1 l67.51 -60.0¢C igl.23

the splitter blade. On the complete blade, there is a short distance after the end of the
splitter blade before the complete blade assumes the blade loading without a splitter blade.

Axial Stator

This example is a stator nozzle mean blade section (fig. 7) for a turbine built at
Lewis Research Center (ref. 9). This blade section has also been analyzed by using the
incompressible flow program of reference 5. Downstream of the blade V/Vcr is 0.58. |
The input for this case is given in table II. The surface velocities obtained by the pro-
gram are given in table III. The velocities are plotted against blade surface length in
figure 8. Also shown in figure 8 are experimental data obtained from the investigation
described in reference 9. There is fairly good agreement with the computed values for

this example.
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Relative velocity, W, m/sec

250 — O Experimental data
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(b} Lower surface.

Figure 8. - Blade surface velocity for numerical example compared with experimental data.



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,
the mesh size to be used, the appropriate gas constants, and operating conditions such as
inlet temperature, density, weight flow, and rotational speed. Output obtained from the
program includes velocity magnitude and direction at all interior points, blade surface
velocities, stream function values, and streamline locations if there is no reverse flow.
If there is reverse flow (as may occur with radial flow), streamline locations may be ob-
tained by plotting contours of equal stream function values.

Instructions for Preparing Input

Figure 9 shows the input variables as they are to be punched on the data cards.
There are two types of input variables, geometric and nongeometric. The geometric in-
put variables are shown in figures 10 and 11. Units are always meters for length and

radians for 6 coordinates.

14

5610011 1516 20[21 2526 3031 3536 40]41 45046 50|51 55|56 60|61 6566 70|71 75[76 80
GAM AR TIP RHOIP WTFL OMEGA W
_ B
CHORD STGR BETAI BETAO |
, ) ] Pl
RI ALUT ALLT RO ALUO ALLO
, I Rl
MXBI [MXBO| MX_|NBBI |NUSP [NLSP | NRSP| NBL | NINT | ] | 1 ] ] ]
[ [ | [S<To<[o<[><[><><]
MU ARRAY . )
| ! | | ! [
| | [ | | | . ]
XSPU ARRAY | | | | . :
| | ! [ | I
ML ARRAY ) )
I | [ [ I I
I I | | | J |
XSPL ARRAY
_ [ | | l I
| I I | |
MR ARRAY B
T R | | | | |
L | | | | |
RMSP ARRAY 1 [ | | _ v =
1 | [ S . | o
BESP ARRAY , , - - ]
et T T R et e
BIDATAINGLAKI[ERPRT| STRFN SLCRD%ARPRT{INTVELESURVE | | | | |

Figure 9. - Input form, (Card column numbers appear at top.)
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Direction of © Spline point
rotation

/—Lower surface

ALLO (-}
PITCH ﬁBETAI ) ML

ﬁgﬁo )
/,\40-/ ~Upper stirface
STGR} (-} Origin~ _L_XSPL -

8 ‘ﬁ\NALuo )
[ CHORD
m

Figure 10. - Geometric variables required as input. Blade-to-blade coordinates on stream surface The
variables BETAI, BETAO, ALUI, ALLT, ALUO, and ALLO are to be given as a true angle B, not the angle as
measured in the m, 8 plane. (Use tanp = r(d8/dm) to obtain the value of B.)

~ Leading edge O Spline point
” 1 of blade

~Trailing edge

/’ of blade

— _-—Mean
Z streamline

—_— ]

D and E

RMSP

- ¢ -

Figure 11. - Geometric variables required as input. Meridional plane.

The blade shape is defined by specifying the leading and trailing edge radii and a
number of blade surface m and 6 coordinates. These coordinates are used to define a
cubic spline curve (refs. 5 and 10). The coordinates are given with respect to the leading
edge of the lower blade, as shown in figure 10. The standard sign convention is used for
angles, as indicated in figure 10. The blade should be oriented with the concave side
down,

The mean stream surface of revolution and normal stream channel thickness are also
defined by cubic spline curves as indicated in figure 11. The m coordinates for the
mean stream surface are independent of the blade shape coordinates.
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Figure 12. - Mesh used for axial stator numerical example. Numbers are mesh point indexes (I in program). There are 840 unknown mesh points.

A mesh must be used for the finite-difference solution of equation (1). A typical
mesh pattern is shown in figure 12. The mesh spacing and the extent of the upstream and
downstream regions are determined by the values of MXBI, MXBO, MX, and NBBI. The
mesh spacing must be chosen so that there are not more than 2500 unknown mesh points.

The values of Bin and Bout must be given on AH and DE, respectively. However,
it may be that the average values along BG and CF are what is known. In this case the
input values, Bin and Bout’ must be calculated by equation (B13) or (B15).

While the program was written for compressible flow, it can be used equally well for
incompressible flow. To use the program for incompressible flow specify GAM = 1.5,
AR =1000, and TIP = 106 as input. Of course, RHOIP is simply the density in kilo-
grams per cubic meter. This results in one iteration only.

The International System of Units (ref. 11) is used throughout. However, the pro-
gram does not use any constants which depend on the system of units being used (other

16
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than degrees or radians where specified) so that any other consistent set of units may be
used. For example, force, length, temperature, and time units may be chosen indepen-
dently (mass units defined by f = ma); the gas constant R must then have the units of
force times length divided by mass times temperature (energy per unit mass per degree
temperature). Output then gives the velocity in the chosen units of length per unit time,
and, of course, the output is not labeled with the correct units.

Input

All the numbers on the card beginning with MXBI and on the card beginning with
BLDATA are integers (no decimal point) in a 5-column field (see fig. 9). Integers must
be right adjusted. The remaining input variables are real numbers (punch decimal point)
in a 10-column field.

The input variables are as follows:

GAM specific heat ratio, v

AR gas constant, R, J/(kg)(°K)

TIP inlet total temperature, TJ , °K

RHOIP inlet total density, pj, kg/m3

WTFL mass flow per blade for the stream channel, kg/sec

OMEGA rotational speed, w, rad/sec (Note that w is negative if rotation is in the

opposite direction of that shown in fig. 10.)

w value for overrelaxation factor © to be used in eq. (A8) (If W =0, the pro-
gram calculates an estimated value for the overrelaxation factor, see
appendix A for discussion.)

CHORD overall length of blade in m direction, meters, see fig. 10

STGR angular coordinate 6 for center of trailing-edge radius, radians, see fig. 10

BETAI flow angle Bin along AH, deg, see fig. 10

BETAO flow angle Bout along DE, deg, see fig. 10

RI leading-edge radius, m, see fig. 10

ALUI angle at tangent point of leading-edge radius on upper surface, deg, see fig. 10
ALLI angle at tangent point of leading-edge radius on lower surface, deg, see fig. 10
RO trailing-edge radius, m, see fig. 10

ALUO angle at tangent point of trailing-edge radius on upper surface, deg, see fig. 10

17



ALLO
MXBI
MXBO

NBBI

NUSP

NILSP

NRSP

NBL
NINT
MU

XSPU
ML
XSPL

MR

RMSP
BESP

angle at tangent point of trailing-edge radius on lower surface, deg, see fig. 10
number of mesh lines from AH to BG inclusive (fig. 12)
number of mesh lines from AH to CF inclusive (fig. 12)

total number of mesh lines in m direction from AH to DE, maximum of 100
(fig. 12)

number of mesh spaces in 6 direction between AB and HG, maximum of 50
(fig. 12)

number of blade spline points including end points that are tangent to leading-
and trailing-edge radii for upper surface (BC) of blade (figs. 4 and 10);
maximum of 50

same as NUSP, but for the lower surface (GF) of the blade

number of spline points for streamsheet radius (RMSP) and thickness (BESP)
coordinates (see fig. 11), maximum of 50

number of blades
number of streamlines desired as output, maximum of 10

array of m-coordinates of spline points for upper surface measured from
leading edge, m, fig. 10 (The first and last points must be left blank, since
these points are calculated by the program. If the last point is on a new
card, a blank card must be used. The total number of points is NUSP.)

array of #-coordinates corresponding to the MU array, rad
same as MU but for lower surface (The total number of points is NLSP.)

array of #-coordinates corresponding to the ML array, rad (Note that these
coordinates are to the lower blade as shown in fig. 10.)

array of m-coordinates of spline points for stream surface radii and stream
channel thickness measured from leading edge, m, see fig. 11 (These
coordinates should include the entire distance from AH to DE, and may ex-
tend beyond these points if desired. The total number of points is NRSP.)

array of stream surface radii corresponding to the MR array, m

array of stream channel thicknesses corresponding to the MR array, m

The remaining variables, starting with BLDATA, are used to indicate what output is de-
sired. A value of zero for any of these variables will cause the output associated with
that variable to be omitted. A value of 1 will cause the corresponding output to be printed
for the final iteration only; 2, for the first and final iteration; and 3, for all iterations.

18
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Care should be used not to call for more output than is really useful. The following list
gives the output associated with each of these variables.

BLDATA radii and stream sheet thickness at each vertical mesh line; coordinates,
first and second derivative of blade spline points; §-coordinate and slope at
each vertical mesh line for each blade surface; coordinates of intersection
of horizontal mesh lines with blade; NU and NL arrays (internal variables)
(This will be printed for the first iteration only since these values do not
change.)

NULAKI coefficient array A, the vector K, and the value of I for the adjacent points
I1, 12, 13, and I4 (This information is needed for debugging the program
only.)

ERPRT the maximum change in the stream function for each iteration of the SOR
equation, eq. (A8)

STRFN value of stream function at each unknown mesh point in the region
SLCRD streamline coordinates at each vertical mesh line and streamline plot
ARPRT values for (me) and (pW 6) at all interior points and along blade surfaces,

value of pW at all interior points (This information is needed for debugging
the program only.)

INTVEL velocity and flow angle at all interior mesh points

SURVEL m-coordinate, surface velocity, flow angle, distance along surface, and pW
based on meridional velocity components; m-coordinate, surface velocity,
flow angle, and pW based on tangential components; plot of blade surface
velocities against meridional streamline distance m (It is suggested that
SURVEL =3 be used. This will give surface velocities on every iteration,
so that satisfactory velocities may be obtained even when final convergence
is not reached in the alloted time.)

Output

Sample output is given for the radial inflow turbine numerical example, but with an
outlet angle of -66, 5°. Since the complete output would be lengthy, only the first few
lines of each type of output are reproduced here. Most of the output is optional and is
controlled by the last input card as already described. The output labels are either in-
ternal variable names or else are spelled out (e.g., THETA for 4).
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Each section of the sample output (table IV) has been numbered to correspond to the
following descriptions:

(1) The first output is a listing of the input data. All items are labeled as on the input
form.

(2) The calculated value of X is given followed by W (free-stream velocity) and the
maximum value of the mass flow parameter pW (corresponding to W = Wcr) along AH
(inlet) and DE (outlet). As a check, the free-stream values of B8 at leading edge (BG) and
trailing edge (CF) corresponding to the input values of Bin and Bout’ respectively, are
calculated and printed out under the heading ""BETA CORRECTED TO BLADE LE OR TE".
The relative critical velocity W, . at BG (inlet) and CF (outlet) is printed out. Also
some internal program constants are printed out at this point,

(3) This is the output corresponding to BLDATA (see the list of input variables).

(4) This is the number of mesh points at which the stream function is unknown.

(5) This is the output corresponding to NULAKI.

(6) If the program calculates an optimum overrelaxation factor Q (i.e., W =0 for
input), then upper and lower bounds for © (WMAX and WMIN) and upper and lower bounds
for 'D(Ll)’ (LMAX and LMIN) are printed out for each iteration (see appendix B of ref. 5
for details). The last printed value of WMAX is the value of £ (W) used by the program.

(7) This is the output corresponding to ERPRT.

(8) This is the output corresponding to STRFN.

(9) This is the total execution time after obtaining the stream function solution for
each outer iteration.

(10) This is the output corresponding to SLCRD.

(11) This is the output corresponding to ARPRT.

(12) This is the output corresponding to INTVEL,

(13) This gives the maximum relative change in the density p for each outer iteration.
(14) This is the output corresponding to SURVEL.

(15) This is the total execution time after all calculations are completed for an outer

iteration.
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TABLE IV. - SAMPLE OUTPUT

Descrip-
tion
(@)
GAM AR e RHOLP WTFL CMEGA L]
r 1.6661000 208.20000 1C683.0000 0.3956600 0.6290000E~03 403¢.0000 [+]
CHORE STGR BETAL BETAC
0.6844000E-01 -0.5350000 -54.200000 —66.500000
RI ALUI ALLI ALUQ ALLD
0.648000CE-03 24€0€C0000 ~2,0000000 0.7530000E-03 -63.800000 ~63.8000060
MXBI MX80 MX NBBI NUSP NLSP NRSP NBL NINMNT
5 39 45 a 11 11 16 22 5
MU ARRAY
-0 0.8600000E-02 0.16000G0E-OL 0.2350000E-01 0.2903000€E-01 «242E8000E-01 043954000E-01 0. 4623000E~01
0.5394C0CE-01 C.£1970C00E-0C1 -0
XSPL ARRAY
-0 0.1220000E-01 0.15600C0E-01 0.1890000E-01 0.2090000E-01 0.2150000E-01 0.1600000E~-01 =-0.1160000E-01
-0.96200006~01 -C.2791000 -0 5427C00
ML ARRAY
1 { -0 0.86C0000E-02 0.1600000E-01 0.2350000E-01 0.2903000E-G1 0.3428CC0E-01 0. 3954000E-01 0.45623000E-01
0.53940006-01 C.61S7000E-01 -0
XSPL ARRAY
-0 -0.1220000E-01 -0.1560000E-01 -0.L900000E-01 -0.2070000E-01 -0.2220CC0E-01 -0.2840000€~01 -045580000E-01
-0.145200¢C ~043347000 -0.5842C00
MR ARRAY
~0.7620000E-02 ¢ 0. 860000QE~02 0.1600000E-01 0.2350000E~01 0.26C3CCCE-01 0.3428000E-01 0.3954000E-01
0.4623000E-01 0.5394000E-01 C. 6197000E-01 0.6844000E-01 0.7354000E-01 0.8116CCOE-01 0.8878000£-01 0.9700000E-01
RMSP ARRAY
0.8407000E-0C1 0.7645000E-01 Ce 6800GCOE-OL 0.6103000E-01 0.5471000E-C1 0.5C8SCC0E~01 0.4808000E-01 0.4602000E-01
0.4435000E01 0.4295000E-01 0.4131000E-01 0.4005000E-01 0 +3964000E-C1 0.35440C0E-01 0.3940000E-01 0.3940000E-01
BESP ARRAY
0.5700000E~-03 0.S6C000Q0E-03 0.1030000E-02 Q.1090000E-02 0.1140000€-02 0.116C0C0E-02 0.1160000E-02 0.1240000E-02
0.1330000€-02 0.1430000E-02 0.1530000E-02 0.1620000E-02 0.1670000E-02 0.165CC00E-02 0.1 700000£-02 0.1700000E-02
BLUATA NULAKI ERPRT STRFN SLCRD ARPRT INTVEL SURVEL
- 1 1 E] 2 2 1 2 3
(( LANBCA = 2C.136G0
FREESTREAM MAXIMUM VALUE BETA CORRECTEC TO BLADE CRITICAL
VELOCITY FOR RHO*W BLADE LE OR TE VELOCITY
INLET 126 .CHETS 125.45426 -28.427796 514.78984
2 OUTL ET 250.€9178 105.28652 -65.998662 497.78524
s
A CALCULATED Pﬁgcun CUN..IAN‘ISHU L R NBBO NBUD
0.2012941E-02  C.356$552E-01 €.3501244E~-02, 0.3219867E-01 v.2855993 -€ ~16
STREAM SHEET COORDINATES AND THICKNESS TABLE
M R SAL B £8/0M
-0.80518E-(C2 C.E45(4E-01 —-1.006521 0.97247E-03 -0.58887E-02
3 ~0.60388E-C2 C.82482E-01} -1.0C316 U.96235E-03 -0 .40874E-02
-0.40255E- (2 G.6C466E-01 ~1.00060 0495631E-03 -0.18435E-02
-0 .20129E-C2 Ce78454E-01 -0.99755 0.95523€£-03 0.84291E-03
[\] C.1€45CE-01 -C. 95398 0.96000€-03 0.39718€6-02
Agee p. 20.
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TABLE IV. - Continued. SAMPLE OUTPUT |

Descrip-
tion

()

BLADE DATA AT SPLINE PCINTS
UPPER SURFACE

L)
0.€2754-(3
0.8600L0E-(2
0.16000E~C1

M
0.€2754E-(3
0.860GCE-C2
G.160u0E-C1

0440256€-(2
0.6038EE- (2
0.E0518E-(2

M

0

0.4230E-C1
Qe4424E-C1
Oe4bl4E-C1
0.4916E6-C1

TFETA
C.£4719E-C2
C.1220LE-CL
C.156CCE-01

LUWER

THETA
C.27713
C.27340
C.2700C

[

(.$C6E3E-02
L.66917E-C2
Ce1(9€0E~01
C.11937E-C1

{NU INL ITP

3 {t
3 ‘{
BLADE COORDINATE TABLE
H xu
o
3 0.20229E-C2
3 {:

[
W

UERIVATL VE
Ce4l324
C.47182
C.45426

SURFACE

DERIVATI VE
~Le41324
—Ca47452
=C.4£7C2

DXD 2y
50C0CCCOL000
0. 44349
G.41318
G.48598
0.48187

4 { NUMBER CF INTERJOR MESH POINTS = 328

LIST OF NU AND NL

[
~0o00Co

A5ee p. 20.
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N

2N0 DERILV,
24.7234
-B8.52274
2415530

2ND DERIV.

=25.5529
10.1817

—8.15426

XL LXDIL
0.28560 500LL0000000
0.27653 -0 .44434
0.27560 —0.47420
Ge27404 =0.48589
0.27366 -0.47943



TABLE IV. - Continued. SAMPLE OUTPUT

Descrip-~
tion
(a)
WHAX = 2.000CCO WHIN = 1.06C653 LMAX = 1.000000 LMIN = 0.002768
WHAX = 2.C0CC0O WHMIN = 1.125G51 LFAX = 1.000000 LMIN = 0.395284
WHAX = 2.uCCCCC WHIN = 1.2CCSE€E LFAX = 1.000000 LPIN = 0.557378
6 WHAX = 1.99C551 WHIN = 1.234761 LMAX = 0.999980 LMIN = 0.615915
WMAX = 1.56C779 WMIN = 1.246855 LFAX = 0.999600 LMIN = 0.635141
WMAX = 1.950149 WHIN = 1.250514 LMAX = 0.999347 LMIN = 0.640789
WMAX = 1.63§¢27 WHIN = 1.2611752 LMAX = 0.999041 LVIN = 0.657660
WHAX = 1.930263 WHIN = 1.274517 LMAX = 0.998695 LMIN = 0.675987
ERROR = 1.03¢56173
ERROR = 0.66€680Z00
ERROR = Q.BEE25226
7 ERROR = 0.41£45254
ERROR = 0.5£%63¢€E2
ERADR = 0.2535451$
ERROR = C.3€$245C9
STREAM FUNCTIUN VALUES
A= 1
~C.35951178 -C.22676675 -0.11125914  0.01617927 0.14364282 0.269798€C  C.3543C712  0.51764261
1A =
~C.2438665¢ -0.12112157 C.C043E607  0.13182450 0.25928804  0.38544182 LECS$5234 0.63328782
8 1A =
—C.146291€3 —0.CZ4E9553  0.1010C400  G.22934018 0.35743163  0.48374735 C.€CE03247  C.72104610
1A 4
~C.06565€17 G.CE125642 C.17862408  0.30920815 0.43870088  0.5653C€4&  C.EEESEEE4  0.81121481
A= 5
0.104442564  C.Z36E5545  C.372C263%4  0.50390199  0.03082559  0.75311223  0.8724C54¢
9 {TiME = 0.2836 MIN.
( STREAMLINE COORDINATES
M LOUREC. STREAM F£N. THETA STREAM FN. THETA STREAM FN. THETA
-C.BL51TE5E-C2 ~-€.200C0CC Ce4624002E-01 0 0.1C257&¢ 0.2¢00000 0.1586906
€.4000060 0.2158414 0.6060UG00 0.2738242
10 < ~C.6C28E22E-C2 ~€.20060C0 C.1283459E-01 0 G.7C1E41¢E-C1 6.2C£0000 0.1261657
C.4GGCCLO 0.1826500 0.6000000 6.240242%
-C.40258 €2E-C2 -C 0.4285818E-01 0.2000000 G.5E9EECTE~C1 0.40C0000 0.1547645
. €. 6000LL0 0.2118780 0.8000000 0.2655632
-0, 2ul25¢1E-C2 -c $.2040422E-01 0.2000000 0.7125CT1E-C1 U.40C0000 0.1320617
€. 6000000 0.1884405 0.8000000 0.2466263
[} 0 o v.200U000 C.E155541E-C1 €. 4C00006 0.1146033
€.6006600 €. 1696966 0.8000U00 0.2:81752 1.0000000 0.2855993
25ee p. 20.
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TABLE IV. - Continued. SAMPLE OUTPUT

Descrip-

tion
(a)
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TABLE IV. - Continued. SAMPLE OUTPUT

SURFACE VELCCITIES BASEC ON

VELCCITIES AT INTERIOR MESH PCINTS

Descrip-
tion
()
iAs 1 VELOCITY  ANGLE(UEG)  VELOCITY  ANGLEIDEG)
13107 ~57.02 133,12 —86451
12z.¢¢ —£6.C5 132.41 ~56443
12 4 R o .
fA= i VELJUCITY  ANGLE(DEG)  VELOCITY  ANGLE{DEG)
121241 -52.11 122,58 ~51.33
122.2¢ -£1.3C 122.51 -51.61
[A= 2 VELUCITY  ANGLE(DEG)  VELGCITY  ANGLELDEG)
110.54 -46.77 111.07 44,78
114.2C 45,66 113.13 -45.95
13 { ITERATION NU. 1 MAXIMUM RELATIVE CHANGE LN DEASITY
*
. UPPER SURFACE
" *  VELUCITY  ANGLE(DEG} SLRF. LENGTH
o * 0 5C.0C Q
14 0.2013E~C. * 12C.56 1.86 0.2126E~02
0.4026E-C2 * 138.94 1.9¢ C.414GE-02
0.6035E~LZ * 151,85 1.9¢ 0.6154E-02
0.tuscE-CZ * 1€l.C4 1.8S 0.8168E-02
0.1006E-C1 * 1€7.6¢ 1.78 C.1ULBE-01
(( SURFACE VELOCITIES BASED ON TANGENTIAL CCMFCNENTS
UWPPER SURFACE
M VELOCITY  ANGLE (UEG)  RHC*h
%0Z* VALUE UF RhU*w IS _TOO LARGES
CECK NAME IFN OF CALL ABS. LCC.
+ERROR cca2s 5
CENSTY ouele 1¢132
14 < TASVEL 06524 20113
zcee cuols c3056
-0 £3.341 §0.CC 19.164
0.4424E-C1  184.5C -12.61 57.795
0.4916E-C1 195,52 -23.00 6C. 602
.52276-C1  i0€.3E ~3C.50 63.453
0.54606~C1  Z1€.3 36416 66.525
0.5652E-C1  &31.5C -40.57 65.822
(" LURER SURFACE
[ VELOCITY  ANGLE (DEG)  RHC*k
0.423UE-C)  125.5$ -8.87 41.775
14 0.4814E-C]  11C.54 -22.23 35.681
C.5133E-C1  115.ES -25.54 38,524
0.5379E-C1  12E.55 -34.52 41.130
«5584E-C1 135,69 -38.86 43.255
0.57T59E-C)  143.7% -43.13 45.644
2gee p. 20.

VELGCITY
133.96

132.25

VELOCITY
123.25

122.16

VELOCITY

113.49
112.42

0.8677

RHC*W
20.954
42,299
484095
51.912
54 .465
56.167

ANGLE( DEG) YELOCITY ANGLE (DEG) VELOCITY
=55.96 134.01 ~55.66 133.49
=56.63

ANGLE( DEG) VELQCITY ANGLE (VEG) VELOCITY
-50.78 123.5¢ =50.65 123.85
-51.75

ANGLE{ OEG) VELOCITY ANGLE {DEG) VELOCITY
—44,26 114.55 —44.52 115.02
~45.94

AXLAL COMPONENTS

* LOMWER SURFALE

* VELOCITY ANGLE(DEG) SURF. LENGTH
. 0 -SC¢.C0 [}

* 15.72% =1.56 C.2126E-02
* 574442 -2.C4 Oe4l4UE-C2
hd 4€.585 =2.€3 0.6154E-02
* 41.45¢ =1e65 0.8168E-02
* 36,662 -1.82 C.1018E~0O1

ANG LE (DEG)
=55.76

ANG LE LUEG)
=50.91

ANG LE (DEG)
=45.11

RHG*wW
31.393
28.303
20.343
16,418
14.539
13.894

IR R R TR R
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500.

SAMPLE QUTPUT

TABLE IV. - Continued,

BLADE SURFACE VELOCIT IES

“ !
L DS NSO NPT SO

500.

tion
(a)

Descrip-

.
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TABLE IV. - Continued. SAMPLE OUTPUT
Descrip-

tion
@
15 { TIME = C.35€6 HIN.

ERROR = 0.01259141
ERROR = C.CCS40415
ERROR = 0.0Ci551:z8
7 ERROR = 0.0C&C3ECL
ERROR = 0.0CE76592
ERROR = (,00£652%4
ERROR = 0.0C€C52C3
ERROR = C,0C£38756

9 { TIME = 0.5€CC MIN.

13 ( ITERATION NU. 2 MAXIMUM RELATIVE CHANGE IA DEANSITY = 0.3426E-01
( * SURFACE VELLCLTLES BASEL LN AX1AL LUMPONENTS
* UPPER SURFACE - LONER SURFACE
] * VELOCITY ANGLE (DEG} SLRF. LENGTH RHG*nW * VELQCITY ANGLE(DEG) SURF. LENGTH RHO*W
0 * 0 $0.0C 0 16.887 * [+] ~50.00 0 37.242
14 1 0.2013E-0z * 1Ceé.82 1.895 0.2126E-02 374651 *« S4.E3¢ =1.%6 0.2126E-02 33.541
0.4026E-02 * 125,61 1.96 0.4140E-02 434692 * £9.861 ~24C4 0.4140E-02 244685
Q0.60396-Gz * 138.13 1.9¢ 0.6154E-02 47,498 * £8.054 «C3 C.6154E-02 20. 423
\ 0.8052E-Cz * 14€.8C 1.85 0.8l08E-02 49.972 * bZ.€2E =1.55 0. 8168E-02 18.412

SURFACE VELOCITIES BASED ON TANGENTIAL COMPCMENTS
UPPER SURFACE

M VELUCITY  ANGLE (DEG)  RHC#*W
*04% VALUE GF RHU*W IS_TOO LARGES
CECK NAME IFN OF CALL ABS. LCC.
« ERROR 0co2s 16615
14 1 DENSTY G0O1é& 1€132
TASVEL 06524 26113
2Lee 0GGC16 €3c56
-0 124175 $0.CC 25. 4845
0.44246-C1  17€,45 -12.61 55.593
0.49196-C1  166.28 -23.06 58.913
L 0.5227€-C1  20C.1z -30.5¢ 61,172

LOWER SULRFACE

" VELOCITY  ANGLE (DEG)  RHC#a
0.4230E-C1  13%,7¢ -8.87 43,533
14 0.4814E-C1  11l4,.S -22.23 364842
0.51338-01 123,58 -25.54 35.647
0.52756-C1  13Z.23 -34.52 42.246

Zee p. 20.
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C. 400. 450. 500. 550.

3E

250. 3GC.

- Continued. SAMPLE OUTPUT

200.

TABLE IV.
BLADE SURFACE VELGCIT [ES
150.

160.

50.

1
1
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I ed
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) t
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| ) (=] 1
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' ' 1
B R R R R I e P R A P P P
1 t » ]
| 1 ]
1 * 1 x
R >
LR )
» 1 ]
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. ) 1 + |0
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! x !
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llllllllllllllr11111111111111lﬂlllllllll.ﬂ
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B . R YR NI A
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. . . . A
o o o o 53

tion
@)

Descrip-

14¢

3eC., 460, 45C. 500. 550.

icC.
BASEC (i AXIAL COMPUNENT
BASEC CON AXIAL CUMPUNENT
BASEC CN TANGENTIAL COMPUNENT
BASEC CN TANGENTIAL CUMPUNENT

250,
VS. MERIDIUNAL STHEAML INE CISTANCE(METERS) OCmhN THE PAGE

230 .
— LGWER SURFACE,

* - UFFER SURFACE,
~ UPPER SURF2CLE,
X - LCWER SURFACE,

+
0

1C0. 150,
VELGCETY(METERS/SECCAC)

5C.

35ee p. 20.
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Descrip-
tion
(a)
15

13

14

15

{ TiME =

ERAQR =
ERROR =
ERROR =
ERROR =
ERAOR =
ERROR =

{ TiME = G.s267 M

{ 17eratiON NO. 3

[ .

0

0.20138-C2
0.4026E-02
0.£039E-02
\ 0.8052€-C2

LR R RS

"

#06% VALUE OF R
CECK

« ERRO
P CENST

zLcp

-0
0.4424E-C1
0.4519E6C)
0.5227E-C1

. 0.54606~C)

H
0.4230E-C1
0.4814E6-C1
0.52133E-C1
0.E37SE-C1
0.5584E-C1

{ TINE = cC.85Ce M

25ee p. 20.

0.645E HING

0.0C4C2374
0.00155175
0.00204¢€42
0.0C 130510
0.0C120€¢€2
0.0C111C38

IN.

MAXIMUM RELATIVE CHANGE IN DEASITY = 0.1940E-01

VELOC
o

107.21
126.22
128.8¢
147,64

VELOCIT

HO*W IS
NAME IF
R

A

TASVEL

71.82¢
175.1¢
16C.12
20C.57
ilZ.c4

VELOCIKT
135.4¢
L14.C12
123.32
131.6¢
135.2C

IN.

TABLE IV. - Continued.

SAMPLE OUTPUT

SURFACE VELCCITEES BASED ON AX1AL COMPONENTS

UPPER SURFACE
17y ANGLE(DEG) SURF. LENGTH
SQ0.00 [}
i.85 0.2126E-02
1.96 0.4140E-02
l.9¢ 0.6154£-02
1.8 0.8168E-02

UPPER SURFACE

(( SURFACE VELOCITIES BASED UN TANGENTIAL CCUMFCNENTS

Y ANGLE (DEG) RHC %W
TOO0 LARGES
N OF CALL aBS. LCTC.
06025 16615
0Gale 1c132
00524 26113
ogols €34056
0. 0C 25.721
-12.¢€1 56.183
=23.06 55.116
=3G.50 62.003
—3é6.1¢€ 65. 044
LOWER SULRFACE
Y ANGLE {DEG) RHC #w
-8.87 43,436
-22.23 36.775
-25.54 33.573
=34, 52 42.166
-38.86 44,309

RHO*W
16.975
37.814
43.893
47.734
504240

R R RN R

VELOCITY
]

94.517¢€
69.651
£7.863
52.435

LOWER SURFACE
ANGLE(DEG) SURF. LENGTH
-90.00 [}
~1.56 0.2126E-02
~2.C4 0.4140E-02
~2.(3 0.6154E-C2
=1.55 0.8168E-02

RHO*W
37.167
33.451
24.612
20.356
18,347

L N I N X N N

29



!
P S

550.

el e e R R I I e e gy

500.

bt b oot ot ottt 4
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R R R R R

153
UY ot ot ot 4

.y

R R R R e e e L e ey

3C0.

SAMPLE OUTPUT

e e R I R e I e gy

- Continued.
250.

R R

TABLE IV.

BLADE SURFACE VELOCITIES

ot ok )
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e
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LI R R S R I L R g
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i
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e R R PR

vt ot ol gl ol d ot ot b 4

4 1ot et ot ot e el ot ot et Ot 4t

4 ettt ot
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-t et et ot ot o P, h .

o
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LR

Inialalalal-R Ro ke ls)
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mmmmeemlf e Xmmolmmmmm—m— =1 -0-%-0---1

R R R R R R R R I I I R P

o

A o el ool bt
Q

<+
(=

.

0.0601-——=—=—-=1
0.0801

550.

500.

.
=

it e ot el ol koo ek ot o et D)

-

4GC.

C.

Q
o
o

.
o

R R R TR R

~

100. 150. 200.

5C.

Descrip-
tion
(a)

14

CISTANCE(METERS) DOWN THE PAGE

BASEC CN TANGENTIAL COMPONENT
BASED CN TANGENTIAL COMPONENT

BASED GN AXIAL COMPONEAT
BASED ON AXI1AL COMPONENT

VS. MERIDIONAL STREAML INE

4 - UFPER SURFACE,
+ - LOWER SURFACE,
0O - UPPER SURFACE,
X — LOMER SURFACE,

VELOCITY{METERS/SECLND)

33ee p. 20.
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Atly2)

C.15521
€.15524
C.15526
C.1562¢
C.15525
C.15524
C.15924
c.15%22
C.l646C
L. 16466
Col647C
C.16469

STHREAM FUNCTION VALUES

Descrip-
tion
(a)
r 1A 1 AlL 1)
1 1 C.
1 2 C.
1 3 C.
1 4  C.
i 5 Ce
1 6 C.
1 i C.
1 £ C.
2 9 €.155&7
5 < 2 10 C.155:4
2 11 C.1%5%22
2 le C.15%22
2 13 C.l1%£9:3
2 14 C.159:z4
2 1€ C.15524
2 16 0.15527
3 17 C.le472
3 L8 C.le4q6e
3 15 C.le4e2
3 <0 C.l€483
ERROR = 0.uC(L6S17
ERROR = 0.0CCC3BZS
ERROR = £.0C(C3iz8
7 ERROR = 0.LCCC3EES
ERROR = L,uC(C25C3
ERROR = L.0CCC22€4
ERROR = C.uC(Clzes
1=
1A =
8 1A =
iA =
C.CSuluzil  C.z1212253
9 { TIME = 2.7744 HIN.
r
M LOORL.
-C.80517€5E-C2
10 -C.6028€23E~C2
~C.4Cc58E2E~C2
-0.2012541E~C2
L c
33ee p. 20.

1
—C.3850UE4S ~-G.26370582 =—0C.l

~C.08133,51 CeC3(57:6C g.1
5

TABLE IV. - Continued. SAMPLE QUTPUT

ALl +3)

0e34271
Ca 342178
0e34278
Ga34275
Ga34273
C. 34272
C.34272
Ca34269
C.33815
L.33820
C.338l5
Cc.33811

4113821

—Ce269263223 -—0.14E0606C =-0.02545259
3

-C.1688%72C -0.04582827 C.cr221C28
4

515CE31

Ca3426C(11

ALl 4}
1.0000vV
1.00000
1.006000
1.00000
1.0000L0
1.00000¢
1.00000
1.00000
0.33881
C.33874
C.23874
C.33877
0.33879
0.33880
G.33880
O.33883
C.33252
0.33248
U.33253
Ce33257

—0.01622819
C.09941702
C.19751996
C.27847333

0.47260920

STREAMLINE COORDLINATES

STREAM FN.

=C.20COLLC

G.40C0000

=C.2CLGuCC

L.40C0a0CC

-

C.6CLLLO0

[N
0.00CLO0C
<

THETA

Ce543269VE-01
Qe 2244047
Ue2044267E-C1
Cal1918262
LabC39991E-GL
C.2202008
C.2620723E-01
L.197C188

[

11 2 i3 14
8 2 0 S
1 3 0 16
2 4 (o] 11
3 S o 1z
4 6 0 13
5 7 o 14
6 8 C 15
7 1 0 l¢

16 10 1 17
9 11 2 ig
10 12 3 15
11 13 4 F{
12 14 5 z1
13 15 6 é2
14 le 7 z2
15 9 ] 4
24 18 9 2%
17 19 10 z€
18 20 il 21
19 21 12 26
Ual1014967 0.237004804
0422579490 0.352653z¢

0.32436176

0 .40642122

U.ebU0B3592

STHEAM FN.

0
0.6000600
0

0.6u000L00
0. 2000000
U.80000L00
U . 2000000
0.8000006
02006000

D.4514822¢
0.53403744

0.72751E52

Ki1)
-C.11%¢5
~CellZes
~C.11265
-C.11£€5
-0.11565
-C.11%5¢&5
-C.11£€5
-C.11%¢5
-C.1£231C

€C.CLE17
G.CCeL7
C.0C€le
€.CCel6
0.0CE1E
G.0CElE
C.1é538
~U.15873
GC.CCESS
C.CCE55
C.CCE5S

226309162
C.41542¢€¢€4
C.Eibk4ee 28
C.€ellesat

CoE5E4T21E

THETA

0.111€55%
0.2E12634
C.TET28TSE-C(L
0.24H26C2
C.l1C78CCZ
G.21€751%
C.8ECECz4L-C]
0.28258C7
C.E1581€EE-CI

0.49012671
C.€(577193
Ce70525534
C.788EE537

STREAM FN.
L. 2CC000C
0. 2CCOUL00
C.4CCOQQ0
Le4CCCCOC

0.40C0000

THETA
0.1680872
0.1355313
0.1640383
0.1410080

0.1228669

31



SAMPLE OUTPUT

TABLE IV. - Continued.

Descrip-

tion
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TABLE IV.

Descrip-
tion
WM ARRAY (REU*W—SUB-M)
28.50759¢ 26.1€7341 26.522294
2€.821924 27.0283C3 27.457889
26.538462 27.562843 284347672
2£.695002 27.521081 29.323885
Z6.28991C 31.072922 31.268500
3£.46535¢€ 32.768741 33.C45454
WHU EFRAY (RHUSR-SUB=HM ON UPPER SURFACE)
1649715 37.7€7557 43.857512
53.97u14 £4.158436 54.155787
1 58.5157C1 5€.160765 56.063219
4.4983717 54.0t8461 53.399481
47.28150C 42.868661 7.32332C4
WNL ARRAY (RHO*w-SUB~M ON LOWER SURFACE)
37.1€5581 2,435342 244599400
u 15.943203 21.624109 23,575663
3e.146715 37.31543C 37.645579
34.134425 34,211736 34,47414G
3€.15043¢ 34.16644¢ 7.580C489
WX ARRAY(RHO#W- SUB-ThETA )
-35.624538 -36,9C535¢ -4C.041C67
-35.059493 ~34,775723 -34.638582
1 -30.427464 -25.084725 —2 €. 969547
~27.355055 -23.802847 -23.108071
~12.940L9C ~16.356022 -18.165348
MX FXL
M counu VS. REO*H-SLESTHETA ON UPPER' SLRFACE)
-25.724336 0.4423576E-01
11 0.545908‘1—01 ~3E.356696 0.5651648E-U1
0.60967626-01 —€1.CE4705 0. 621 8418E~C1
0.€52922CE-01 —71.509989 0.6617128E-01
0.£6842066€E-C1 —112.20783 0. 6844GCVE-01
MXL WXL XL
COURD. VS. RFO®W-SUB—THETA ON LOWER SURFACE)
11 o.«uqcoef—m —6.6972541 0.4£13633E-01
0558439801 =-27.8L656% 0.5758686E-01
0,€61563C7E-01 —45.4L4C54 0.6261471E-01
0.65283326~01 =—¢5.867313 €. 6605394E-01
ARRAY UF RHU*W AT INIERIOR PUINTS
47.24267C 47.686801 4€.028316
1 44.1427¢4 44.044C09 44,201437
4C.628791 4C.C64G9S 4C. 546362
37.1278517 3¢€.386610 37.334 982
2$.3C196€ 25.114754 364162126
2gee p. 20.

- Continued. SAMPLE OUTPUT

26.9683462
27.935325
28.937641
30.027952
31.024394
31.902327

47.694059
54.121918
55.506120
52.632174

20.346128
254699009
37.362323
34.625603

=39.991943
-34.688226
-29.231843
=23.714139
-19.045188

WXU

-12.260539
~44.,427730
—66.415494
-73.904902
-82.648045

WAL

-13.911637
-31.960470
-50.232773
-72.164698

48.243784
44.538247
414132562
38.262753
36.403739

27.174644
28.133250
29.105428
30.074642
30.61657¢
30.882637

50.197552
53.969568
55.010693
52.010118

18.338659
27.898049
36.70048¢
34.322540

-39.922701
~34.758195
~29.475374
-24.209203
-19.242202

MXu

0.+4918970E-C1
0.5681725%7€E-C1
0.6330672E-C1
0.6698656E~-C1

mXL

0.5133148E-01
0.5908518E-01
0.6357468E-C1
0.6677985E-C1

48.293720
44.71702v
41.423708
38.607895
36.161265

21.2€153S
ZB.1€15CE
é54CEEL4S
25.525236
3C.1317543
25.5€36C4

‘1.549‘C3

€1.6E2522

17,€3555S
30.103C14
25.C15C1¢€
33.65€C13

~35.8ECZTC
-34,801C71
-25 €CZEE4
«3952C6
—18 521674

WXL
224145384
~5C.22541%
~¢B.042138
~75.5590¢4¢

WAL

-16.51¢€3(C
~36.218843
—-55.116CC5
—B86.€3%41E

4E.274C24
44.7€8126
41.5C24C17
3€.£1141C
3E.5EE1ZE

27.162536
28.120715
25.069426
29.897213
32.223495
31.077170

52.522299
$3.534666
54. 84879
52.421168

17.820372
32.292383
34.93628¢€
32.302812

-39.848412
~34.833264
~29.676812
-24.407707
-18.543125

Mxu

0.5226607E-01
0.5963962E-01
0.6434032€-01
0.6774543E-01

MXL

0.5379021E-01
0.6039599E~01
0.6445978E~01

48.225504
44.767521
41.542083
38.59507T1
37.177965

26.956273
27.907177
28.951727
30.232534

53.588732
54.563338
54.742220
52.255233

184639874
34.372876
34.317511
34.168130

-39.774967
-34,907481
-29.923152
—24.T06454

L 23]

-31.450157
-55.820843
-69.741194
-77.330525

WAL

~23.899858
~42.909056
-60.541574

48.048815
44.691640
41.636492
39.043757
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Descrip-
tion
(a)
-
1A= 1
12 4
TA= 2
1A= 3
\

VELOCITY

YELOCITY
113.07
115.5¢

13 { ITERATION NO. 12

14 P,

14 9

“~
14
4See p. 20.
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*

*

M *

0 *
O.z0136-Cz *
0.4026E-C2 *
0.6039E~Cz  *
0.8052E-C2 *

ANGLE (DEG}
~56.82
-55.7C

ANGLE{DEGI
-£2.58
-51.02

ANGLE{DEG)

—48.48
~45.50

TABLE IV. - Continued. SAMPLE OUTPUT

VELCCITIES AT INTERICR MESF PCINTS

VELOCITY
31.5C
133.0¢

VELOCITY
21.98
124.07

VELOCITY
1l1l.47

115.68

ANGLE (DEG)
-564.81
=55.72

ANGLE [DEG)
=52.15
~51.09

ANGLE (DEG)
—46.52
—45.59

MAXIMUM RELATIVE CHANGE IN DENSITY

VELOCITY
132.49
132.55

VELOCITY
122.43
123.85

VELOCITY
112.80

115.95

G.4274E-03

ANGLE(DEG)
-56.48

-55.87

ANGLE(DEC)
=51.60

=51.36

ANGLE( DEG)
~45.64

~45.95

SURFACE VELCCITIES BASEC UN AXIAL COMPUNENTS

UPPER SLRFACE
VELOCITY ANGLE (DEG) SLRF. LENGTH
a $0.0C ]
1€7.29 1.8% 0.2126E-02
126,19 1.9¢ C.4140E-02
138.82 1.96 0.6154E-02
147.59 1.85 C.8168E-02

(" SURFACE VELOCITIES BASED UN TANGENTIAL CGMPFCAENTS

UPPER SURFACE
L] VELOCITY ANGLE {DEG) RHC*hn
#24% VALUE CF RhO*w 1S _TOU LARGES$
EECK NAME IFN OF CALL ABS. LCC.

« ERROR €0c6es 16615

CENSTY 00Cle 1¢132

TASVEL 00524 26113

2ccee oLale €3056
-0 71.82¢ $0.CC 25.724
0.44246-C1 175.C5 —-12.61 56.165
0.49196-C1 19C.04 —-23.06 55.095
0.52276-C1 20C. &7 ~3GC. 50 61.975
0.5460E-C1 212.45 —36.1¢ 65.0G06

LUWER SURFACE

M VELOCITY ANGLE (DEG) RHC*h
0.4230E~C) 138.4E -8.87 43,442
0.4814E-C] 114.C¢ -22.23 36.779
0.51336-C) 123,32 —29.54 36.579
0.53796-C1 131.5€ =34.52 42.172
0.5584E-C1 139.22 -38. €6 44,316

RHC*wW
16.972
37.808
43.884
47.722
50,225

LR R A R

VELOCITY

[

G4.SEL
694651
57.8¢%
5Z.44¢%

Y ANG

Y ANG
=5

55

LE (DEG) VELOCITY
99 133.26

LE{DEG) VELOCITY
1.15 123.93

A4 ANGLE (DEG} VELOCITY
—45.25

115.33

LONWER SURFACE
ANGLE(DEG) SURF. LENGTH

=$0.C0 [¢]
-1.5%6 C.2126E-02
—2.C4 0.4140E-02
~£e€C3 (. 6154E-02
-1.55 0.8168E-02

ANGLE {DEG)
~55.76

ANG LE (DEG)
-51.01

ANGLE (DEG}
—45.36

RHG*W
37.170
33,454
24.61%
20.358
18.349

LR N XN N N R
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1-——
550.

500.

-—-1
450.

4€CC.

2CC.
BASEC CN TANGENTIAL COMPONENT

BASEC CAN TANGENTIAL CUMPUNENT

BASEC CN AXIAL CUMPUNENT
BASEC ON AXIAL CUMPONENT

250.
VS. MERIDIONAL STREAMLINE LI1STANCE(METERS) DCnN THE PAGE

200«
~ UFFER SURFACE,

- LCWER SURFACE,
- UFFER SURFACE,
X = LUWER SURFACE,

*
+
[}

150.
VELCCITY (METERS/SECCNC)

-1
1c0.

2.5CEE MIN.

5C.

C.0BO1

L

Descrip-
tion
(a)
14¢

15 { TinE
25ee p. 20.



Error Conditions

The error message is given first for each error condition,

(1) MX, NBBI, NUSP, NLSP, NRSP, OR NINT IS TOO LARGE. If this message is
printed, reduce the appropriate input values to the stated maximum value.

(2) WTFL IS TOO LARGE AT UPSTREAM BOUNDARY is printed out if WTFL (w) is
greater than the choking mass flow for the upstream boundary AH. If the "'continue’
control card is used (see p. 86), WTFL will be cut in half, and calculations will proceed.
This allows the calculation of further useful information.

(3) INU AND INL MUST BE LESS THAN 100 is printed if there are more than 100 in-
tersections of horizontal mesh lines with either the upper or the lower blade surface. In
this case NBBI should be decreased.

(4) INU NOT EQUAL TO JU OR INL NOT EQUAL TO JL. The number of intersec-
tions of horizontal mesh lines with either the upper or lower blade surface are counted by
both COEF and TASVEL. If these counts do not agree, the above error message is
printed out. This error is probably due to an error in the input.

(5) THE NUMBER OF UNKNOWN MESH POINTS EXCEEDS 2500, A COARSER MESH
MUST BE USED is printed if there are more than 2500 interior mesh points. The actual
number of interior mesh points is given. Either MX or NBBI must be reduced.

(6) VALUE OF RHO*W IS TOO LARGE is printed if the value of pW at some point
is so large that there is no solution for the value of p and W. Decreasing WI'FL (w)
sufficiently eliminates this condition. However, it may be desired to continue the calcu-
lations. If so, the "'continue'’ control card (see p. 86) is used. This may permit an ap-
proximate solution to be obtained, which would be valid at other points. In some cases
the value of pW is reduced at the point in question during later iterations, resulting in a
valid final solution.

(7) OUT OF RANGE Z = x.xxx is printed if SPLINT is used for extrapolation. Also,
the input and output for SPLINT is printed. SPLINT is normally used for interpolation,
but may be used for extrapolation in some cases. Calculations proceed normally after
this print out.

(8) CAUTION-HB* RM(MXBO) LESS THAN RO LESS THAN HA MAY NOT GIVE
CORRECT RESULTS is printed if the internally calculated values of HA and HB are such
that

HB* RM(MXBO) < RO< HA

Decreasing NBBI or increasing the difference MXBO - MXBI alleviates this condition.
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PROGRAM PROCEDURE

The program is segmented into five main parts - the subroutines INPUT, COEF,
SOR, SLAXVL, and TASVEL called by the main program 2DCP. In addition there are
several other subroutines. All the subroutines and their relation are depicted in fig-
ure 13. All information which must be transmitted between the five main subroutines is
placed in COMMON. The program can handle up to 2500 mesh points on the IBM 2-7094-
7044 direct coupled system with a 32 768 word core.

{ 20ce |
[twEr ) — wpot ] [ coeF — [ sor] | staxvi|  [7asveL |
— " t
[ VELOC ] SORTXY ]
[SPLN22]|  [DEDERR]

SPLINE

PLOTMY

S SPLINT |
INTPLL -
BLDCR1
> | DENSTY]
rerr 1 T
{ARERR }

Figure 13. - Logical relation of subroutines.

Main link
14211 g,

|2762( | Ig‘l'gTTUV\(;{ '
‘3'25;” 3 AND KHAR
(8) 3071(g)
COEF
2667(g)
SPINZ2 |
1264(g)
SLAXVL
2116(g) ;‘2\254VEL
(8)
VELOC 1025g)
BLDDEI 422(g)

Figure 14. - Arrangement for overlay, showing octal storage requirements.
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To be able to handle 2500 mesh points an overlay arrangement is used as indicated in
figure 14. All subroutines not shown are in the main link. The total program storage re-
quirements is 74303 8 of which 47106(8) is in COMMON. The system storage require-
ment for our computer is 2764(8) and unused storage is 511(8 . If there is a storage prob-
lem on the user's computer, the maximum number of mesh points should be reduced.

The first segment of the program is INPUT. This subroutine reads all input data
cards, calculates basic constants and useful information, and calculates the blade coor-
dinates on mesh lines. INPUT is called only once for each case. The next subroutine is
COEF which calculates the entries of the matrix A and the vector k of equation (A7).
These coefficients must be recalculated for each outer iteration. TI‘he subroutine SOR es-
timates an optimum overrelaxation parameter  on the first call if it is not given as in-
put. The same value of @ is used for each outer iteration. SOR then finds the linear
solution to equation (A7) with fixed coefficients by successive overrelaxation. Then
subroutine SLAXVL calculates the streamline locations and me and plots the stream-
line locations if desired. Finally, the subroutine TASVEL calculates pWe, velocity
magnitudes and direction, densities for next outer iteration, the surface velocities
based on axial velocities and on tangential velocities, and plots the surface veloci-

ties.

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 manner,
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. 10, p. 15).

The variable I is used to number all the mesh points starting withI =1 at A and pro-
ceeding 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 m direction is labeled HA, and the spacing in the 6 direction is HB.

The techniques used in the program and correspondence to the mathematical equa-
tions are described briefly. Each subroutine is described separately, first the five seg-
ments 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
correspond to the headings in the following descriptions.
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Subroutine INPUT

Input. - The first step is to read all input cards for a particular case. A detailed
description of the input required is given in the section Instructions for Preparing Input
(p. 14). All input data are given as the first output.

Calculation of constants and initialization. - After all input has been read in, the
various constants needed in the program are calculated and certain quantities are ini-

tialized. The input 6-coordinates for the lower blade surface (XSPL) are increased by
PITCH to define the blade passage. Certain convergence tolerances are specified at this
point. The arrays RM and BE of the quantities r and b at each vertical mesh line are
calculated by subroutine SPLINT (using cubic spline interpolation). Prerotation A is
calculated by an interative procedure. Also, the useful quantities of upstream and down-
stream free-stream velocity, maximum values of the mass flow parameter pW, relative
critical velocity, and free-stream flow angle corrected to leading and trailing edges are
all calculated and printed. All density arrays are initialized to p{n(RHOIP) .

Calculation of mesh coordinates along boundary. - The f-coeordinates of boundaries
BC and GF at each vertical grid line are calculated by BLDCR1 and stored in the arrays

XU and XL. BLDCRI1 requires as input the first and second derivatives at each spline
point of the cubic spline curves describing the blade surface. These values are calcu-
lated by SPLN22. The first and last points of the spline curves are determined by the
angle of tangency to the leading- and trailing-edge radii. Therefore, these points are not
specified as input, but are computed by this section of the program.

Subroutine COEF

The coefficients of u in equations (A2) to (A6) (elements of matrix A in eq. (A7)) are
computed at the same time as the constants (components of k in eq. (AT7)). Between the
blades it is necessary to compute values for h3 and h4 at some mesh points adjacent to
the boundary. These values are calculated by INTPL. Also it is necessary to calculate
values for b3 and b 4 2long the boundary. These values are calculated by SPLINT and
stored in BEU and BEL. These arrays are ordered by increasing m-coordinate. This
is not the same order as the order of mesh points (i.e., increasing I subscript) which
necessitates some juggling of the subscripts of the BEU and BEL arrays. The subscripts
INL and INU increase with I, and ITP is the correct subscript for the BEU or BEL array.
A similar situation holds with the RHOLT and RHOUT arrays for the values of P and
Py from the previous iteration.

Near the trailing edge, a special situation may arise, as illustrated in figure 15.
Here it should be noted that the blade intersects the mesh line twice between two adjacent
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\ ITE2 (point Index)
N /

Line IBTE1 N\ T Line IBTE2
HANTE— [ HAITE] ||

Figure 15. - Special case near trailing edge.

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 cal-
culation 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 120 and
130, and if this situation occurs, the proper values of H3 or H4 are calculated. Also,
the number of the horizontal mesh line is stored in IBTE2 and IBTE1, and this informa-
tion is used in calculating the tangential velocity components. If the values of HA and

HB are such that two horizontal mesh lines could intersect the trailing-edge radius, the

message for error condition (8) (p. 36) is printed out.

Subroutine SOR

Estimation of value of optimum overrelaxation factor. - If a value of W =1 is given
as input, it is used for the overrelaxation—factor. Otherwise a value is estimated in the
first iteration by using equation (B3) of reference 5 to estimate the value of pz(B) =p(L1)
and equation (B1) of reference 5 to obtain the corresponding value of W (see appendix B
of ref. 5). Equation (A8) is used to calculate gm+1 from gm for equation (B3), with

w=1 and k =0. To start, u? =1 for all i. Equation (A8) becomes

i-1 n

m+l _ m+1 m

) ST . > 2354 (7)
j=1 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
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neighboring point. These indexes are named I1, 12, I3, and I4, and are defined so uinl
has the coefficient A(I,1), and similarly for the other coefficients. After the values of

the indexes are computed, equation (7) is used to compute um“*'1 from gm. Then, the
minimum and maximum values of the ratio uim'l ui are calculated and given the names

LMIN and LMAX, respectively. After convergence, the optimum value of the overrelaxa-
tion factor Q can be calculated from equation (B1) of reference 5, since p (B) = LMAX.

Calculation of initial solution estimate. - For the first outer iteration an initial solu-
tion estimate must be made. This is done by assuming u =0 along ABCDand u=1
along EFGH and assuming linear variation along vertical mesh lines. On subsequent iter-
ations, the previous solution is used as the initial solution estimate.

Solution of matrix equation by SOR. - With a value of @ either as input or estimated

by the program, equation (A8) can be used iteratively to calculate a sequence {u } that
will converge rapidly to a solution of equation (A7). The indexes i and j and the cor-
respondence of a; and u® to the program variables is the same as described pre-
viously for estimating the optimum overrelaxation factor. During each iteration the max-
imum change of the stream function is calculated. When this maximum change is reduced
below TOLER, set equal to 10 -6 , the iteration is stopped, and the current estimate of the
stream function is accepted as the solution.

Subroutine SLAXVL

Calculation of streamline locations and 3u/36. - Along most vertical mesh lines, the

stream function is a one-to-one function of the distance in the g-direction. Therefore,
the #-coordinate is considered to be a function of the value of the stream function, and
the value of 6 ata given value of the stream function can be obtained by cubic spline in-
terpolation (SPLINT). At the same time, du/36 is computed along the same mesh line,
estimating the derivative at each mesh point by use of the cubic spline (SPLINE). The
derivative 9u/96 at unknown mesh points is stored in the array WM and 9u/26 along the
blade surfaces is stored in WMU and WML. These calculations 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 disclosing quickly any errors
of input. The plotting printout is done by PLOTMY, which, with the necessary further
subroutines PISTUG and KHAR, is described completely with FORTRAN IV listing in ref-
erence 12. The plotting can be omitted by removing statements following statement 420
up to and including statement 470.

Calculation of me. - The product me is calculated by multiplying 3u/36 by
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w/br (using eq. (3)). The values of pW_  are stored in WM, WMU, and WML.

Subroutine TASVEL

Calculation of du/om. - The tangential velocity component is calculated from
(du/om) = (-pre/w) by considering each horizontal mesh line. The fact that the various
horizontal mesh lines start and end at various places complicates this process. To sim-
plify the procedure, upstream and downstream ends of each mesh line are considered
separately. At the upstream end, there are three possibilities: (1) the line starts at
AH(IA = 1), (2) the line starts on lower surface of blade, or (3) the line starts on the up-
per surface of the blade. Similarly, at the downstream end there are three possibilities.
For convenience, case numbers are assigned to the various 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 15 (p. 40). 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 leit of the trailing edge.
After all other tangential velocities have been calculated, tangential velocities are calcu-
lated 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/dm at each point along the line by using SPLINE to calculate the
actual derivatives. The derivatives, du/dm at unknown mesh points are stored in the
array WX, and 2u/om along the blade surfaces is stored in WXU and WXL, with the
corresponding m-coordinates stored in MXU and MXL. The values of WXL and MXL
are rearranged in increasing order of MXL by SORTXY.

Calculation of pWG. - The product pWe is calculated by multiplying du/om by

-w/b (using eq. (2)). The values of pW, are stored in WX, WXU, and WXL for interior
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mesh points, upper surface of blade, and lower surface of blade, respectively.

Calculation of mass flow parameter pW and angles at interior points. - At each in-

terior point, pW is calculated by pW =J(pwm)2 + (pW9>2 , and the angle B is calcu-

lated by tan B = pWe/me.

Calculation of velocity and density at each interior point. - A value of pW deter-
mines a unique subsonic velocity W and corresponding density p. These are calculated
at each interior point by subroutine DENSTY. Also the relative change in p at each
point from the previous iteration is calculated, and if the maximum relative change in
density is less than 0.001, the outer iteration is considered to have converged sufficiently
and the calculation terminates after the final printouts.

The derivative 9u/om at unknown mesh points is stored in the array WX.

The derivative 9u/om along the blade surfaces is stored in WXU and WXL, with the
corresponding m-coordinates stored in MXU and MXL.

Calculation of surface velocity based on me. - At each vertical mesh line pW at

the blade surface is calcu‘lated‘by

o s
o= P ‘/1 (- 22)
cos fB m dm

The derivative d9/dm of the blade surface at each vertical mesh line is computed by
BLDCR1 at the same time the blade coordinates XU and XL are computed, and is stored
in DXDZU and DXDZL. The surface velocity is then calculated from the value of pW by
DENSTY. The surface velocity based on me is more accurate at small values of 3

and would not be expected to be accurate for |8| > 60°. The blade surface length is cal-
culated for convenience using equation (B17).
Calculation of surface velocity based on pWe. - At each horizontal mesh line pW at

the biade surf;c_e is calc-uvlaa:ed by

S
sinf3 2
()

dm

The derivative d9/dm of the blade surface at each horizontal mesh line is computed by
BLDDE1 and is stored in DTDMU and DTDML. The surface velocity is then calculated
from the value of pW by DENSTY. The surface velocity based on pWG is more ac-

curate when |B| is close to 90° and would not be expected to be accurate for |8 < 30°.
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Plotting of surface velocities. - If desired, the surface velocities are plotted using a

printer plotter.

The velocities are plotted using different symbols for upper and lower

surface and for velocities based on meridional components or on tangential components.
Velocities based on meridional velocity components are plotted if ]B] = 60° and velocities
based on tangential velocity components are plotted if |B| = 30°. Plotting is done by
PLOTMY, which is described in reference 12.

Internal Variables for INPUT, COEF, SOR, SLAXVL, and TASVEL

A

A12 A34
AA

AAA

ATI

B

B12, B34
BE3, BE4
BE
BEL(BEU)

BETA
BETAL(BETAU)
BTAIN

BTAOUT

CASE

CHANGE

CcPp
CPTIP
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array of coefficients of u which are elements of matrix A
in eq. (A7)

419, 234 in eq. (A2)

temporary storage

array used for temporary storage

a, ineq. (A2)

temporary storage

byg, bgy in eq. (A2)

bg, b, in eq. (A2)

array of values of b at vertical mesh lines

array of values of b at horizontal mesh lines on lower (upper)
blade surface

array of values of B at interior mesh points
array of values of 8 on lower (upper) blade surface

free-stream angle S at blade leading edge based on Bin’
calculated by eq. (B13)

free-stream angle S at blade trailing edge based on 8
calculated by eq. (B15)

out’

number (integer) of case in calculating tangential velocity
components

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

SOR iteration
“p

2 cpTi'n



DELINT

DTDML(DTDMU)

DTLR

DX
DXDZL(DXDZU)

DZ
EML(EMU)

ERROR

EXPON
FIRST

H1,H2, H3,H4
HA

HAMRO

HB

HA1

HAITE

HAN
HANTE

HL

HU

increment of stream function for which streamline locations are to
be calculated

array of d9/dm at horizontal mesh lines for lower (upper) blade
surface

tolerance for mesh points near boundary mesh point (If a mesh
point is closer than DTLR to the boundary, the boundary is con-
sidered to go through the mesh point. The program uses
DTLR = 0.001 HB.)

9 plotting increment for streamline plot

array of values of slope of lower (upper) blade surface at each
vertical mesh line

m plotting increment for streamline plot

array of second derivatives of spline curve at each spline point
for lower (upper) blade surface, calculated by SPLN22

maximum absolute value of the change in u for an overrelaxation
iteration

1/(v - 1)

value (integer) of 1 at lowest mesh point for given vertical mesh
line

hy, hg, hg, hy (see fig. 18 in appendix A)

basic mesh space in meridional (m) direction
HA-RO

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

HA1 for special case shown in fig. 15 for line segment to right of
trailing edge

length of last mesh space along horizontal mesh line

HAN for special case shown in fig. 15 for line segment to left of
trailing edge

6 distance between EF on boundary and first mesh line below
(fig. 12)

8 distance between CD on boundary and first mesh line above
(fig. 12)
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I
11(12,13,14)
IA

IB

IBDL

IBDU

IBTE1,IBTE2
1Al

IAN

IL(IU)

INL(INU)

ITE2
ITER
ITERA
ITP
J,J1,JB
JL@IU)

JUML
K
K1,K2, K3, K4,K5

KK1

KKK
LAMBDA
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index of mesh point

index of mesh point located at 1 (2, 3, 4) in fig. 18 with I at 0
index of mesh line in meridional (m) direction

index of mesh line in blade-to-blade (9) direction

difference between NL for a vertical mesh line and the next one

difference between NU for a vertical mesh line and the previous

one
indexes of special mesh lines shown in fig. 15

index of first mesh point along horizontal mesh line
index of last mesh point along horizontal mesh line

array of indexes of highest (lowest) mesh point for each vertical
mesh line

index counting number of intersections of horizontal mesh lines
with lower (upper) surface

index of mesh point indicated in fig. 15
outer iteration number

temporary storage of outer iteration number
temporary index

temporary indexes

number of points where horizontal mesh line intersects lower

(upper) blade surface
JUu-1
array (real) of constants that is vector k in eq. (A7)

code variables (real) used in determining values of coefficients
A(1,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
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LAST
LMAX
LMIN
MPL
MXBIM1
MXBIP1
MXBOM1
MXBOP1

MXL(MXU)

NBB
NBBO

NBUO

NCH
NL

NP1(NP2)

NP3(NP4)

NSP

NU

NUTEMP

PITCH
RATIO

value of I at highest mesh point for given vertical mesh line
upper bound (real) for p(Ll) from eq. (B2) of ref. 5

lower bound (real) for p(Ll) from eq. (B2) of ref. 5

array of m-coordinates of vertical mesh lines

MXBI - 1

MXBO + 1

MXBO -1

MXBO + 1

array of m-coordinates of intersections of horizontal mesh lines
with lower (upper) blade surface

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 plotted upper (lower) blade surface velocities based on
meridional components

number of plotted upper (lower) blade surface velocities based on
tangential velocities

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(TA) may
be negative)

temporary storage of NULAKI
array of input information for plotting subroutine PLOTMY
27/NBL

value of u?”l/ u{n for use in eqs. (B2) and (B3) of ref. 5
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RELER

RHO1, RHO2,
RHO3, RHO4

RHO
RHOL(RHOU)

RHOLT(RHOUT)

RHONEW
RHOT
RHOVI
RHOWMI
RHOWMO
RM
RML(RMU)

SAL
SL

SLLPE(SLUPE)

SRW

TANTH
TANTHL(TANTHU)
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maximum relative change in density at interior mesh points, be-
tween two outer iterations

pl, p2, p3, p4ineq. (A2)

array of densities p at interior mesh points

array of densities p at vertical mesh lines for lower (upper)
blade surface

array of densities p at hozizontal mesh lines for lower (upper)
blade surface

newly calculated estimate of p

temporary storage of a value of p

(PW)in

maximum value of pW along AH

maximum value pW along DE

array of values of r at each vertical mesh line

array of values of r at the intersections of horizontal mesh lines
with the lower (upper) blade surface

array of values of sin @ = (dr/dm) at each vertical mesh line

array of streamline coordinates for input data to the plotting sub-
routine PLOTMY

array of slopes of spline curve at each spline point for lower
(upper) blade surface, calculated by SPLN22

code (integer) variable that will cause certain subroutines to
write out data useful for debugging:

SRW =13 SPLINE will write input and output data

=16 SPLINT will write input and output data

=18 SPIN22 will write input and output data

=19 BLDCR1 will write out blade coordinates and
slopes at each mesh line

=19 INTPL1will write out pertinent data for each
iteration

=20 BLDDE1 will write out m-coordinates and slopes

tan B at unknown mesh points

tan B along lower (upper) blade surface



Seerim g e < o

TBI
TBO
TGROG
TOLER

TPP
TTIP
TWL
TWLMR
TWW

UINT

UNEW

UNI
UNO
UspP

VEL

VO
VTOL

WCRI
WCRO

tan Bin
tan f out
2YR/(y + 1)

when the maximum absolute value of the change in the stream
function is less than TOLER, the SOR iteration is considered
converged; value used in the program is 10"6

Tl'
/T,
2wA

2
2w - (wr)
2w/w

array of estimated values of stream function or of eigenvector
associated with spectral radius of Ll’ p(Ll) as estimated by
power method (ref. 5)

array of values of stream function for which it is desired to ob-
tain interpolated values of 6-coordinate

new value of eigenvector estimate at single point, as calculated by
eq. (7

(au/an)in (eqs. (5) and (A3))

(au/an)out (eqs. (6) and (A4))

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

array of relative velocities W at unknown mesh points, also
used for storing values of pW

temporary storage, W

Win

out

in calculating W from pW by eq. (B6), the procedure is con-
sidered converged when the relative change in W is less than
VTOL; program uses a value of 1074

Wi at B, fig. 4
Wi at C, fig. 4
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WL(WU)
WM

WMAX
WMAX1
WMIN
WML(WMU)

WR

WXL(WXU)

X1

XBB
XDOWN
XFACT
XINT

XL(XU)

XMAX
XMIN
YACROS
ZINT
ZFACT
ZMIN
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array of velocities along lower (upper) blade surface

array of me at interior mesh points

upper bound for optimum © from eqs. (Bl) and (B2) of ref. 5
temporary storage for WMAX

lower bound for optimum § from eqs. (B1l) and (B2) of ref. 5

array of me where vertical mesh lines intersect lower (upper)
blade surface

tolerance specified for the calculation of overrelaxation factor @,
program uses 1079

array of W, at interior mesh points

array of pWe where horizontal mesh lines intersect lower (upper)
blade surface

value of 8 for which INTPL1 is to compute H3 or H4

array of #-coordinates associated with array USP

array of m-coordinates where surface velocities are plotted
scaling exponent for streamline plot

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

array of f-coordinates of lower (upper) surface of blade at each
vertical mesh line

maximum value of 9 in streamline plot
minimum value of 9 in streamline plot

array of surface velocities plotted

argument of BLDCRI1, not used in main program
scaling exponent for streamline plot

minimum value of m for streamline plot



LT L -

OO COOAOO0O OO0 0

MAIN PROGRAM

CUMMUN SR Wy ITER
SRW = C
CALL TIMEI(TL}

10 CALL INPUT

20 CALL CUOEF(NXN)
IF(NXN 4T .2500) GU TU 10
CALL SOR
CALL TIMEL(TZ2)
TIME = (T2-T1}/3€C0.
WRITE (6, 100C) TIME
CALL SLAXVL
CALL TASVEL
CALL TIMELI(TZ)
TIME = (T2-T1)/360C.
WRITE (6, 10CC) TIME
IF{ ITER.EQ.Q) GU TO 1C

GO Tu 0
1000 FUORMAT (1FL, THTIME = ,F7.4,54 FIN. )
END

1A
IB
I

FA
rB8

TF

GNP OO=0 W N -

SUBRUUTINE INPLT

IS AX 1AL INDEX

IS BLADE-TUO-BLADE INDEX

IS UVERALL INDEX

I> BASIC AXIAL INCREMENT

IS BASIC BLAUDE-TU-BLADE INCREMENT

E FOLLOWING CODE IS USED FOR OUTPUT CPTIUNS
1 — LAST ITERATIUN ONLY (AFTER CCNVERGENCE)
2 ~— FIRST AND LASTY ITERATICN
3 ~ ALL ITERATIOUNS

REAL KoK1yK29K3,K43K5,LMAXsLMINy LAMBOA MUy MLy MRy MXU MXL,yMPL
INTEGER SRW,FIRST,CASE BLDATA,ERPRT STRFN+SLCRDsSLPLTy ARPRT ySURVEL
COMMON SRWy ITER yGAM)AR,TIPRHOIP 4WTFL yOMEGA,LAMEDA,CPEXPCNsPITCH,

CHORD, STGRyBETAI BETAUDTLRRI yALUIL »ALLIyRCyALUC,ALLOC,

MXBIsMXBO sMXyNBB I o NUSP o NLSP 4NRSP,NINT,VTCGL,

BLUOATA ¢NULAKI +ERPRTySTRFNySLCRD y ARPRTyINTVEL »SURVEL,

MU( £0) 9 XSPL{50) ,ML{50) s XSPL{50) yMR(50) sRMSP(50) ,BESP(50),

WeWR, TOLER BDA ,BDD U (2500) ,A {2500 +4) yK(25001) » RHO(2500),

DXDZU( 1CO)yOXDZL (100} y SLUPE (50) ,EMLI50) 4SLLPE(50),EML(50),

RM{ 100),BE(1G0O), SAL(10Q) 4XULLOG) y,XL(10GO) yRMU(L100) sRMLL100),

NU(1CO)yNL{LICC)UINTCLL) o XINT(LL) 4¥PLLLOO)

hAs FBy NXN ¢y MXBIM1 4MXBOPL yJUys JLyHUyHL yNBBCyNBUG 4 NCH,

IBTEL, IBTEZyITE2,HALTE sHANTE sUNI JUNC, TN, ITERA,

KHOUL1CG) yRHOL 1C0) yRHOUT{100) ¢RHCLT(100) »BEU{100) 2BEL(10C),

AAA(LCC)
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C THE FOLLCWING VARIABLES ARE ALL IN COMMON BY EQUIVALENCE
DIMENS ION wWM{ Z500),WX(2500C) ,V(2500) , BETA(25C0) ,SL(1100)}
EQUIVALENCE (A{1,1),wM{1))s€A(14+2) suX (1)), {A(L,3),V(1)),

1 (At 1:4)s BETA(1)){K{1401),5L(1))
10 WRITE (€,5S9)
ITER = €
READ (£,1C10) GAMsJARyTIP ,RHOIP s WTIFL yUMEGA oW
WRITE (641100)
WRITE(€,1C20) GAM,AR ,TIPRHUIP ,hTFL,CMEGA W
WRITE (6,1110)
REAL (£,1010) CHORD,STGR ,BETAI 4BETAC
WRITE(E41C20) CHURD s STGR ,BE TAI 4BETAC
WRITE (6,1120)
READ (%,1G1C) RIJALUI ALLI RO,ALUD,ALLC
WRITE(€,1020) RIJALUIJALLE yRG,ALUD,ALLC
WRITE (€,1130)
READ (£,1CC0) MXBI,MXBO,MXsNBBI yNUSPJNLSPsNRSPyNBL s NINT
WRITE(€41C00) MXBI yMXBO,sMXyNBBI s NUSP NLSP,NRSP 4 NBL 4 NINT
EF{MX oCT o 100 UR oNBBI «6GTe 50 0Re NUSPe G Te 504 ORe NLSPoGT o504 CR.NRSPLGT
1 50.0RNINTLGT.1C) GU TO 3CO
WRITE (é&,114C)
REALC (5,1010) { MU(IA),JA=1,NLSP)
WRITE(€,1020) ( MU(IA),IA=1,NLSP)
WRITE {(6,115C)
READ (£5,1C10) (XSPU(IA),IA=1,NLSP)
WRITE(€,1020) (XSPU(IA),IA=1,NLSP)
WRITE (€,116C0)
READ (£541010) (¢ ML(IA),IA=1,NLSP)
WRITE(€,1020) ( ML{IA),IA=1,NLSP)
WRITE (6,1170)
REAC {E5,101C) (XSPL{IA),1A=14NLSP)
WRITE( €,102C) {(XSPL(IA),1A=1,NLSP)
WRITE (€, 118C)
READ (5,1010) (MR(IA),IA=1,NRSP}
WRITE(¢€,1C20) (MR(IA),iA=1,NRSP)
WRITE (€,1190)
REAL 15,1010) (RMSP(IA),IA=1,4NRSP)
WRITE(€51G20) (RMSP(IA),IA=1,4NRSP)
WRITE (€,120C)
READ (£,1010) (BESP(IA)IA=1,NRSP)
WRITE(€,1C20) (BESP(IA),IA=1,NRSP)
WRITE (6,4121C)
READ (%5,1GCC) BLDATA ,NULAKI yERPRT,; STRFN,SLCRD 9 ARPRT INTVEL,

1 SURVEL
WRITE(€91CC5) BLOATANULAKI yERPRTySTRFNySLCRD»ARPRT ,INTVEL,
1 SURVEL

C
C END UF INPUTy CALCULATION GF COUNSTANTS AND INITIALIZATIGN

PITCH = 2.%3.1415927/FLOAT(NBL)
£O 15 TA = 1,4NLSP
15 XSPL{IA) = XSPL(IA)+PITCH
FA = CHORD/FLOAT(MX30-MX31)
HB = PITCH/FLOATINSBI)
DTLR = kB/10C0.
A = (PITCH+STGR)/HB
8 = >T(R/FB
NBBO = A-SIGN(DTLR,A)
IF{A.LT.OTLR) NBBO = NBBO-1
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A S L

B

T

C

2C

NBUO = B-SIGN(LTLR,B8)
IF{B«LT«—~DCTLR) NBLO = NBLO-1
HU = FLOAT{(NBUO+1)*HB-STGR

HL = PITCH+STGR-FLOAT(NBBO) *HB
BETAL = BETAI/£71.295177

BETAU = BETAO0O/57.29571
ALUL=ALUI/E57.265717
ALLI=ALLI/57 26571
ALUU=ALUO/57.29571
ALLG=ALLU/5T7.25571

NCH = MXBO-MXBI+1

MXBIM1 = MXBI-1

MXBUP1 = MXBO+1

18TEL 1C¢C¢

IBTEZ 1CCC

MR = L.00CC1

TOLER = .CCOGC1

VIOL = .0CCl

00 20 I[A=1,MX

MPL{IA) = FLOAT(IA-MXBI}*HA

CP = AR/({GAM-—1.)*GAM

EXPON = 14/(GAM-1.)

THW = 2 0OMEGA/WTFL

CPTIP = 2.#CP*TIP

TGROG = Z.*%GAM*AR/(GAM+1.)
CALL SPLINT{MR RMSP,NRSP 4MPL,MX,RM,y SAL)
CALL SPLINT (MR ,BESP,NRSPMPL,sMX,BE,AAA}

T8I = SIN(BETAI)/COSIBETAIL)
TBU = SIN(BETAQ)/COS(BETAO)
UNI = TBI/PITCH/RM(1)

UNO = —-TBO/P ITCH/RM({MX})
ALUI=SIN(CALUI)/CUS(ALUL) /RM(1)

ALLI=SINCALL I)/COSCALLI)/RM(1)
ALUU=S INCALUC) /COSTALLU) /RM{MX)
ALLO=SINCALLU)/COS(ALLO) /RM{MX)

CALCULATE LAMBDA AND VI

2%
30

35

RHOT = RHOIP

RHUVI = WTFL/BE(L1)/PITCH/CUS(BETAL) /RM(1)

VI = RFOVI/RHOT

LAMBDA = RM({1)*{(VI*SIN(BETAI)+OMEGA*RNM(L))

TTIP = 1le—=(VI*%242,¥UMEGA*LAMBDA~-{UMEGA*RM(L) ) *%2)/CPTIP
IF(TTIP.LE.C.) GU TO 35

RHUNEW = RROIP*TTIP**EXPON
IFCABS(RHUNEW-REUT) /RHUIP LT« CO0V0OL) GL TG 40

RHOT = RHUNEW

G0 Tu :=¢

WTFL = WTFL/z.

CALL ARERR{3I9HWTIFL IS TOUU LARGE AT UPSTREAM BOUNDARYS)
WRITE(€,1400) WIFL

GO TO <<

CALCULATE MAXIMUM VALUE FUR RHG*h
4C VI = RFOVI/RHONEHW

LAMBDA = RM(1)*x{VI*SIN(BETAL )J+CMEGA*RN(1))
THL = 2. ¥UMEGA*LAMBDA

AA = (ThL—{OMEGA*RM(1 ) )I*¥2)/CPTIP

TPP = TIP*{1l.~AA)

B = TCRUG*TPP

TTiP = 1.-B/CPTIP-AA

RROT = RHOIP&TTIP**EXPON
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C

C

(2N ake)
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C

C

5C

6C

C

REOWMI = RROT®*SQRTIB)

AA = (TWL—-{OMEGA®RMIMX) )%x2}/CPTILP

TPP = TIP*(1l.—AA)

B = TCRUG*TPP

TTIP = 1.-B/CPTIP-AA

REOT = RHOIP*TTIP*%E XPUN

RHOWMO = RHOT*SQRT(B)
ALCULATE VO AND w-CRITICAL

RHOVI = WTIFL/BE(MX)/PITCH/COS(BETAQ) /RMIMX)

RhuT = RHOIP

TWLMR = Twl- (DMEGA®RM(MX) ) ¥%2
lCALL CEﬁSTY {RHOVI yRHOT s VO s TWLMRYyCPTIPL,EXPCNy RHCIP ;GAM, AR,T 1P,

vTGL .

WCR1 = SWURTITGROG*TIP*(le—{ThL- (OMEGA*RNM(MXBI) ) *x#2)/CPTIP))
WwCRO = SQRT{TGRUG*TIP*(l.—(Thi—(CMEGAXRM{MXBO) )*%2)/CPTIP))
ALCULATE BETA CORRECTEL TO BLADE LE CR TE

TBi = (LAMBUA—OUOMEGA*RM(MXBI )%%2) /WIFL*RAUNEW*¥BE(MXBIL) *FITCH
BTAIN = ATAN(TBI)*57.29571

TBU = (TBU/BE(MX)+0OMEGA% (RMIMX) *¥2-RM¥(MXBL) *%2 ) xRHOT/WTFL*
1 PITCRH)*BE(MXBJ)

BTAGUT = ATAN(TBO)*57.295717

WRITE (6,1220) LAMBOA » VI oRHOWMI ¢BTAIN ywCRI VG RHCWMGy BTAGUT »WCRO
WRITE (€,123C) HA,HB,HUyHL »PITCH,NBBC ,NBUU

IF (HB*RM (MXBO) oL ToRUAND RO LToHA) wRITE (64+1240)

DU 50 IA=1,1GCC

RRUU(C TA) = RECIP
RECOL( IA) = RHOIP
RhUUT( 1A) = RHOIP
RHULT( IA) = RhulP
BEUL{IA) = C.
BEL{IA} = C.

COUNT INLE

CO 60 1=1,25CC
RhO( 1) = REOIP
IF(BLCATA.GTLCIWRITE(6,125C) (MPL(IA) JRM(LA) ySAL{IA),BELIA),

ALCULATE MESH CUDRDINATES CN BOUNDARY

AA = RM(MXxBI)*ALUI

MU{1) = RIF(1.-AA/SQRT(1.+AA%X2))

XSPU(L1) = RI/SQRT(1l.+AA%*%2)/RM{MXBI)

AA = RM{MXBIJI*ALLIL

ML{1) = RIF(1.+AA/SQURTI(L.+AA%¥2))

XSPL{1) = ~RI/ZSURT(1.+AA%¥2) /RM{MXBI)+PITCH

AA = RM{MXBO ):ALUU

MU{NUSP) = CHURD-ROU¥({1.+AA/SCRT(l.+AAR®L))

XSPUINUSP ) = RU/SURT{1le+AAX%2) /RM{MXBC)+5TGR

AA = RM(MXBU )*ALLU

ML{NLSP) = CHURD-RU¥ (1l.—AA/SGRT{Ll.+AA%%2))

XSPLINLSP) = —RU/ZSWURT(1le+AA®#2) /RM(MXBC)+STGR+PITCH

CALL SPLNZZIMU,XSPUSJALUL sALLUJNLSP»SLUFESENU)

CALL SPLNZZ{ML 4XSPL+ALLI JALLC,NLSP,SLLPESENL)

CALL BLDCR1 (MU, XSPL, SLUPE 4EMUsNUSP 4RI sALUL yRU,ALUC,CHCKESSTGR,y
1 PITCFy, LesXUsNCHZINT yMXBI 4DXDZURM(¥XB1) RMIMXBC))

CALL BLECCR1 (ML XSPLySLLPE yEML yNLSP 4RI yALLIROyALLG,CHURLSTGR,
1 PITCHy—Loy XL yNCHy ZINT 4MXBI JUXDZL oRM (MXBI) o RM{MXBC))
IF(BLCATALLE.C) 60 TO 65

WRITE( €412€C)




e i

WRITE( €3 127CHMUCTA) s XSPU(ILIA) +SLUPE (1A) »ENMUCLA) 4IA=1,NUSP)
WRITE(Ey1cES5)
WRITE( €, 1Z271C)I(MLITA) 9 XSPLUIA) SLLPEULA) JEMLAIA) y1A=14NLSP)
WRITE(€,1280 M {MPLCTIA )y XULTA) JDXDLUCTIA) 9XL(IA) ,DXDZLAILA},
1 LA=MXB [, MXBC )
€5 CONTINLE
C CALCULATE NLU,NL
CO 7C 1A=1,MXB (M1

NLIIA) = NBBI-1
NU{IA) = C
XU{IA) = C.

7C XL iA) = PITCH

LO 8G JA = MXBIL,MXBO
NUCIA) = INTL{XU(IA)+DTLR)/HB)
LFCXULTA) 6T .—DTLR) NUCIA)=NL({IA)+]
NLEIA) = INTU(XLOIA)-DILR)/HB)

80 IF(XL(IA) LLTDTLR) NL(IA) = NL(IA)-1
LO GC 1A=MXBOP 1,MX

NUCIA) = NBUO
NL{ IA) = NBBO
XUl 1A) = STGK
9C XL(OIA) = PITCH+STGR
RETURN
300 CALL CEDERR (46H MX,NBBI sNUSPINLSP,NRSPy CR NINT IS TOC LARGES)
RETURN

SSS FURMAT (1F1)

1000 FORMAT (1€15)

1C0E FORMAT (1X,1€17)

1010 FURMAT (8F10.5)

1020 FURMAT {(1X,86G1¢.7)

110C FURMAT {7X33FGAMy 14Xy 2HAR )13 X43HTIP 12X 5HRHOIP»L2X y4HWTFL 311X,
1 SHOMEGA 5 13Xy 1H0}

111C FURMAT (€X45HCHORU 912X 44iSTGR 911 X,5HBETAL 11 X,5HEET AQ)

1126 FURMAT (8Xy2HR I, 13Ky 4HALUI 912X ,4HALLL y13 Xy2HRO,13X,4HALUG,12X,
1 4HALLU )

113C FORMAT (4:th MXBI MXBUO MX NBBI NUSF NMNLSP NRSP NBL NINT)

1140 FOMAT {(1GCX, EHMUL ARRAY)

115C FORMAT (1CX, 1CHXSPU ARRAY)

1160 FURMAT (1CX, EHML ARRAY)

1170 FURMAT (1CX, 1ICHXSPL ARRAY)

118C FURMAT (1CX, 8HMR ARRAY)

119C FURMAT (1CX, 1CHRMSP ARKAY)

120C FORMAT ( 1CX, ICHEESP ARRAY)

121C FURMAT (57H BLDATA NULAKI ERPRT STRFN SLCRD ARPRT INTVEL SURV

1EL )

122C FURMAT (SHILAMBDA =,Gl4.6,/12X,E6EHFREESTREAM MAXIMUM VALUE
1 BETA CORRECTEL 19 BLADE CRITICAL/13X,63HVELCGCITY FOR RH
20 *W BLADE LE OR TE VELCCITY/8H INLET ,4G618.7/8H 0UT

3LET ,4Cl8.7)

123C FUORMAT (1kL, 10X+ 28HCALCULATED PRUGRANM CUNSTANTS/7X,2HHA,14X,2HH8,
i LaXy2HEUy 14Xy 2HRL o 13X, 5HPLITCH 912 X y4HNBB L 46 X34 HNBUU/ 1X,5G16.7,
Z 211¢)

124C FURMAT (7&hL CALTIUN — HB*RM(MXBC) LESS THAN RU LESS THAN HA MAY N
107 GIVE CURRECT RESULLTS)H

1250 FURMAT (1F1,13Xy44HSTREAM SHEET COCRUINATES AND THICKNESS TABLE /
1 71Xy 1FMy 14X 3 1HR 9 13Xy 3HSAL 913X 41HB 412 X,5HOB/DM / (5615.5))

126C FUORMAT (1t1,13X,27THBLADE DATA AT SPLINE PGINTS /18X,16HUPPER Su
IRFACE)
1265 FORMAT(18X,16HLOWER SURFACE)
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1270 FORMAT (7X 4 LHM,10X,5HTHETA 31 CX,1CHDERIVATIVE 5X410HZNU DERIV. /

1

4G1£.5) )

128C FORMAT (1F1413X,2ZHBLADE CUGRDINATE TABLE/ 7Xs1HM,14X,2HXU 911X,
1 SHUXLZUs 12Xy ZHXL 911 Xy5HDOXDZL 7 {5615.5) )

140C FURMAT (Z2FLWEIGHT FLOW REDUCED TG,Gl4.6:7H KG/SEC)

ENC

C
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ROUTINE COEF{NXN1)

REAL K yKL1gKZ29K39K4,KS53LMAX)LMINJLAMBDA JMU»NL 2 MRy MXU s MX L MPL

INT
CumM

WA G OO DR

EGER SRWyFIRST.CASE sBLUATA,ERPRTySTRFNySLCRDsSLPLT » ARPRT ,SURVEL
MON SRWy ITER yGAM AR yTIPRHUIP yWTFL ,CMEGA,LAMBCA,CP,EXPON,PITCH,
CHORD, STGRyBETAI SBETAU D TLR yRI gALUI JALLLI +sRCoALUG,ALLC,

MXB 1,MXBO yMX,NBBI yNUSPyNLSP yNRSPNINT,VTGL,

BLOATA NULAKISERPRT,STRFNySLCRD y ARPRT INTVEL ySUKVEL,

MU E0) o XSPLLS50)¢MLI5C) o XSPLI50) yMR(50) RMSP(50) yBESPI50),

Wy iR, TOLER ,8DA ,8D0yU{2500) A (2500 y4) »K(2500) , KHO(2500 ),

CXDZU( 16G)»DXDZLLLCC) s SLUPE {50) JEMLI50) ySLLPE(SC ) ,EML{50),

RM{ 1CCO)oBE(1CC)y SAL{1GCC) 4XL(L100) 9 XLLLOU) yRMU(LOU) yRMLE100),
NU{1CO)oNLCICC) s UINT(LL) o XINT{11) +MPL(LOC),

hAy FByNXN yMXBIML,MXBOPL s JU, JLyHUHL »ABBL,NBUL yNCH

IBTELy IBTEZ,ITEZyHALTE yHANTE JUNI 4 LAC yThn, ITERA,

RHOUL(1CC) sRHUL(1GU) yRHGLT(L1CG) yRHCLT(LOO) 4 BEU(100) 4BEL(100),
AAA(10C)

Tht FOLLCWING VARIABLES ARE ALL IMN CCMMCN BY EQUIVALENCE

S4

DIMENS ION WM(2S5CC)WX{250C)+V{2500), BETA(25G0) ,SL{L110G)
EQUIVALENCE (AL{Ll, 1), WM{L1)) 4 (A{L42) snXx(1))4A(143),VI1)),
1 {(A{1y4)y BETAL1)),{K(1401),SL(1))

ITER = ITER+1

IF{GAM eEQ ele EeAND AR «EQ+100C. e AND. TIP.EQelE6) GC TC 94
IF(ITERNESL1 .ANDJITERSNES2) GO TC 92

NULAK I = NULAKI-1

ERPRT = ERPRT-1

STREN = STRFN-1

SLCRLC = SLCRO-1

ARPRT = ARPRT-1

INTVEL = INTVEL-1

SURVEL = SULRVEL-1

IFCITER.NE.Q) GU TU S4

NULAKI = NULAKI+Z2

ERPRT = ERPRT+Z

STRFN = STRFN+tZ

SLCRL = SLCRD+c¢

ARPRT = ARPRT+2

INTVEL = INTVEL+2

SURVEL = SURVEL+2

1 =2¢

INL = C

INU = C

IF(BLCATA.GT .C) WRITE{(6,1440)



e

CALCULATE CUEFFICIENTS

(s XsXzl

CO 20C IA=1,MX
X1 = FLOATINU{IA))*HB
IF(IA.CT.MXB0) X1 = STGR
NBB = NL(1A)-NL(IA)+1
KS = C.
IBOU = NU(IA=1)-NUL(IA)
IBOL = NL(IA-NL(IA+1)
0O 20C 18=1,NBB

, I = [+]

) 1F(1.GT1.2500) GO TO 20C
IF(IALNE.1) GO TO 1CC

All,1) = C.
. A(IvZ) = Ce
A(L,3) = C.
A(174) = 1l
K{1) = FAXUNI
GU TO 16¢C
10C 1F{ IAJNEMX) GO TO 116
AlI,1l) = C.
All,2) = C.
All,4) = C.
A(L,y3) = 1.
; KEI) = FAXUNO
f GO TU 1s¢
! 11C K1 = C.
K2 = C.
K3 = C.
K4 = Co.
H3 = FA
h4 = FA

;.‘
t
j
|
|
i
i

IFCI(NUCIA)+IB)eLEJNUCLIA=L)) CALL INTPLL(XU+IA,X14H3 +0,K3,MJsXSPU,
1 ALUI ALULO ¢yNUSP 3 SLUPE yEMU 4RI yROyCHCRDsSTGR4PITCH, 1. +HA,HB,
2 MXB 14MXBO yRMIMXBI) 4RM{MXBC))
IF(INUCIA)+IB) JLENUCTA+1)) CALL INTPLLIXUTA9XL +H4 91 K44 MU,XSPU,
1 ALU I4ALUDOJNLSP s SLUPE 9 EMU oRT JROyCHCRD$STGRHPITCHy 1. 9HA, 1B,
2 MXB 1yMXBUSRM(MXBI) ,RM(MXBC))
IF((NUCIAI+IB) SGTINLEEA-L)+1)) CALL INTPLLOXLsEAZXL 4 H3,04K3y ML,
1 KSPLy ALLI JALLOyNLSP g SLLPE yEML 4RI ¢RCsCHORD»STGRyPITCHy~1 49 HAy HB,y
2 MXB 1sMXB0 4yRMIMXBI ) ,RMIMXELC))
IFCINGUIAI+IB) «GTo(NLOIA+L)I+1)) CALL INTPLLUXL LA X1eH491yKayML,
1 XSPLyALLIZALLO,NLSP gSLLPE JEML4RI yRC4yCHGRDySTGR4yPITCHy—1 o9 HA, HB,y
2 MXB 1M XBORMIMXBL) JRM(MXBC))
IF(IA-MXBU+1) 14C,12(,13C
C SPECIAL CALCULATION OF COEFFICIENTS AT TRAILING EDGE LF LOWER SURFALE OF

C UPPER BLADE
? IFIX1L«CTPITCH+STGR) GU TO 140

{4&
% 120 IF(X1eLT.PITCH+STGR=RO/RM{MXBU)) GC TC 140
I
; IF( IB4NU{ TA)-1.GT.NBBO) GO TC L4C
HAMRU = HA—=RO
5 XLIMXBO) = PITCH+STGR-RO/RM(MXBC)
i CALL INTPLL{XL yIAsXLloHAgl sKa MLy XSPLoALLL ALLCyNLSPySLLPE,EML,
1 RIsRGyCHURD 9 STGR yPITCH y~1 o o AMRCyHE yMXBI 9 MXBO,RMIMXBI) o RM{MXBG))
RANTE = h4
IBTEZz = NLIIA)+IB-1
| XL{MXBG) = PITCH+STGR
: IBLCL = IBODL+1
| GO TO 140
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13C IF(IA.CT.MXBU) GO TO 14C
IF{ IBTEZ.EQ.10GC) GO TO 14C
IFIX1.LTLPITCH+STGR-RO/RM(MXBO}) GO TC 140
B = XL{MXB80-1)
XL{MXBC—-1) = PITCH+STGR-RG/RM{MXBC)
CALL INTPLLI{XL 9lA9sX19H3909K3 sMLyXSPLyALLL yALLCoNLSP,SLLPE, EML,
1 RIsROyCHORDy STGRyPITCH 9=1¢ sRG,HB o FXBI yMXBO,RMIMXBI) »RM(F¥XBO))
HALTE K]
I8TEL NL{IAY+IB-1
ITeEZ = 1
XL{Mx80-1) = 8
140 IF({IB.EQ.1) K1 =
IF(IB.EQ.NBB) KZ
Hl HE*RM(LA)
ke k1
Il -1
| i+l
13 I-NLLIA-1)+NL(IA)-1
14 I+NL (IAJ-NU(IA+]1)+1
IFLIALCE.MXBI) GU 10 142
IF(IB.tQ.1) 11 = I11+NBB
IF(IB.EQ.NBB) I2 = I2-NBB
GO TU 148
142z IFUIALCT.MXBO) GU TO 144
IF(IB.EQe1) Rl = (X1=-XU(IA}))*RMI(IA)
IFLIB.EQNBB) Hz = (XL{IA)=-X1)*RM(IA}
GU TO 148
144 IF(IB8.NEL.1) GO TO 146
I1 [14NB8
Rl EL*RM({IA}
He hixRM{IA)
GU Tu 148
14€ IFUIB.EQaz) H1 = HWFRM(IA)
IF(IB.NE.NBB) GO 10 148
12 = Iz-NEBEB
H2 = HL*RM{IA)}

(L 1}

le
= la

L1 L [N TR [ |

woun

148 RHO1 = REO(I1)
RAu2 = RRO(IZ)
RHU3 = RHU(IZ)
RHU4 = RHhO(I4)

BE3 = BE( IA-1)
BE4 = BE(IA+1)
IF({ LA «GE JMXBI JAND S IA JLE.MXBGO) . AND.IB.EGs1) RHCL = RHOUCIA)
IF( (LA GE eMXBI ANDIASLE.MXBG) o ANUs I BaEwe NBB) RHC2 = RHGL(IA)
IF(KS.LT. %) GU TO 16C
IF(KZ4LTa ) GO TO 15¢C
INL = INL +1
BE3 = BEL(INL)
RHO3 = RHOLTCINL)
IF(BE3 .NE.C.) GO T0O 15C
B = MPL{IA)-F2
CALL SPLINT (MR ,BESP,NRSP,y3 s1+BEL(INL) JAAA)
BE3 = BEL(INL)
IF{BLCATA.GTC) WRITE(E€,14€C) B,HINL
15C IF(K4.LT.sS) GO TO 18C
INL INL +1
TP INL-IBOL+1+2%{N8B-1B)
BE4 = EBEL(1TP)
RHD4 = RHOLT(ITP)
IF{BE4.NEWLGs) GU TO 18C
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16C

170G

18C

B = MPLITIA)+F4

CALL SPLINT (MR 4BESP yNRSPyBy1,BEL(LITP) 2ANA)
BE4 = BEL(ITP)

IF(BLCATA.GT.U) WRITE(€,146L) B,,INL,ITP

GJ Tu 180

CUNTINLE

IFIK3.LTes5) GU TU 17C

INU INU+L

ITe INU+IBOUL+1-2%18

BE3 EEULITP )

RHU3 = RhJLTLITP)

IF(BE2 NE.Ce) GO TO 176G

B = MPLUIA)-R3

CALL SPLINT {MR,BESP,NRSP,8B,1,BEL{ITP) ,AAA)
BE3 = BEULITP)

IFIBLLCATAL.GT «C) WRITE(E1450) B»INULITP
IF(K4.LT.e2) U TO 180

INU = INU+1

BE4 = BEU(INU)

RrO4 = RHJUT{INL)

It{BE4.NE.C.) GU TO 18C

B = MPL{TA)+R4

CALL SPLINT (MR ,BESPNRSP,B,1,8EL(INL) AAA)
B4 = BEU(CINU]

IFUBLEATA LCT.C) wWRITE{E,145C) B,INU

CONTINLE

AlZ ca/t1l/H2

A34 ce/t3/h4

All Al2+4A34

812 {RHOZ-RHO1)/RHO(I) /(HL1+HZ)

B34 (BE4*RHU4—BE3*¥RHU3) /BE(TA}Y/RHU (L) /7{H3+H4)-SAL(IA}/RNM(IA)
All,1) (2./H1+4812)/(HL1+HZ2) /Al

Al(I,2) Al2/A11-Al1,1)

Al Ly 3) (Z2./HZ4834)/(H3+H4) /AIL

Al 144} A24/A11-A(1,3)

KDY = —TWw*BE{IAJ¥RHU(L)I*SAL(TIA) /AL

IF{K3 L Tee5ANDK4elLTeuE) K5 = 1.

IFCIA LT MXBloUK «IALGToMXBU) G TU 185

Ki 1) = KUII+KEE(K2%A (1 22) #+K3RA LI 33) +K4*A (1 44))
IF(KL.GT--E’ A(I’l) = C.

IF(KZCTes2) A(L,2)
IF(K4CT..2) AlLIy4) = Co.

X1l = FLOATINULIIA)+IB)*HB

IF (IAGE.MXBIJANDJIALLEL.MXBC) 60 TC 20C
IFUIBeEWel) K(I) = =A{L,1)+K{l)

IF(IB cEQ.NBB) K(IL) = A{I,2)+K(l)

CONT INLE

IFCITERZEQLIWRITE(€,5147C) INULINL
IFCINULGT o 100.0KeINLLGTL100) GC 10 310
IFCCITER oGT o 1) eAND{INUGNEeJLoCRJINLLNEL JLY) GC TC 320
NXN = i

WRITE (64142G) NXN

IFINXN «GT «25CC) WRITE(6,41430)

NXN1 = NXN

IF(BLLCATA.LE.C) GO TUu 21iC

WRITE (€y141C) (NUCIA)},NL{IA) 41A=1L,4NMX)
BLTCATA = C

RETURN

[ I TR TR
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310
32¢

1410
1420
1430

144C

1450
146¢C

147¢

C T

£

oo

19€C
20C

21C

60

CALL CEDERR (35H INU AND INL MUST BE LESS THAN 100s$)

CALL OEDERR (44H INU NOT EQUAL TO JU C€R INL NGT EQUAL TC JLS)
RETURN

FORMAT (18HLLIST OF NU AND NL 7 (2110))

FORMAT (1hLy 5Xy32HNUMBER OF INTERIOR MESH PGINTS =,15)
FORMAT{ T6FKTHE NUMBER OF UNKNOWN MESH PCINTS EXCEEDS 2500, A COARS
1ER GRILC MLST BE USED)

FORMAT (31hL M ING IN ITP)

FORMAT (1X,G13.4515,110)

FORMAT (1Xy613.4911C,15)

FURMAT(€EHL INU =, 1345X45HINL =,13)

END

SUBROUTINE SOR
REAL K oK1 oK29K3,K4sK55LMAX s LMINyLAMBUA MU, KL ¢ MR s MXU 4MX L5 MPL
INTEGER SRW,FIRST,CASE yBLDATA,ERPRTSTRFN,SLCRDySLPLT yARPRT ,SURVEL
COMMON SR W, ITER yGAM AR yTIP,RHUIP4WTFL yCMEGA,LAMBDA,CP,EXPON,PITCH,
CHORD, STGR4BETAI +BETAO,DTLR 4RI yALUI sALLISRC,ALUC,ALLG,
MXBI,MXBOyMXsNBBI ¢ NUSP ¢NLSP o NRSP4NINT,VTICL,
BLDATA ;NULAKIERPRT,STRFN,SLCRD s ARPRT,INTVEL »SURVEL,
MUCE0) s XSPU(50) 4ML(50) 4 XSPL{50) ,MR(50) ;RMSP(50) yBESP(50),
Ws WR, TOLER ,BDA ,8DD,L(2500) »A(2500+4) »K(2500) s KHO(2500),
DXDZUL 100} DXDZL{100) s SLUPE {50) JEMU{50) ySLLPE(50),EML{50]),
RM( 13C),BE(100)s SAL(100) sXL{100) yXL (100} »RMU(100) +RML(100),
NU{1GG) o NL(10G),UINT(11) 4XINT{11) 4MPL(100),
HAy FBy NXN yMXBIM1,MXBOP1 sy JUs JLoHU,HL 4NBBC,NBUG4NCH»
IBTEly IBTEZ4ITE2,HALTE yHANTE yUNI +ULNC,TWW,ITERA,
RHOU{ 1CC) yRHOL ( 100) sRHOUT(100) 4RHCLT(100),BEU(100) ,BEL(100),
2 AAA(10C)
hE FULLOWING VARIABLES ARE ALL IN CCMMCN BY EQUIVALENCE
DIMENSION WM({2500),WX{2500),V(2500), BETA{2500),5L{1100)
EQUIVALENCE (A(151),WME1))30A(142) owX(1})s(ALL43),V(1)]),
1 (A(1y4)y BETA(1)),(K{14CL),SLIL))
CIMENSION IUllCC),IL{1CO)
EQUIVALENCE (K(1101),IU(1)),{K{1201),1L(1})

VA RO @ el O DWW

STIMATE WBEST

NUTEMP = NULAKI
IF(W.CE.l.) GU TO 225

DO 20C I=1,NXN
uti) = 1.

WMAX = Z.

1 =¢C

WMAX1 = WMAX
LMAX = 0.

LMIN = 1.

DO 22C IA=]14MX

NBB = NL{ JA)-NU{IA)+1
Lo 22C IB =1,NB8B
i=1+1]
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11 = 1I-1

12 = 141

IFI{CIAL TMXBI)eOR{IAGTMXBL))eANI(IB.EQeL)) Il = I1+NBB
IFC{IALTMXBI)eUR{IAGTMXBO))e AND. (IBe EQ.NBB)) 12 = I2-NBB
13 I-NL(1A-1)4NL(iA)-1

14 I+NLCTA)-NULTIA+L1)+1

UNEW = ACLL)PRULT1IH+A (L ,2)%ULI2)+A(13)%LI3)+A(Is4)%U(]4)
RATIU = UNEW/UI(I)

H #

LMAX = AMAXLI(RATIO,LMAX)
LMIN = AMINI(RATIU,LMIN]}
21% U(I) = UNEHW
220 CONTINLE
WMAX = 2+./(1.+SQRT(ASS{1.-LMAX)))
WMIN = 2./01.+SQRT(1.—LMIN))

WRITE (€,150C) WMAX WMIN,LMAX,LMIN
ITFCOOWMAX 1-WMAX ) eGToaWR I e ORe (WMAX.GTa (2. -100.*%WR}))) GG TC 210

W = WMAX
CALCULATE INITIAL SULLTIGN ESTIMATE

21 = ¢

IFCITERWNELL) GO T0 2€&C

DU 23C 1A=1,MXBIM1

NBB = NL( IA)-NU(IA)+1

CO 23¢ IB=1,N38

I = 1+]

util) = FLOAT(IB-1)/FLCAT(NBB)
23C CUNTINLE

0O 24C IA=MXBI,MXBUO

NBB = NLCIA)-NU(IA)+1

€0 z4C IB=1,NBB

I = 1+]

d = NU(IAI+IB-1

UGI) = (RB¥FLUOAT{J)=-XULIA)) Z7(XLLTA)—-XL(LA))
240 CUNTINLE

LO 25C IA=MXBUP1,MX

NBB = NLOTA)-NULIA)+1

CU 25C IB=1,NBB

I =1+1

utij) = FLOAT(IB—-1)/FLUAT(NSB)
25C CUNTINLE

SCLVE MATRIX EQUATICN dY SUK

6l 1 = (
IF(NUTEMP .GT «C) WRITE (6,145C)
ERRUR = 0.
LU 27C IA=1,MX
NBB = NL(IA)-NL{IA)+1
Cu ¢7C IB=1,NBB

1 = 1+]
il = I-1
12 = 141

AP TAL TMXBI)eOR{IACGT MXBC) ) eANIo(IB.EQel)) Il = [i+NBB
IFCCCTALTMAXBIJORG(IAGToMXSU)) o AND. (IB.EQ.NBB)) 12 = 12-N8B
I3 = I-NL{UJA-1)4NL(TIA)-1

14 = IMNLUIA)I-NLITA+1)+1

CHANGE = WR(R{I)I-ULITI+A(T 1) *ULIL)+A (1 42)*%U(I2) +A(I+3)*UL(I3)+
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1 ALL,4)%U(14))
ERRGR = AMAX1(ERROR yABS{CHANGE) )
Ul 1) = Ul 1)+ChANGE
IF(NUTEMP .LE.C) G0 TO 27¢C
IFUIAGEQ.1) 13=C
IFCIACEQWMX) T4=C
WRITE (€5 1460) Ay Ly (AL 3d) 9J=194) yI1 212413 114 4K(1)
27C CUNTINLE
" NUTEMP =
IFLERPRT.GT.0) WwRITE (6,1510) ERROR
[FOERRCR.GT.TOLER) GU TO 26G
IFCSTRFNGGT.C) WRITE(E,152C)
LAST = ¢
DO 26C IA=i,MX
IF(STRFN.GT.C) WRITE (6,1525) IA
FIRST = LAST+1
LAST = FIRST+NL(IA)=NU(IA)
IUCTA ) =FIRST
IL(iA)=LAST
Z8C LFUSTRENSGT.C) WRITE (€,1530) (LUI),I=FIRST4LAST)

KETURN
145C FURMAT (8¢&F1L IA 3 All,1) ALl ,2) A{l,3) Alls4)
111 1z 12 14 K{1) )

146C FURMAT (2X91391€94F1Ce5,417,F1C.5)

180C FURMAT (7h WMAX =4F9.645Xy6HAMIN =,F 3,695 Xy6HLMAX =,F9.6,5X,
1 EHLMIN =,FS.€)

181C FJURMAT ( &+ ERRUK =,F11l.8)

1220 FORMAT (1F1y10X,22HSTREAM FUNCTICON VALUES)

182¢ FURMAT (5+ 1A =,13)

15236 FORMAT (<Xs1CF13.8)
ENC

SUBROUTINE SLAXVL
REAL KyK1sK29K3,K4,K5,LMAX LPIN,)LAMBOA,MU,NML MR, MXU sMX L MPL
INTEGER SRW,FIRST,CASE, BLUATALERPRT ySTRFN,SLCRDSLPLT » ARPRT ,SURVEL
CUMMUN SRWy ITER y)GAM4AR yTIP yRADI P oW TE L yCNEGA LAMECA,CPEXPCN, PITCH,
CHORD, STGRyBETAIL yBETAG,OTLR 4RI JALLI JALLI 4RE,ALUD,ALLG,
MXBIsMXBO ¢MXINBBL g NUSP SNLSPyNRSPLNINT VTLL,
BLUATAyNULAKIERPRTySTRKFNySLCRD y ARPRTHINTVEL ySURVEL,
MULE0) 4 XSPL(5UIsMLA50) 4 XSPL(50) 4¥R(50) ,RMSP(50) ,BESP(50),
WaWR,TOLER »BDA ,BDD»U(250GC) yA12500,4) ,K{2500) yFHG{2500),
UXL4UCICU)DXOZLULUG) y SLUPEALSC) »EMULI50) »SLLFE(50) ,EMLI50),
RM{ 1CO)»3EL1CC)y SAL(10C) 4XLULL1UO) ,XL{L0C) ,RMU{LI0O)} ,RML(10O]),
NUCICO)yNLOICC) UINTLLL) 4 XINT(LL) 4FPL{10OC),
HAy EByNXNyMXBIML yMXBUPL yJUs L sHUHL »NBBCy NBUC 4NCH,
IoTELy IBTE2yITE2sHALTE yHANTE JUNI JLDNC T ITERA,
KHOUC1ICC) 4RHUL(100) ,RHOLT{LCC) JRHCLT(100) ,BEU(100),BEL(100),
2 AAA(10C)
C THE FOLLCWING VARIABLES ARE ALL IN CCMMCON BY EQUIVALENCE
DIMENS IUN WM{2500) sWX{(250C)v(2500) 4 SETA(2500) ,5L{11001})
UIMENS JON WMU({1CC) o WML(1CG) sWXL(LO00) »wXL{100) +#XU(L00 ) ¥XL(100),

O N SNt BN« T B NSV S
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1 BETAUCL1CC)y BETALCLCC) ywli{LlCC)onL(LCO),

Z USP{1CC),y IL(LCCI,ILELCC)

EQUIVALENCE (AC1,1)sWM (1)) o (ALl 42) o X (1)) (ALl ,3),V(L)),

i (Al 1s4)y BETALL)) s (K(1aCL),SL(L))

EQUIVALENCE (K{1)WMUCL)) y(K(1CL1) WML (1)) (K(201) ,WXU(L1)),
(K201 )aWXL (1)) o (K{40L) oMXULL)) 5 (K(501) 4MXLIL) )y
(kU€C1)y BETAULL))AKITCL) s BETAL(1)) ,(K(801),WuUll)),

1
<
3 (KCSGLY)sWLE 1)) o (KLLCCL) »LSPUL}) 5 (K(L1O0L) ,1ULL))
4

(K{1201),1LL1D)
DIMENS ION XBBU(EZ) ,WMSP(52) 4KKkK{24),P(11)
CATA (KKK(J)9J=4,2442)/11%1H*/

CALCULATE STREAMLINE LUCATION —— UPSTREANM

w
L
AR

2EC

11=1

I =20

DELINT = 1./FLOATININT)

NB8 = NL{1}+1

XB88(l) = C.

IF(SLCRD.GT.0) WRITEL6,155C)

£0 320 I8 =1,NBB

XBB(IB+1) XsB(IB)+HB

LU 35C 1A 1,MXBIM1

UINT(1) = AINT(U(I+1) /UELINT)*DELINT
IFGUCLI+41) aGTeCe) GUINT(1)}) = ULINT(LI+DELINT
CU 33C JB=2oNINT

UINT{JB) = UINT(JB-1I+DELINT

LU 34C IB=1,NBB

I = 1+]

uspeIB) = Ll )

NSP = NBB+1

USPINSP) = USP(1)+1.

IFCSLCRCLGTLC) CALL SPLINT (USP,XBB ASP,UINT¢NINT 4 XINT 4 AAA)
CALL SPLINE(XBB,USP,NSPyWM(I1) ,AAA)

Fl=11+NL{TA} 1

IF(SLCRBCGT.C) WRITE(E4154C) MPLILA) ,LUINT(J) o XINT(J)yJ=1,NINT)

DO 345 JB=1,NINT
J = MX*{JB-1)+IA
SL(J) = XINT(JB)
CONTINLE -
J1 = MX:NINT+IA
StiJl) = sLtd)
CUNTINLE

CALCULATE STREAMLINE LUCATICN —— BLADE

JU=MXB -1

NINT = NINT+1

VINT(1) = C.

CO 36C JB=Z,NINT

UINT{JE) = UINTLJUB=1)+DELINT
usP{l) = C.

Bu 38C IA=MXBI1,MXBO
XBBL1l) = XU(IA)

NBB = NL{ IA)-NL(IA)+1
XBB{Z) = FLOAT(NU(IA)I*HB
CO 37C IB = 1,NB8B

I = 1+1

usP(iB+l) = L(I)
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is8c

XBB(IB+41) = FLOAT(IB-1)*HB+XxBB {2)

NSP = NBB+z

USP{NSP) = 1.

XBBINSP) = XL(IA)

IF(SLCROLCGTLC) CALL SPLINT (USP+XBB yNSP,ULINT yNINT ,XINT 4 AAA)
CALL SPLINE(XBB,USP,NSP,NMSP ,AAA)

0G 327% IB=1,NBB

WM I1)=WMSP(1IB+1)

I1=11+1

Ju=JduU+}

WMU(JU) = WMSPL])
WML{JU) = WwMSPINSP)

IF(SLCRD.6ToC) WRITE(6+154C) MPL(IA) y{UINT(J) o XINT(JdsJ=1,NINT)
DO 38C JB=1sNINT

J = MX#(JB-1)+IA

SLLJ) = XINT(JUB)

CONTINLE

CALCULATE STREAMLINE LOCATION —-— DOWNSTREANM

40C

410

41¢

“2C¢

NINT = NINT-1

NBB = NL(MXBUP 1)}-NUIMXBOPL)+1

NSP = NBB+1

XBB{1) = STGR

XBB{2) = STGR+HU

Q0 39¢C IB=3,NBB

XBB(IB) = XBB{IB8~1)+HB

XBBINSP) = STGR+PITCH

0O 42C IA=MXBOP1l,MX

UINT(U1) = AINT(U(I+1) /DELINY)*DELINT
IFCU(I41) «GT.0.) UINT{1l) = UINTHLL)+DELINT
DO 40C JB=2,NINT

UINT(JE) = UINT(JB~1)+DELINT

O 41C IB=1,NBB

I = 1+]

UsPtiIB) = utl1)

USPINSP) = USP{1l)}+1.

IF(SLCRD.GT.0) CALL SPLINT (USP XBB4JASPsUINT s NINT 4XINT ,AAA)
CALL SPLINE(XBBsUSPsNSP,WMI{11) ,AAA)
I1=11+NL( IA)-NUL{IA)+1

IF(SLCROGTC) WRITEL6,154C) MPLAIA) {UINT(J) o XINT{J)yJ=1,NINT)
DO 415 JB=1yNINT

J = MX*{JB-1)+IA

SLiJd) = XINT{JB)

CONTINLUE

J1 = MX&N INT+]A

SL{Jl) = SLiJ)

CONTINLE

PLUT STREAMLINES

IF{SLCRC.LELC} GO TO 48&(

CALCULATE PLOTTING PARAMETERS

IZMIN = MPL(1)
XMAX = XiL (1)
XMIN = XU(1)

DO 43C IA = Z4MX
XMAX = AMAXL{XMAX,XL(IA))



R e

RSN

430 XMIN = AMINLIOXMIN,XULIA))
OX = XMAX-XMIN
XFACT = 2.

44C IF(DXCTa10.) GO TU 45C
CX = Cx*1C.,
XFACT = XFACT+].
GO TU 44C

45C IF(CX.LEL1C0.) GU TO 460

: XFACT = XFACT-1.
! 6U TU 450
L 46C LX = AINT(DX+1.}
i DZ = AINT{5.%¥DX/3.RM(MXBI))
i ZFACT = XFACT
' ZMIN = AINT(ZMIN¥10.#%ZFACT)
XMIN = AINTOXMIN®10.%*XFACT)
; KKK({1l) = 4§
| KKK{2) = NINT+1
P(1) = 1.
P(S) = C.
Pl&) = €.-2FACT
PLT7) = ZMIN
P(8) = D2
P(Y) = €.-XFACT
PC10) = XMIN
P(L1) = CX

KKK(3) = MX
1 ARITE(€,153C)
i CALL PLUTMY (MPL ,SL KKK ,P)
J WRITE (€,156C)
CO 47C IA=1,MX
47C MPL{IA) = FLOAT(IA-MXBI)*HA
48C LAST = C
CO 482z IA=1,MX
FIKST = LAST+1
LAST = FIRSTHNL(IA)-NU(IA)
CO 482 I=FIRST,LAST
482 WM 1) = WMUI)*WTIFL/BE(IA) /RMLIA)
DU 484 IA=MXBI,MXBU
WMUL IA) = WMUL{IA)®WTFL/BELIA) /RM(IA)
484 AMLLIA) = WMLOTA)®WTFL/BE(IA) /RM(IA)
IFCARPRT.LE.C) RETLRN
ARITE (6, 160C)
LAST=C
CO 49C IA=1,MX
FIRST=LAST+1
LAST = FIRSTHNL{IA)-NUIIA)
i 49C WRITE (6,102C) (WMil),I=FIRST,LAST)
4 WRITE (€,1€1C)
I WRITE (64 1C2C) {WMLIIA), TA=MXBI ,MXBL)
WRITE (€,1€2C)
WRITE (€,1C2C) (WMLIIA), IA=MXBI yMXBC)
RETURN
162C FURMAT (1X,8G1€.17)
1536 FORMAT (2hPT,50Xs 16HSTREAMLINE PLUTS )
154C FORMAT (1Xy7G1847/{1SX3€G1E.7))
| 155C FORMAT (1hly26X,22HSTREAMLINE CUGORDINATES///T X,8HM CUGLRC.,
H 1 3{SXe LCHSIREAM FNeySXetH THETA )//)

§E

Bl R S s i




156C FURMAT (2FPL 940X, 7ICHSTREAMLINES ARE FLCTTEU WITH THETA ACRGSS THE
1IPAGE AND M DOWN THE PAGE)
160C FORMAT (1FCyZ2hwM ARRAY (RHO¥*W-SUB-M))
1616 FORMAT (1FQC, 40HWMU ARRAY (RHO%*W—SUB-M CGN UPPER SURFACE))
162C FORMAT {1FCy 4ChwML ARRAY (RAC*w-SUB-M CN LUWER SURFACE))
ENG

SUBROUTINE TASVEL

REAL K K19)K29K23K49K59gLMAXSLMI NyLAMBDA MU ML yMRyNXU ¢MX L,y MPL

INTEGER SRW,FIRST,CASE BLDATALERPRT »STRFNSLCRD ¢SLPLT yARPRT ySURVEL

CUMMON SRWs ITER yGAMaAR 2 TIP s RHUIP ¢yWTFL yCMEGA,LAMBLA,CPEXPON,PITCH,

CHORDy STGRyBETAL sBETAG sDTLR sRI sALUI yALLI+RG,ALUG,ALLC,
MXBIsMXBOJMX NBBI¢sNUSPH,NLSPsNRSPLNINT,VTOL,

BLCATA sNULAKISERPRT,STRFN,SLCRD yARPRTLINTVEL sSURVEL,

MUL E0) 9 XSPULS50) ML (50) s XSPL{50) s MR{50) 4RMSP{50) ,BESP(50),

Wy WRy TULER yBDA ,8DD,U{2500) A (2500 3%4) yK{2500) 4 RHG{25001},
DXCZUL100)sDXDZLLL10U) o SLUPE (5C) JEMU(50) 4SLLPE(50) ,EML{50),
RM( 100 )yBE(L1CGC)y SAL(L1GG) #XL{L10C) o XL(100) sRMU{LOO) 4RML{100),
NUC{ 100 ) 4NLCICC)yLINT(11) o XINT{11) 4MPL{10U},

HAy tBy NXNyMXBIM1sMXBOP1 yJUs JLyHUJHL NBBLC,NBUCyNCH

IBTE1ly IBTEZ,ITE2,HALTE yHANTE 4UNI sLNC,Thh,ITERA,

KRHOL{1CC) sRHOL{10G) yRHOUTIL1CC) 4RHCLT(100) yBEU(1001},BELL{100),
AAA{1CQC)

C THE FULLCWING VARIABLES ARE ALL IN CCMMCN BY EQUIVALENCE
DIMENS ION WM{2500) ywX{2500) »v(2500) , BETA{250G) ,SL(1100)
DIMENSION wMU(C1CO) o WML{100) sWXU(LCG) ow XL (100) 4MXU(LOO) yMXL{10G),
1 BETAU{100), BETAL(1GCG) +WL(L10CC) swWL(100),

z USP(1CCIi, JILTL1CC),ILLLTC)

EQUIVALENCE (A(1,1)9nWMIL)) s 0A(]1 42) oX(1)) 41lALLl43),V(1)1},
1 {A(Jy4)y BETAL1)),{K({14C1) ,SL(1))

EQUIVALENCE (K{L1)yWMU(L)) o {K{LCL) oML I{L}) 4 (KL201) WXUI(L)),
1 (K{2CL)yWXLLL) ) (KL4O0L) yMXU(L)) »(K(501) 4MXLAL)),
2 (K{€C1l)y BETAULL1))s(K({701) s BETAL{L)) 4 {K(B80L) ,WU(1)),
3 (K{SCL)yWL(1))s (K{1GOCL)USP(L)) 4 {K{1101) »EU(L)),
4 (K{1201), 1LL1))

UDIMENSIUN DTDMULI1CC),DTIDML(1GO) ,B8B8(100)

UDIMENS JION XDUWN{4CCG) s YACROS(40() 4KKK{14)

EQUIVALENCE (K({1301),0TOMU(1)) ,(K(1401),DTDML(1)}),
1 (K(1501)y XDOWNIT1)) o (K{L1SCL) » YACRCS{1))

W N e DO el WD ) N

CALCULATE RHO*W-SLB-THETA

START AT 1A = 1 (CASES 1,52,3)

O0OCOO00

JuU
JiL
KKl = (
KN = C
B = C
1Al = 1

CASE
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HAl1 = FA
1AN = MXB1
I = NBEI+]

C ENL UN UPPER SURFACE (CASE 1)
£1C IF(IB.CT.NLE1)) GU TGO 60C
DU 53C IA=]AN,MXx8U
530 IF(NU( IA).GT.IB) GU TO 540

IA = IAN-1
X1 = FLOAT(IB)*HhB
CALL INTPLLII{XU»IA¢X19yHANsL K4y MU XSPLJALUI JALUG,NUSPSLUPE,EMY,
1 RIyRUOy CHURDySTGRyPITCH y1le sHA4HB y MXBI yMXB8O0,RM{NXBI ), RM(MXBU))
GO TU 7C
C ENLC AT IA = MX (CASE 2)
55C IF{IB.NE.IBTE1) GU TO 554

CASE = 2
GU TO £20
: £4C IAN = 1A
:
f

TRy, T

IAN = MXBO
HAN = FANTE
KN =1

GO TO i7¢

£84 0O 555 l1A=MXBI,MXBD
5 IF{IB.CT.NL(IA)) GO TO 560
IF(IB.CTNLO1)) GO TU 6GC

T T S i

IAN = MX
4 HAN = LA
! GO TO 17¢

C ENC ON LOWER SURFACE (CASE 3)
3 56C CASE = 2
IF{IB.CT.NL(1))} GU TO 6CC
DO 57C IA=MXBI,MXBO
E7C IF(NL{]A).LT.IB) GU TO 58C

IA=MX80
£8C IAN = 1A

IA = IMN-1
5 X1 = FLOAT(IB)*HB
i CALL INTPLICXL IA oX1oHAN, L oK% MLy XSPLyALLI JALLO,NLSP,SLLPE,EML,
| 1 RIyROyCHORDySTGRyPITCH g~Le yHAHB 4#XBI yMXB 3, RM(MXBI) 4 RM{MXBG) )
{ KN = 1
Gu TO i7C
C START ON LOWER SURFACE (CASE 4)
€0C CASE = 4
KK1=1
€2C DU 63C IA=MXBI,MXBO
€3C IF(NL{ IA+1).GT.NL(IA)) GU TO 64C

S

? CASE=5
& GO TO €80

% €4C IB = NL{IA)+1
i 1Al = 1A

gk

€5C DO 66C IA=]JA1,MXB0
€6C IFINL{IA+1).GEL.IB) GO TO 67C

CASE = 5
b GO Tu €€o
! €7C 1Al = 1A
| IA = 1A1+1

X1 FLOAT(IB)*HB
I = ILUIA)+IB—-NL(IA)




C

CALL INTPLLI(XL 9IA s X19HALyGyK3 s MLy XSPLyALLI yALLCNLSPySLLPE, EML,
1  RIyRUyCHORDySTGRyPITCH Lo sHAHB MXBI ¢MXB0 4 RM(MXBI) 4 RM{MXBO))
GO TU 74C
START ON LPPER SURFACE (CASE 5)
€8C DO €9C [A=MXBI,MXBO
€9C IF(NU{ 1A+1).LT.NU(IA)) 6O TO 7CC
CASE = ¢
GO TU 7€5
70C IB = NU(IA)-1
1Al = IA
KK1=0
71C CU 72C IA=IA1,MXB0
72C IF(NUCJA+1).LE.IB) GO TO 73C

CASE = ¢

GU TJd €5
73C IA1 = JA

IA = 1A +1

X1 = FLOAT(IB)*HB

IFL IB EQ.NU{MX)) X1=STGR

I = JUCIAI+IB-NL(IA)

CALL INTPLI(XUsIA3X14sHAL,09K3,MLsXSPL,ALUIL yALUC,NUSP,SLUPE,EMU,

1 RIyRDy CHORDy STGR4PITCH 914 yHA ,HB 4 ¥XBI yMXBU,RM(NMXEBI} ,RM(MXBU))
CASES 4 AND &
14C IAN=1A1+1

€0 75C IA=]JAN,MXBO
15C IF(NL( JA).LT.IB) GO TO 76C

IF(IB.NE.IBTEL1) GU TO 155

IAN = MXBO
HAN = FANTE
KN = 1

GO TGO 797G

ENC AT IA = MX
755 JTAN = MX

HAN = A
KN = C
Gu TO 17C

ENLC ON LOWER SURFACE
76C I1AN = 1A
1A = IA-1
KN = 1
CALL INTPLI(XL yIA 9 X1 oHAN1 K4 ML XSPLJALLI JALLC,NLSP,SLLPE,EML,
1 RIsROy CHORD 9y STGRyPITCH y— 1 yHA#HB s MXBI ¢y MXBO,,RM{MXBI ), RM(MXBU) )
GO0 TO 7C
76 IF(IBTEZLEQ.1CCC) GO TO 78C
IAl = MXB0O-1
HAL = FALTE

I = ITE2
IAN = MX
HAN = FA
I8 = IETE«
KK1 =1

T7C CALL VELDC (UsMPLIAL,IANHAL HANyI yIB s MXosNXNSNBBO sJdU 9 JLsKK1sKN,
1 USP s WX s WXL yMXU g WXL MXLyNUNL,AAA)
I8 = 1B+1
I = 1+1]
IF(CASE.EQ.S) IB=IB-2
GO TO (51Cy550456(,650,7106,780) 4CASE
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78C CALL SORTXY (MXL,wXL,JdL)
CALL SPLINT (MR ,BESPNRSPMXLsJLBELAAA)
CALL SPLINT (MR BESPJNRSP ¢MXL yJL,BEL,AAA)
CALL SPLINT (MR RMSP,NRSPyMXU»JUsRNU,AAA)
CALL SPLINT (MR RMSPyNRSPsMXL s JLyRFL,AAA)
LAST = C
CO 79C IA=1,MX
FIRST = LAST+}
LAST = FIRST+NL(IA)-NU(IA)
00 79C I=FIRST,LAST

19C WX{I) = —wX{ 1)/BECIA)Y*WTHL
L0 8CGC I=1,4L

ECQ WXULIL) = —nwXULI)/BEL(I)*WIFL
BO 81C I=1,JL

81C WXL(I) = —WXL{I)/B8EL{L)*WTFL

ENC OF REG*W-SUB-TEETA CALCULLATIOAN

IFCARPRT.LE.C) GO TU E3C
WRITE (6,163C)
LAST=C
DO &2C IA=1,MX
FIRST=LAST+1
LAST=F IRSTNL(IA)-NU(IA)
82C WRITE(€y1C20) (WX{1})y I=FIRST,LAST)
WRITE (€y1€4C)
WRITE(€41C2C) (MXULTL) yWXULL) 4 I=1,dL}
WRITE (€,1€5C)
WRITE(€,1C20) (MXLOI) oWXL(I) oI=1,dL)

CALCULATE RFEU*W AND ANGLES AT INTERICR PCINTS

€3C CONTINLE
LAST = C
CO 85C IA=1,MX
FIRST = LAST+1
LAST = FIRST4NL(IA}-NU(IA)
DO 85C I=FIRST,LAST
VEI) = SURTEWXUI ¥+ WM )*%2)
IF(WM( 1).EQ.C. )} GO TU &40

BETA(IL) = ATANIWX(I)/WM({I1))%57.,29577
GO TO ¢&5Q0
€4C BETA(I) = SC.

E5C CUNTINUE
IF{ARPRT.LELC) GO TO 87¢C
WRITE (64 1€6C)H
LAST=C
CO 86C IA=1,MX
FIRST=LAST+1
LAST=F IRST+NL{IA)=-NL(IA)
860 WRITE(€y1C2C) (VIT)4I=FIRST,LAST)

CALCULATE DENSITY AND VELOCITY AT EACH FCINT

E7C LAST = C
RELER = 0.
IFCINTVEL «GT4C) WRITE (64173C)
CPTIP = 2.,%CP*T1IP
€O S1C IA=1,Mx
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S0¢

S1¢C

FIRST = LAST+1

LAST = FIRST+NL(IA)-NULIA)

TWLMR = 2 J*OMEGA%LAMBDA—{UMEGA®RM(TIA)) *%2
DU 90C I=FIRSTLLAST

RHUT = RHO( 1)

ICALbT£E§STY (V{I)yRHUCL) yVEL s ThLER yCPTIPLEXPOA,RHCGIP,GAM, AR,TIP,
RELER = AMAXI{RELER yABS{(RHGT-RHO(I)) /RHC(1)))

Viil) = VEL

IFCINTVEL LELC) GU TU 6S1C

WRITE(€,167C)IA, (VII),y, BETAC(I) LI=FIRST,LAST)

CONT INUE

IF(ITER.GTL0) ITERA = I1TER

WRITE (65,1735) ITERA,RELER

ITERA = ITER+]

JF(RELER L Ta oCCleANDSITER.GTL1) ITER = -1

IF{GAM ¢EQ o145 oAND sARo£EW+ 10000 e ANDe TIPLEC.1.E6)}ITER=D

CALCULATE SURFACE VELOCITIES BASED CN AX{AL COMPGNENTS

s2¢

IF{SURVEL «GT+C) WRITE (€416EC)

BETAU(MXB 1) = SC.
BETAL{NMXBI) = —S0.
WU(MXB1) = 0.
WL{MXB1) = C.
BETAU(MXBO) = —-SC.
BETAL (MXBO) = SC.
HWU{KXBO) = Q.

WLIMXBC) = Q.

MXBIP 1=MXBi+1

MXBOM 1=MXBO-1

AAA(MXEBL) = C.

BBE(MXEI) = C.

DO S20 1A=MXBIP1,MXBUM]

AAACTA)=AAA({IA~1)+SQRT(HA**2+ ((XU(IA)=XULIA-1)) *(RM{IA)+RM{IA-1]))
1 1 Z)¥%2)

TANTHU=CXCZU{ TA J*RM{IA)

BETAU( 1A) =ATAN{TANTHU}*57.25571

WHMU( 1A J=WMUL JA)*SURT( 1.+ TANTHUXTANTHL)

TWLMR = 2 JUMEGA*LAMBDA-(OMEGA®RM{L A)) *¥2

CALL CENSTY (WML(IA)RHOU(IA) swU(LIA) sTWL¥R,CPTIFEXPUN,RHCIP,GAM,
1 AR, TIP ,vTOL )

BBE(iA)=8BB( JA-1)+SQRTIHA¥*2+ ({XL{IA)=XL(TA~-1)) *{RM(IA)+RM(IA-1))
1 /2 )% g)

TANTHL=CXCZL{TA)¥*RM(IA)

BETALC IA) =ATAN(TANTHL)I*5%.25571

WML LA J=WML{ TA)P%SQRT{1.+TANTHL*TANTHL)

CALL CENSTY (WML(IA),RHOL{LA) yWL{LA) yTWLMR,CPTIF,EXPON,RHLIP,GAM,
1 AR, TIP,VTUL )

CONT INLE

IF(SURVEL «LE.C) GO TO S27

AAA(MXBO ) =AAA{MXBOML) +SQRT (HA®* 2+ { {XL{MXBGC) —XU{MXBCML) ) *(RM(MXBO)
1 HRMIMXBUML) ) /2. )%%2)

BBB(MXED ) =HBB{MXBGM1) +SQRT{HA¥*2+ ( {»L (MXBC}—XL (MXBCGM1) ) *(RM(MXBC)
1 HRM(MXBUM1)) /2. ) %%2)

WRITE (€5 165C) (MPL(IA),wL(IA), BETALLLA) JAAA(LIA) ,WMULIA),WL(TA),
1 BETAL ( IA ) ,B3B{1A) yWwML{IA) 1 A=MXBI ,MXB0)

NP1 =(

DO 623 IA=MXBI,MX80




= =1

 ctrei g

IF(ABS(BETAU(IA)).GT.6GC.) GC TC 923
NPL = NP1+41
YACROSINP 1) = wU{IA)
XDUWN(NP1) = MPL(IA)
$22 CONTINLE
NP2 = NP1
DO $25 IA=MXBI,MXBO
IF(ABS{BETAL(IA)).GT.60.) GO TQ 925
: NP2 = NP2+1
i YACRUSINP Z) = WL(IA)
i XDOWNINP2) = MPL(IA)

! $25 CONTINLE
| NP3 = NP2
i NP2 = NP2~-NP 1
( c
i C  CALCULATE SLRFACE VELOCITIES BASED ON TANGENTIAL CCMPGNENTS
: c

WRITE (6,170C)
627 CONTINLE
CALL BLODEL(MUsXSP ULy SLUPE yEMUsNUSP sRI yALUL yRU,ALUO,CHORE ST GR,
1 PITCHylesJUsMXUSMXBI yHA DTDMU,RM{MXBI ) ,RM(MXBG) )
CALL BLDDEL(ML yXSPLjy SLLPE ¢EML yNLSP ¢RI yALLI yRO»ALLO»CHOREL ST GR,
1 PITCho—LlesJLyMXL yMXBLoHA,DTDML yRM(NXBI ) » RM{MXBT) )
C  UPPER SURFACE
BETAU{ 1) = 9C.
WXU(1)=ABS(WXU(1))
TWLMR =2 *OMEGA*LAMBDA~ (UMEGA®RMU( 1)) *%2
CALL CENSTY(WXU( 1),RHOUT( 1) swlU ( 1) s TWLMR,CPTIP,EXPGN,RHOIP,
1 GAM,AR,TIP,VviOL)
BETAU(JU) = -SC.
WXU(JU)I=ABS{WXL{JU))
TWLMR =z ¥ OMEGA*LAMBDA~ (OMEG A®RML (JU) ) #%2
CALL CENSTY{(WXU{JU) yRHOUT(JU) yWU (JU) s TWLMR,CFTIP,EXPON, RHOIP,
1  GAM,AR,TIP,VIOL)
JUM1=JL—-1
DO $4C I=z,JUM1
TANTHU = DTOMU( I)#RMU(I)
BETAU( 1) =ATAN(TANTHU)*57.25577
IF(TANTHU .EQ.0.) GO TO S30
WXUCID)= ABS(WXULI))*SQRT(1.+1./(TANTHLU*TANTHU})
TWLMR = Z . %0MEGA*LAMBDA— (OMEGA®RMU (1)) %%2
CALL DENSTY (WXU(I} RHOUTU(I) yWL(I) yTWLMR,CPTIP yEXPGNyRHCIP »GAM,
1 AR, TIP 4, VTOL }
GO TO S40
S3C WU(I) = O.
S4G CONTINLUE
IF(SURVEL .LE.O) GO TO S47
WRITE (65171C) (MXU(I)swU(I)s BETAUCI) sWXULI) o I=1,JU)
DO S45 I=1,JL
IF(ABS(BETAU(I)).LT.30.) GO TQ S45
g NP3 = NP3+1
: YACROS(NP2) = WL(I)
‘ XOOWN(NP3) = MXL(I)
i S4% CONTINUE
i NP4 = NP3
] NP3 = NP3—-NP2-NP1
C LOWER SURFACE
WRITE (6&,172C)
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S47 CONTINLE

GO S6C I=1,J4L

TANTHL = DTDMLC1)%RML(I)

BETAL( 1) =ATAN(TANTHLI*E57.295717

IF (TANTHL EQ.C.) GG TO S50

WXL(TI)=ABSIAXL{I))*SQRT(Lle+1s/{TANTHL*TANTHL))

TWLMR = 2.%¥OMEGA*LAMBDA—(OMEGARRML (1)) **2

CALL DENSTY (WXL (T)RHOLTHLL) oWL(I) o TWLMRCFTIF,EXPCNyRHCIP, GAM,

1 AR, TIP,NTOL )

GO TO <¢€C
S5C WL(I) = 0.
S6C CONTINLUE

IF(SURVEL .LE.Q) RETURN

WRITE (69171C) (MXL(I)ywL(I)y BETALII) suXL{I) , I=1,4L)

00 S7C I=1,JdL

IF{ABSIBETAL{I)).LT.30.) GO TO S70

NP4 = NP4+1

YACROSINP4) = wi(I)

XDOWN(NP4) = MXL(I)
S7C CONTINLE

NP4 = NP4—NP3-NP2-NP1

KKK({1) = C
KKK(2) = 4
KKK{(3) = NP1
KKK{5) = NP2
KKK{7) = NP3
KKK(S) = NP4
P = 5,

WRITE (64174C)
CALL PLOTMY{ XDUWN, YACROS yKKK,P)
WRITE (64175C)
RETURN

1020 FORMAT (1X58616.7)

163C FORMAT {1F1,26HWnX ARRAY(RHO*W~-SUB-THETA} )

164C FORMAT (1hKy 446Xy 3HMXU913X,3HWXU,7X) /48H (M CCLRC. V5. RHUO®W-SUB-T
1HETA ON UPPER SURFACE) )

1650 FORMAT { 1FK, 4{€X,3HMXL 913X y3HWXL 47X} /48H (V¥ CCLRC. VS. RHO¥W-SUB-T
1HETA UN LOWER SURFACE) )

166C FORMAT (34H1ARRAY OF RHO*W A1 INTERICR PCIANTS )

167C FORMAT (1kL, 3HIA=,12,5(24H VELOCITY ANGLE(DEG) )/ (33X,
1 E(G15.4,FSe2)))

168C FORMAT (1k1,15Xs1H%,21X,44HSURFACE VELOCITIES BASEC ON AXIAL COMPO
INENTS y 45X 5 1H% 5 /16Xy 1H¥* 412X 4 16HUPPER SURFACE 925X 3 1H*, 15X, L6HLOWE
2R SURFACE 25Xy LHE 3/ TX 9 1HM 48X 1H* ;2 {3 X48HVELCCITY ,3X ,43HANGLE(DE
2G) SURF. LENGTH RHO* W * ))

1690 FORMAT (lh 9G12.493H *,4612.4,FGe242015.450H * 16l2.44F9 .2,
1 2G1te4y3H % )

170C FORMAT (S51Hl SLRFACE VELOCITIES BASED CN TANGENTIAL COMPCONENTS/
1 25X 913HUPPER SULRFACE/7X s1HM,10X,8HVELGCITY y3X,10HANGLELDEG),
< 3Xe EHRFU%KW)

171C FURMAT (1} 52613.44FSG.2+615.4)

172C FORMAT ( 25Xy 13HLOWER SURFACE/T7X41HM 1 0X,8HVELCCITY 43X,
1 10FANGLE(DEG), 3Xy SHRHO* W)

173C FURMAT (1F1,4CX,34HVELOCITIES AT INTERIGR MESH PLINTS )

1735 FORMAT (14HL ITERATION NO.s I3,3X,36HNMAXIMUM RELATIVE CHANGE IN DEN
1SITY =,G11.4)
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174C FORMAT (2hPT45CX,24HBLADE SURFACE VELGCITIES)
175C FORMAT (2hPL 437X, 82HVELOCITY(METERS/SECCND) VvS. MERIDICNAL STREAM

1L INE DISTANCE(METERS) DOwWN THE PAGE /2HPL/

< 2HPLs5CXy 43H* — UPPER SURFACE, BASED CN AXIAL CCMPONENT /

3 2HPLs5CXys 43H+ — LOWER SURFACE, BASED ON AXIAL COMPONENT /

4 2HPL 350Xy 48HC — LPPER SURFACE, BASED Ch TANGENTIAL CCMPCNENT/
£ 2HP L9 5GCXy 48HX — LUWER SURFACE, BASED CN TANGENTIAL CCMPGNENT)
END

Subroutine DENSTY

DENSTY calculates the subsonic relative velocity W and corresponding density p
that result in a given value of the mass flow parameter pW. This is done using equations
(B5) and (B6) which are an algorithm based on Newton's method.

If the value of pW is too large, there is no solution. In this case an error message
is printed out. If a '‘continue'' control card is used (see p. 86), Wcr and the corre-
sponding density are calculated as output and the program continues. This makes it pos-
sible to get an approximate solution even though there may be one or two points with too

large a value for pW.

The input arguments are as follows:

RHOW pwW

RHO initial estimate for p(p{n may be used)
TWLMR 2w\ - (wr)?

CPTIP 2c T!

p in
EXPON 1/(r - 1)
RHOIP pi'n
GAM v
AR R
TIP Ti'n
VTOL convergence tolerance on relative change in W

The output arguments are as follows:

RHO p

VEL w

The internal variables are as follows:
RHOT newly calculated estimate for p
RHOWP d(pW)/dp
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TEMP (T/T}) 2-7)/(r-1)

TGROG  2yR/(v + 1)

TTIP T /T{n

VELNEW newly calculated estimate for W

SUBRUUTINE DENSTY{RHOWRHO yVEL y THLMR ,CPTIP,EXPCN,RHCIP,GAM, AR, T IP,

1 vioL}

VEL = RKOW/RHO
10 TTIP = la—{VEL**2+TWLMR)/CPTIP

IF(TTIP.LT.0.) GU TO 30

TEMP = TTIP#*({EXPGN~1.)

RHOT = RHOIP*TEMP*TTIP

RHOWP = —VEL*%2/GAM*RHOIP/AR*TEMP/TIP+RHOT

IF(RHOWP sLE.Ced GU TO 3C

VELNEW = VEL+{RHOW-RHOT*VEL)/RHOWP

IF{ABS(VELNEW-VEL)/VELNEW.LT. VTGL) GG TG 20

VEL = VELNEW

GO 1O 10
20 VEL = VELNEW

RHO = RHOW/VEL

RETURN
30 CALL ARERR (29H VALUE OF RHO*W IS TGLGO LARGES)

TGRUGLG = Z25GAM*AR/(GAM+1.)

VEL = SQRTUTGROG*TIP*(1.~TWLMR/CPTIP))

RHU = RHOIP* (14~ {VEL*¥2+THLMR) /CPTI P} **EXPON

RETURN

END

Subroutine BLDCR1

BLDCRI1 obtains the 6-coordinates and the slopes of the blade surfaces correspond-
ing to the given m-coordinates. BLDCRI1 may be used in two ways, either to obtain the
information at all vertical mesh lines in one call, as when called by COEF directly, or at
a single specified point, as when called by INTPL1. The value of NCH is the number of
points at which output is desired. Since BLDCRI 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
m-coordinate (ZINT) is in, and then to calculate the §-coordinate and derivative, both of
which are specified analytically.
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The input arguments are as follows:

A

XSpP
SLOPE
EM
NSP

ALl

RO
ALO
CHORD
STGR
PITCH
SURF

NCH
ZINT

MXBI
RMI
RMO

array of m-coordinates of spline points for blade surface (upper or lower)
array of 8-coordinate of spline points for blade surface (upper or lower)
array of slopes at spline points for blade surface (upper or lower)

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

see fig. 10 (p. 15)

either ALUI or ALLI (see fig. 10)

see fig. 10

either ALUO or ALLO (see fig. 10)

see fig. 10

see fig. 10

see fig. 10

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

number of points for which output is desired

used as input only when NCH = 1, then it is m-coordinate for which correspond-
ing 6-coordinate for blade surface is desired

same as main program, number of mesh points on line AB
r at leading edge

r at trailing edge

The output arguments are as follows:

X

DXDZ

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

array of slopes at same points as X

The internal variables are as follows:

HA
IA
IFST
ILST

basic mesh spacing in meridional (m) direction
index of vertical mesh line
index of first point considered

index of last point considered
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K index of spline point
RMZ difference between m-coordinate of point considered and m-coordinate of center
of leading- or trailing-edge radii

SRW integer variable in common used to obtain output useful in debugging; when
SRW = 19, BLDCR1 will write out calculated blade coordinates and corre-

sponding slopes

SW 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

ZINT m-coordinate at which 6-coordinate and slope of blade surface are required
SUBROUTINE BLDCRL(ZyXSPsSLOPE,EMyNSPRI ALI JRCALC,CHORD,ST GR,
1 PITCHy SURF,yX,NCHyZINT,MXB1 0 XDZ yRNI yRMO)

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

SURF
SURF

OO G

DIMENS ION XSPINSP)sZ(NSP) s XINCH) ySLCPE(NSP) 4EMINSP) ,DXDZ (NCH)
CUMMON SKw
INTEGER SRW
SAd = Q.
IF(SURF.LTL0.) Sw = 1.
IFST = 1
ILST =1
IFINCF.EQ.1) GO TO 10
IFST = MXBI
ILST = NCF+MXBI-1
HA = CFORD/FLUAT{NCH-1)
ZINT = C.
1C K = 2
DO 100 IA=IFST,ILST
20 IF(ZINT.6TL.Z2(1)) GO TO 30
XCIA) = SQRT(ZINTH(2.%RI-ZINT)) /RMI %#SURF+PITCH*SW
RMZ = RI=-ZINT
IF{ IANEIFST) OXDZ{IA) = RMZ/SQRT(RI *¥2-RKMZ*%*2)*SURF/RMI
ZINT = LZINT+HA
G0 TO 1¢O
30 IF({ZINTJ.LELZ(K)) GU TO 50
IF(K.CEMNSP) GO TO 60
K = K+1
G4 TO :=C
5C S = Z{(K)-ZIK-1)
XCIA) = eM{K=1)%{Z(K)-2ZINT)**3/6./S+EM{K)*{ZINT-Z(K-1))%%3/6./5
1 +(XSPIK)/S—EM(KI®S/6. )5 {ZINT-Z(K=1) )+ (XSPI{K-1)/S-EM(K-1)%S/6.)
2 {LIK)=ZINT)
DXDZ(IA) = —EM{K-1)¥(Z{K)=ZINT)%%2 /2 . /S+EMIK) * (L (K-1}-ZINT ) *%2/2,
1 JSH{XSP(K I-XSP{K=1))/S—(EM(K)—EM(K-1)) *5/6.
ZINT = ZINT+HA
GU TU 1¢Q¢
6C IF {({IALEQeNCH).AND.(IALGT.1)) GO TO 70
X{IA) = STGR+SURF%SQRT{{CHURD-ZINT) * (2. *RO-CHORD+ZINT) )/ &MO+PITCH
1 *Sn
RMZ = CHORD-ZINT-RO
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y IF{IANE. ILST) DXDZ{IA) = RMZ/SQRT{RC*#2-RMZ#**2) *SURF/ RMO
i LINT = ZINT+HA
: G0 70 116G
70 XU IA) = STGR+P ITCH*SHW
100 CUNTINUE
IF(SRW.EQ«19) WRITE(6,1000) (X(IA),DXDZIIA) yIA=IFST ,ILST)
RETURN
1000 FORMAT (1X,54HINTERPOLATED COORDINATES AND SLOPES CCMPUTEC &Y BLDC

IRD,y 7{ 5%y 2E1648))
END

Subroutine BLDDE1

BLDDE1 obtains the slopes of the blade at given m-coordinates. It is used by
TASVEL to obtain the blade slopes at each horizontal mesh line. BLDDE]1 is similar to
BLDCRI1, except that the m-coordinates are an input array and the 8-coordinates are not
given as output.

The input arguments for BLDDE1 are the same as those for BCDCRI1, except that
ZINT is not input. Also included are

© VamanEn o S—————Te 1 107+

zX array of m-coordinates from the line BG in fig. 4 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 BLDDE1 is

DXDZ array of slopes at m-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 m-coordinate of point considered and m-coordinate of center

of leading- or trailing-edge radii

SRW integer variable in COMMON used to obtain output useful in debugging; when
SRW = 20, BLDDE1 writes out calculated blade slopes

}
3
i
i
3
§
|

ZINT m-coordinate from blade leading edge at which blade slope is desired
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SUBRUOLTINE BLDDELI(Z ¢XSP ¢SLUFE yEN¥4NSP 4RI yALLI yRCyALCyCHORE,STGR,
1 PITChH, SURF yNCH»ZXyMXBI 4HAyDXULZ,R ¥ 4RMC)

OO0

SURF = 1. =— UPPER SURFACE

SURF = — 1. — LOKER SURFACE
DIMENS JON XSPUNSP)sZINSP) ySLUPE INSP) JENMINSP) 4DXDZINCH) »ZX{NCH)
CUMMUN SR
INTEGER SR@

1C K = 2

CO 10C IA = 1,NCH

ZINT = ZX(IA)
2C IF{ZINT.GT.Z11)) GO TO 3C

RM{ = RI-ZINT

IF{IA JNEelORGSURFLLT.Ce) DXDZ(IA) = RNMZ/SCRT(RI*%2-RMZ%%2)*SURF

1 /RM 1

GO TO 1CC
30 IF(ZINTLLELZ(K)) GO TO 50

IF{K.CE.NSP) GU TO €0

K = K+l
GU To Zz0
5C S = Z(K)}-Z{K-1)
DXDZ(IA) = —EM(K=L)*(Z(K)=ZINT)*%2 /2. /S+EMIK) ¥ (Z{K-1)-Z INT )} ¥%2/ 2,
1 JSH{XSPIK)I=XSPIK-1})/S—{EMIK)-EMIK-1))%5/6.
GU TO ICG

¢C RMZ = CHORD-ZINT-RO
IF{CIA NE«LoAND o IAZNE.NCH) e URe SURF o LTo0s) UXDZLIA)=RMZ/SQURT(RO*¥*2

1-RMZ** 2 }%¥ SURF /RMU
G0 TUu 1CO
10C CUNTINLE
IF(SRW.EQ.20) WRITEL6,1CC0) (ZXx{(IA) ,DXDZ(1A)s1A=1,NCH)

RETURN
1C0C FORMAT {1X,96hZ CCURD. AND INTERPULATED DERIVATIVES COMPUTELD BY BL

1CDER, /(5X,2E16481))
END

Subroutine INTPL1

To compute the terms of the matrix A of equation (A7), 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 4 in equation (A1). This value is computed by INTPLI.
Since the equation of the blade surface is known, this amounts to finding the root of an
equation. The root is found by INTPL1 by an iterative procedure, sometimes called the
method of false position (falsi reguli). The variables shown in figure 16 correspond to
those used in INTPL1. After H has been calculated, the actual value of the spline curve
(XI) is computed by BLDCR1 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 determine the value of z for which the spline curve crosses the mesh

line, and from this, h3 or h4 is determined.
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Figure 16. -Notation used in subroutine INTPLL H = AXHAN
The input arguments are as follows:
HA basic mesh spacing in axial direction
HB basic mesh spacing in blade-to-blade direction
IA index of vertical mesh line on which mesh point lies
MXBI number of mesh points on line AB
N integer which is zero when hg is to be computed and which is 1 when h, is
to be computed
X array of blade §-coordinates at each vertical mesh line

X1 f -coordinate of mesh point considered

The remaining input arguments are transmitted to BLDCR1. Their definitions are in-
cluded in the description of this subroutine.

The output variables are as follows:
H horizontal distance from mesh point to blade, which is h3 or h4 of fig. 17
K real code variable changed to 1 by INTPL1

The internal variables are as follows:

A X1 - X0 (see fig. 16)
C X2 - X0 (see fig. 16)
H distance from Z0 to approximate root ZINT determined by linear interpolation

(see fig. 16)
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HAN length of interval in which root has been determined to lie (see fig. 16)
JIAPN index of vertical mesh line to right of interval
IAPNM1 index of vertical mesh line to left of interval

SRW integer variable in COMMON used to obtain output useful in debugging; when
SRW = 19, values of IA, N, HA, X1, X2, X0, and Z0 are printed to start,
followed by values of H, XI, X1, Z0, and ZBASE for each iteration, and
final value of H after convergence

X1 0 -coordinate of blade computed by BCDCR1 for m = ZINT (see fig. 16)
X0 9 -coordinate of blade at left end of interval (see fig. 16)

X2 g-coordinate of blade at right end of interval (see fig. 16)

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

ZINT m-coordinate determined by linear interpolation (see fig. 16)

Z0 m-coordinate of left end of interval (see fig. 16)

SUBROUTINE INTPL1{XsIA XLoHyNyKsZyXSPALI yALO,NSP,SLOPE,EM,RI,RG,
1 CHORDy STGR P ITCH s SURF yHA yHB ¢ MXBI y XBO 4 RMI 4 RMC)
DIMENSIUN XU 10G),Z(NSP) s XSP{NSP) ySLOUPE(NSP) JEM(NSP)

COMMUN SR W
INTEGER SRNW
REAL K

K = 1.

IAPNM1 = IA#+N-1
IAPN = [A+#N

X0 = X {IAPNM1)
X2 = X (1APN)
HAN = FA

IV = FLOAT(IAPNMI1-MXBI)*CHURD/FLOAT(MXBO-MXBI)

IF{ 1A EQ.MXBO) 20 = CHURD-HA

H=HA

IF{ IAPNEQeMXBO AND + SURF o LE e Do s ANDs Mo NE2O) X2=X2-RO
IF(SRW.EQ.1G) WRITE{6,101C) [A,NsHA XL yX24XC,20
IF(Z0 oL ToeCaolURVZ0LGTo {CHORD-o001%HA)) RETURN

Z8ASE = IC

IFIABS{X1-XC)eGT.{.001%HB)) GU TO 10
IF(IA.EQ.MXBI+1) 6U TO 15

15

10

2C 1 = A/C*HAN
S CUNTINUE
IF(SRW.EQe19) WRITE(6,1C20) HoXI 9X1 +205ZBASE
ZINT = ZO+H
CALL BLDCR1 (£ ,XSP,SLOPE EMyNSP 4RI JALI yRC,ALO,CHCRD4STGR,PITCH,
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T et e i

1 SURFy X L9y 1sZINTMXBI 0 XDZyRMI yRM0O)
IF(ABS{XI-X1).LE.{HB*.001)) GO 710 40
IFCA¥{XI-X1)eLTa0s) GO TO 30

HAN =
X2 = X1
GOTO10

30 HAN = FAN-H
X0 = X1
L0 = ZC+H
Gu 70 10

40 H = Z0+4+~1BASE
IFIN.EQ.0) H = HA-H
IF(SRW.EQ.19) WRITE(6,1CCO) H

RETURN
1000 FORMAT {1X,22HH AS COMPUTED BY INTPL /(5X,5E16.8))
1010 FURMAT (1Xy4HIA =4314,5X93HN =314 45X y4HHA = 4yE14 46 45X s4HX]1 =yE14.6,

1 4X 9 4HX 2 =,El4.§:,4X,4HXU =1E140614XQ4HZO =,E1406)
1020 FORMAT (1Xy3bH =9E14.645Xe4HX] =4ELl4e695X94HX1 =,E14.645X94HL0 =,

1 El4 .69 EXy THZBASE =4E14.6)

END

Subroutine VELOC

The partial derivatives du/om along each horizontal mesh line are calculated by
VELOC. This subroutine is described in reference 5. There are no changes in the sub-
routine, however WX refers here to 9u/dm rather than W 9

SUBRUOUTINE VELOC(UZPLsIAL yEANHAL oHANI yIBsMX,NXNoNBBCoJUyJL,y
1 KKL1yKNyUSP, aXoWXUsZXU WXL sZXLoNUNL sAAR)
DIMENSION U(NXN),ZPLLL1CC) ¢ WXINXN) yWXL (10O} 9ZXU{100) ZXL{100),
1 ZAL100),USPL10C) yWXSP (L0C) 4 WXL (L1 GO0) ,NU(100) 4NL(L1UO) ,AAAL10OD)
C KK1 OR KN 1, LOWER SURFACE
C KK1 OR KN Oy UPPER SURFACE
I1 =1
IA2 = JAl+1
IANM1 = [AN-1
ZA(IALl) = ZPLUIAZ)-HAL
ZACIAN) = ZPL{IANM1)+HAN
NSP = JAN—IAl+1
DU 1C 1A=1A2, IANM]
usP(iIA) = UllIl)
I1=I11+NLU JA)-NU{IA+1)+]
1C ZAUIA) = ZPL(IA)
Il = NXN+iB8-NBBO
USP(I1IA1)=C.0
USP(1IAN) = Q.
IFCIA1.EQ.1) USP{1) = ULIB+1)
IF(KK1.NE.C) USP(IAL) =1l.0
IF( IAN .EQ «MX) USP{IAN) = U(ILl)
IF(KN .NE.C} LSPL{IAN) = 1l.
CALL SPLINE (ZA{IA1),USPLIAL) JNSP,WXSF{IAL) JAAA)
I1 = 1
DU 2G 1A=1A2, IANM]
WX(I1) = WXSP(IA)
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20 I1 = IIWNL{IA)-NU(IA+1)+1

TAKE CARE OF FIRST PUINT
IF{IAl1.NE.1) GO TO 3¢
WX(IB8+1) = HWXSP{IAL)

G0 TO £C

3C IF(KK1.NELC) GG TO 40
JU = JL+]
WXUGJU) = WXSP(IA1l)
LXULJU)Y = ZA(IAL)
GU TO £¢

4G JL = JL+1
WXL{JL ) =-WXSP(IAl)
ZXL{JL) = ZA(IA1)
TAKE CARE OF LAST POINT
50 IF(IANWNE.MX) GO TO €C
11 = NXN+IB~NBBO
WX{I1) = WXSP{IAN)
RETURN
€C IF{KNJNE.C) GO TO 7C
JU = JL+]
WXULJU) = wWXSP{IAN)
ZXU{JduU) = ZA(IAN)
RETURN

7C JL = JL+1
WXL{JL } = WXSP(IAN)

ZXL(4L) ZA{IAN)
RETURN
END

Subroutines SPLINE, SPLN22, SPLINT, SORTXY

These subroutines are all described in reference 5.

SUBROUTINE SPLINE (X,YyNySLOPE ,EM)

DIMENSION X{NJ)sY(N),EM{(N)SLCPE (N)

COMMUN Q/BOX/S(10C),A(100),8(100),C(100),F(100),w(100),5B{100},

161 100)

INTEGER Q

00 10 I=2,N
10 StI)=x{1)-X{i-1)

NU=N-1

IF(NO .LT.2) GO TO 25

DO 20 1I=2,N0

Al 1)=5(I)/¢.

BEI)=(S{I)+S(1+1}))/3.

Clii=Sl{I+1)/¢.
20 FUD)=(YCTI+)-Y(TI )M /S(TI+1)— YL )=Y(I-1)})/S (1)
25 A(N) =-1.C

B{l)=1.

B(N}=1.

Cll)==1.0

F(1)=0.

FIN)=0.



30

40

5¢
100

Wi1l)=B{(1l}

S8{1)=Cl1)/W(1)

Gl1)=C.

00 30 I=2.N

Wl L)=BLI)-ACT1)*SB(I-1)
SBLIN=CLI)/nll)

GUI)={ F{I-ACI)*GLI-1})/WwiI)
EM{N)=C{N)

D3O 40 I=24N

K=N+1-1

EM{K )=C{K )-SB(K)*EM[K+1)
SLOPE( 1)=—S(2)/6.%( 2. %EM{L)+EM(2)) + (Y{2)-Y (1)) /5(2)
DD50 I=24N

SLOPEL 1)=SUL )/ €. ¥ (2. EMUII+EM(I-1) )+ (Y (L) -Y(I-1)1/5(1)

IF (W.EQa13) WRITE {(65100) Nyt X{L) 3 ¥(1) ySLGPE(I) +EM(1),I=1,N)
FORMAT (2X15HNO. OF POINTS =I3/10X5HX 15 X5HY 15X5HSLOPELSX5H
1M /{4F20.8))

RETURN

END

1C

20
25

3C

SUBROUTINE SPLNz2 (XsY,Y1P sYNP Ny SLGPESEM)
DIMENS ION X{ 5C) sY( 502 4S(50) ¢A(5C) 4B (50) »C(50) sF (50) ,W(50)+SB{(50),
161 50), EM( EC) » SLOPELSQ)

COMMON Q

INTEGER Q

DO 10 I=2,N

S{D)=X{1)-X(I-1)

NO=N-1

IF(NJ.LT.2) GO TO 25

CO 20 I=2,NO

A(I)=Sti)/¢€.

BI)=(S(I)+S(I+1))/3.

ClI)=S(I+1)/¢.
FOIY=(Y(I+)=YCL D) /SUI+L) - (YD )=-YUI-1))/S (1)
A(N) = S(N)/E.

Bl1)=5(2)/z2.

BI(N) = S(NI)/Z.

Cll)=5(z2)/¢.

FOL)=(Y{2)-Y{1))/S(2)=Y1P

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

Wil1)=B(1)

SBL1)=Cl1)/wW(1)

Gl 1L)i=t{1l)/nul1l)

LU0 3C 1=24N

WlI)=B{I)-A(I)*SB{I-1)

SBUI)=C{I)/W(I)
GUIN=(FCI)-ACTIGUI-1))/nli)

EM(N)=C{(N)

LO 40 1=24N

K=N+1-1
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4C EM(K)=GIK )-SB(K)I*EM(K+1)
SLUPEL 1)==S{2) /€% (2. %EM(1)+EM(2))I+(Y(2)-Y(1))/S(2)
£O50 1I=2sN

50 SLOPEL NI=S(I)/€F(2¥EMIII+EMUI-L) I+ IY{I)=-YLI-1))/S (1)
IF (Q.EQ+18) WRITE {(641C0) No{X{I) o YUI) ySLOPELI) yEM(I) 4I=1,4N}
RETURN

100 FORMAT (zX15FNO. OF POINTS =I3/1CX5HZ L5X5HX 10X10HDERIVAT IV
LELCX10F2ND DERIV./({462C. 8))
END

SUBROUTINE SPLINT (X,V¥sNsZ 4MAX,YINT,DYDX)
DIMENS JION X{N),Y{N) ,Z{MAX) YINT{MAX) ,DYDX(MAX)
CUMMON Q7 EOX/SUS501sA(5G6) 4B (50) 4C (50) +F (50) yW{50) 4SB(50) +G(50),
1EM( 40Q)
INTEGER Q
I1i = ¢
£0 10 1=2,N
10 S(I)=x(1)-Xx{I-1)
NO=N-1
IFINO .LT.2) GO TO 25
00 20 I=2,N0
Al I)=5{1)/¢€.C
BED)={S{I)+S(I+1)})/3.¢C
CiI)=S(1+1)/¢€.C
20 FLAY=(YCI4D) =YD} /SCI+1)— (YL )-Y(I-1))/S (1}
25 A(N) ==.5
B(1)=1.0
BIN}=1.0
Cll)=—.5
F(1)=0.0
FIN)=0.0
Wil)=8(1)
S8(1)=Cl1)/W(1)
G(1)=G.0
L0 30 1I=2,N
WiLD)=BLI)-A(I}*SBLI-1)
SB(I)=C{I)/WlI)
30 GUINISUFI)-ACTI*GLI-1)) /Wil
EM{N)=GIN )
DO 40 1=2,4N
K=N+1-1
46 EMIK)=CG(K )-SB(K)*EM{K+1)
DO 90 I=1,MAX
K=2
IF(ZET I-X(1)) €C450,7C
50 YINT({I)=Y(1)

GU Tu &7
6C IFIZUTI)eGELlLI1¥X{(L)-o1%X(2))) GO TC 85

WRITE (6,1000) Z(1)
QR = 1€
GO TU €5

A



e

1000
-3

70
5

80
85

FORMAT (17H OUT OF RANGE Z
K=N

=F1G. 6)

IFCZ01)al Eal1.1*%XIN)-.1*¥X{N-1))) GO TC 85

WRITE (€, 1000) Z(1)

Q = 1¢

GO TO ¢5

IFLZL I )-X{(K)) EE,75,80
YINT(I)=Y{(K)

GU TO €7

K=K +1

IFIK-N)} 7C,7C,6€5

YINTCI) = EM(K-L)*(X(K)-Z(1))*%3 /6. /S(K)+EM(K) X (Z(I)-X{K=1))*%3/6.
L/SIK)+(YUK)/SIK)-EMIKI®S(K) /6 ) ¥ (ZLT)—X(K-1)} )+ (Y{K-1)/S{K)-EM(K-1)

2¥S5{K)/ € )*(X(K)-2(1))

87 DYUX(I)=—EMIK~L1I*(X{K)-Z(1))*%2/2.0/S{K)+EMIK) *¥(X{K~-1)-Z(1))**2/2.
10/7S(K )Y (K)=Y(K-1))/S{K)~(EMIK)-EMIK-1)) ¥5{K) /6.0

90

CONTINLUE
MXA = MAXC(N,MAX)

IF(Q.EC.16) WRITE(6,1010) NyMAX (X)) Y(L)»ZCL)oYINT(I),DYDX(T),

1 I=19MXA)

1010 FURMAT (2X21HNO. OF POINTS GIVEN =,13,30H, NO. OF INTERPOLATED POI

100

100
102
104

112
114
116
118
120
122

140

12X11HX-INTERPGL.IX11HY—~INTERPOL .

Q = 111

INTS =, 13, /10X5HX 15X5HY
2 8X14HDYDX~ INTERPOL./(5E£20.8))
RETURN

END

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+1
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
YIKT)}=YMIN
CONTINUE
RETURN
END
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Lewis Library Subroutines TIME1, ARERR, and DEDERR

These three subroutines are part of the Lewis Systems Library. TIMEI1 gives the
time in clock pulses of 1/60 of a second. To get elapsed time in minutes, the clock must
be read twice and the difference divided by 3600. TIME1 may be replaced by a user's
clock reading subroutine, or it may be removed from the program.

DEDERR and ARERR are error subroutines which return control to the monitor after
printing out an error message and a trace back giving the location at which the error oc-
curred. ARERR has the additional feature that it can be overriden by using a ''continue"
control card at the beginning of the deck. The error message is still printed. These sub-
routines should be replaced by a similar type of error return subroutine at the user’s in-
stallation.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, November 17, 1967,
720-03-01-35-22.
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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 12 (p. 16). Then at each point where the
value of the stream function is unknown, a finite-difference approximation to equation (1)
can be written. Adjacent to the boundary, the boundary conditions are included. If there
are n unknown values, n nonlinear equations are obtained in n unknowns. The equa-
tions are nonlinear since the coefficients involve the density, which depends on the solu-
tion. The equations may be solved by an iterative procedure.

First, the inlet absolute total density is used for determining the coefficients. This
results in n linear equations. These linear equations may be solved iteratively by
successive overrelaxation as described in reference 5. There are two major levels of
iteration in the solution. The inner iteration consists of the iterative solution of n linear
equations by successive overrelaxation. This solution is an approximate solution of equa-
tion (1) for the stream function. This approximate solution may be differentiated numeri-
cally and approximate velocities obtained from equations (2) and (3). The approximate
velocities are then used to obtain a better approximation to the density at each point, and
the coefficients of equation (1) are recalculated using new densities. Thus, the solution
to the nonlinear equation (1) is approached by a sequence of solutions to linear equations.

hy
X h3 hg
3 0 4
n
h
A8y =1
(0l -

1 0

Z

Figure 17. - Notation for adjacent mesh points
and mesh spaces.

A typical mesh point with the numbering used to indicate neighboring mesh points is
shown in figure 17. The value of the stream function or the other variables at 0 is de-
noted by using the subscript 0, and similarly for the neighboring points. It can be shown
(ref. 13) that equation (1) can be approximated by
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2u1 . 2u2 ) 2u0 . 2u3 . 2u4 i 2110 1 <p2 -p1><u2 -u1>
hl(hl + h2) hz(h1 + hz) hih, h3(h3 +hy) h4(h3 +hy)  hghy [ py\hy+hy /\hy+hy

i b -b
+[sm aq _ 4P4 3p3—l<I >_ == bypg sin @ (A 1)
hg+hy

rg  bgpolhg +hy|

where h1 = rO(AO)1 and hgy = rO(A0)2 (since ro=7ry= r2). For setting up our equations
for solution, the coefficients of the u, in equation (A1) must be calculated. This was
done by expressing equation (A1) as

4
ug = Z au; + kO
i=1

where

. 2
125 ——
hyhy

a 2
347
hghy

39 =212 * 334

Pg - P1

b =2 -
12 Po(hl + hz)

by, - bgpg sin ag (A2)

bOpO(hS + h4) Ty

1 2
a ———|=—+b 12
ao(h1 + hz)

a
12 .
=77

a9

1 2 .
a5=——— [—+Db
3 aybg + by <h'z 34>

[y

88



This equation can be used at all interior mesh points, and for mesh points adjacent to the
blade surfaces BC or FG.

Along the boundary where the value of u is unknown, the equation will vary. For
example, along the upstream boundary, 2u/2n is known, and a finite-difference approxi-
mation to (au/an)in in equation (5) gives

tan S,
u0=u4+h4<a—u> =uy +hy 1n (A3)
an in STin ]
Similarly, along the downstream boundary,
tan B
Uy =ug + h3 <§E> =Ug - h3 " "out (A4)
9N Jout ST

out

H Ls> 6

s

|| :/_\
3] Joj4

A —— 4 —— B
11

Figure 18. -Mesh point on line AB.

For the points along AB and CD equations can be derived by using the periodic
boundary condition. If the point O (fig. 18) 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 8 direction, as shown in figure 18. Sub-
stituting this condition in equation (A2) gives

4
Ug =aguy g+ z; au; - a; + kg (A5)
i=
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where the a, are the same as defined in equation (A2). Of course, equation (A5) holds

along CD also.
The points along GH need not be considered, 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 Ug =Ug, o+ 1, where the point 2,-s is a distance s below
point 2 in the negative 0 direction, as indicated in figure 19. Substituting this condition in

equation (A2) gives
Ug =ajUy +agly o +agls +asly, +ay + Kk (A6)

Equation (A6) also applies to the first mesh line below FE.

H 2 G
(i \
3 4 N
: \
U2=U2’_S+1

/‘\

A S 2-s B

Figure 19. - Mesh point on first line below HG.

One of equations (A2) to (A6) can be applied to each mesh point for which the stream
function is unknown in the region of interest, giving the same number of equations as
there are unknowns. These points where the stream function is unknown will be referred

to simply as unknown mesh points.
This system of n equations is represented in matrix form as

Au=k (A7)

where u = (ul, e e e un)T is a vector whose components are the unknown values of the
stream function, A is the coefficient matrix of equations (A2) to (A6), and k = (kl’ C e,
kn)T is the vector whose components are the known constants of equations (A2) to (A6).
If the mesh size is sufficiently small, the coefficients, ay to a, in equation (A2) will be
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all positive (for any given continuous function b and p). In this case, the coefficient
matrix A is irreducibly diagonally dominant, and there is a unique solution to equa-
tion (A2) (ref. 13).

The solution to equation (A2) is obtained by using two levels of iteration. The inner
iteration consists of solving (A2) using fixed values of p based on the previous inner
iteration. The inner iteration is successive overrelaxation using an optimum overrelaxa -
tion factor 2, as described in reference 5 (p. 77). The iterative procedure is given by

i-1 n
m+l _ m m+1 m m
uy =u +9 |- z ai].u]. - z ai].u]. +ki'ui
j=1 j=i+1

for i=1,2, .. ., n (A8)

where  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 (A7). The u;) are the initial es-
timates of the uy and are obtained from the previous inner iteration. The optimum
value of © can be determined as described in reference 5, appendix B. The optimum
value of @ will vary slightly each time the coefficients are corrected; however, the

change is usually small, and it has been adequate to use the same overrelaxation factor
for the entire calculation.
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APPENDIX B

NUMERICAL TECHNIQUES USED IN PROGRAM
Calculation of Velocity and Density

When the stream function u has been calculated, it is possible to then calculate the
derivatives du/om and 0u/36 by numerical techniques. Then, with equations (2) and (3),
and since W2 = Wrzn + Wg, values for pW can be calculated. It is assumed that the
valuesof w, A, r, v, c_, Ti'n’ and pi'n are all fixed and known. Then p, and hence
pW, is a function of W. The product pW has its maximum value when W =W, .. If pW
is less than this maximum value, there are two values of W which will give this value of
pW, one being subsonic and the other supersonic. It is desired to find the subsonic value
of W corresponding to the given value of pW. The method used in Newton's method,
which converges quadratically.

It is necessary to express pW as a function of W. Since

v2 - w2 s 20 - (wr)2
we have
2 _ 2
T _1_.W +202 - (wr) (B1)
1 1]
Tin 2 cpTin
With the assumption of isentropic flow
1
-1
Pin Tin
hence,
1
9 9 v -1
oW =pr |1 - W +22w)\ -' (wr) W (B3)
CpTin
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For Newton's method, the derivative with respect to W is needed,

2-y 1
2 (] -1 ')’-1
d(ew) _ _ WoPin 1 - W2 + 2wA - (wr)2 +or 1 - W2 + 2w - (wr)2 (B4)
in \
dw yRT{n 2 cpT{n 2 cpTin
Suppose that (pw)giv is a given value of pW. A first estimate of W is
(W)
0= __8v (B5)
1
Pin
Then, using Newton's method,
(PW) ;. - P(W )W
W =W+ glv nn n=0,1, 2, ... (B6)
d(pW) '
dw _
W—Wn

Since the convergence is quadratic only a few iterations are needed and the relative
change in Wn is an excellent measure of the relative error in Wn‘ If an estimate for

W is available from a previous iteration, then this value is used for W0 instead of
using equation (B5). The algorithm given by equation (B6) is done by subroutine DENSTY.

Calculation of A

The input information for the program determines the value of A = (rVe) . The
in
value of (pW)in can be calculated by

(oW),,, = w (B7)
TinSPjn €08 By

since there is assumed to be uniform flow across AH. The value of W can be estimated
by dividing this value of (pW)in by Pin- Then A can be estimated by

A= rin(win sin Bin + wrin) (B8)
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and from this a better value of p is calculated by

1
2 -1
_ W+ 2w - (wr)2 (B9)

2 cpTin

p = Pipt

Use of this value of p gives a better estimate of the value of W, and then iteration can
be used with equations (B8) and (B9) until there is a negligible change in p. This cal-
culation also gives the value of W along AH. These calculations are performed in
INPUT, after reading all input cards.

Calculation of Wcr

For reference the critical relative velocity W er is calculated at blade leading and
trailing edges. This is given by

2 2vR
w._ =27 (B10)
cr v+1
where
2w - (wr)2
T'" = Tin - = =7 (B11)
2 cp

This calculation is performed by COEF after reading the input cards.

Calculation of Maximum Value of Mass Flow Parameter pW

The mass flow parameter pW attains its maximum value when W = Wcr' For ref-
erence, the maximum values of pW along AH and along DE are computed by the pro-
gram. The maximum value of pW is calculated by

1
v-1
w2 +20n - (wr)2

At r
(pw)max = Pin 1- 2¢ T! Wer (B12)

p in
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U

where W, . is calculated by equations (B10) and (B11).

Calculation of B at Leading and Trailing Edges

If the radius r or streamsheet thickness b is not constant, 8 may change for free-
stream conditions. At the inlet, the hypothetical freestream angle 8 may be calculated
by

2
tan g = - @) g (B13)
w

Equation (B13) may be derived from the following relations for uniform flow in the
8 direction:

WQ ~
tan 8 = —Z
Wm
WG = VG - wr
>- (B14)
A= rVG
w_ =Y
m - sbrs J

At the exit rV9 is constant (#)) and the other relations in equation (B14) hold. Using
this gives

tan B, P w(rf - r2)ps
tan B = LY " b (B15)
by \Px w

for the freestream angle S where * denotes values at some reference coordinate of
m=m,.

Equation (B15) may be used at either inlet or outlet to calculate Bi n Or Bout‘ In the
program, equation (B13) is used to calculate the freestream angle B at the leading edge
BG, and equation (B15) is used to calculate the freestream angle B at the trailing edge
CF. 1In the program Pi, is usedfor p in equation (B13) and Pout 1S used in equa-
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tion (B15) since there is little change in density in the freestream region.

Equation for Leading- and Trailing-Edge Radii

The equation for the leading- and trailing-edge radii is needed. If the radius r were

constant,
(m - m,)2 + r2( - 6,)?% = R? (B16) \

where R is the leading- or trailing-edge radius and (m, , 0, ) are the coordinates of the
center of the radius. Since r changes by a relatively small amount on this circle, it
was deemed adequate to use this equation with r taken at the leading or trailing edge.
Equation (B16) is used by the program to calculate coordinates on the leading- and
trailing-edge radii. It is also used to calculate the points of tangency to the spline curves
describing the rest of the blade surfaces, and to calculate slopes on the leading- and

trailing-edge radii.

Calculation of Surface Length

It is often desired to plot the velocities as a function of blade surface length. For
convenience, the approximate blade surface length is calculated by the program. The
calculation is based on straight line distances between each vertical grid line on the blade
surface. If h A is the spacing between vertical grid lines, ry the radius at the ith ver-

tical grid line, and 91 the coordinate of the ith vertical grid line, the surface length Sn

to the nth grid line is approximately

n

2
Ir. +I.
s, = hi + (9i - 91_1)2 <1_21_+1> (B17)

i=2

This may be in error near the leading or trailing edge, but is quite accurate over most of

the blade surfaces.
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