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COMPUTER PROGRAM FOR DESIGN OF TWO-DIMENSIONAL SHARP-EDGED -THROAT
SUPERSONIC NOZZLE WITH BOUNDARY -LAYER CORRECTION
by Louis J. Goldman and Michael R. Vanco

Lewis Research Center

SUMMARY

A FORTRAN IV computer program is presented for the design of sharp-edged-
throat supersonic nozzles where losses are accounted for by correcting the ideal nozzle
geometry for boundary-layer displacement thickness. The ideal nozzle is designed by
the method of characteristics. Boundary-layer parameters are calculated by Cohen and
Reshotko's method for laminar flow and by Sasman and Cresci's method for turbulent
flow. The final nozzle geometry is then obtained by adding the displacement thicknesses
to the ideal nozzle coordinates. The program is essentially a modified combination of
two programs presented previously.

The computer program input consists primarily of the exit Mach number, specific
heat ratio, and total flow conditions. The program output gives the corrected nozzle
geometry. An example of the output is included to indicate the use of the program.

INTRODUCTION

Methods for the design of supersonic turbines for possible use in turbopump and
open-cycle auxiliary power systems where high-energy fluids are used and high pres-
sure ratios are available have recently become of interest. The method of character-
istics as applied to the two-dimensional isentropic flow of a perfect gas can be used for
the design of the supersonic blading. Computer programs for the isentropic design of
two-dimensional supersonic nozzles and rotor blade sections have been described in
reference 1 and 2, respectively. The design of blading by these procedures must then
be supplemented by a knowledge of the losses that occur in the nozzle and rotor.

The purpose of this report is to present a computer program for the design of
sharp-edged-throat supersonic nozzles where losses are accounted for by correcting
the ideal nozzle geometry for boundary-layer displacement thickness. The ideal nozzle



geometry is obtained using the computer program described in reference 1. Boundary-
layer parameters are calculated using the computer program described in reference 3.
The final nozzle geometry is then obtained by adding the displacement thicknesses to the
ideal nozzle coordinates. The program described herein is essentially a modified com-~
bination of the two programs presented in references 1 and 3.

The boundary-layer parameters are also used to calculate the conditions downstream
of the nozzle after the flow has mixed to a uniform state. The procedure described in
reference 4 is used for this purpose.

In this report, a description of the input and output and a complete FORTRAN IV
listing of the program are presented. A brief description of the computer program and
method of design are also given. An example of the output is included to indicate the
use of the program.

METHOD OF ANALYSIS

The design of sharp-edged-throat supersonic nozzles where losses are accounted
for by correcting the ideal nozzle geometry for boundary-layer displacement thickness
is described herein. This type of ideal nozzle is desirable since it produces uniform
parallel flow at the exit in the smallest possible distance. The ideal symmetric nozzle
is designed by the method of characteristics as applied to the isentropic flow of a per-
fect gas. The boundary-layer parameters (displacement and momentum thicknesses)
are then calculated for the ideal nozzles. The final nozzle geometry is obtained by
adding the displacement thicknesses to the ideal nozzle coordinates. In addition, the
boundary-layer parameters are used to calculate the aftermixing conditions downstream
of the nozzle assuming the flow mixes to a uniform state.

Nozzle Description

A typical supersonic turbine nozzle, as seen in figure 1, consists of three sections:
(1) a converging (subsonic) section, (2) a diverging (supersonic) section, and (3) a
straight section on the suction surface. The converging section produces the flow turn-
ing with little losses and is not designed by the program. The diverging section accel-
erates the flow to the desired free-stream Mach number at the exit. This section is
designed by the method of characteristics using the program described in reference 1.
The straight section on the suction surface completes the nozzle profile, and its length
is determined by the required nozzle angle (see fig. 1).
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Figure 1. - Design of supersonic nozzle with sharp-edged throat.



Boundary-Layer Calculations

The boundary-layer parameters (displacement and momentum thicknesses) are
calculated for the ideal nozzle using the computer program described in reference 3.
The program uses Cohen and Reshotko's method (ref. 5) for the calculation of laminar
boundary layers and Sasman and Cresci's method (ref. 6) for turbulent boundary layers.
Curvature effects are not considered in these calculations.

In the laminar regime, a single ordinary differential equation (the momentum inte-
gral equation) is solved numerically. As explained in reference 5, the results have to
be extended for flows in highly favorable pressure gradients as would occur in a nozzle.
For turbulent flow, coupled first-order ordinary differential equations (the momentum
and moment-of-momentum integral equations) are solved using Runge-Kutta techniques.
Transition from laminar to turbulent flow, if it occurs, is predicted by the program.

The displacement thicknesses obtained from the program are then added to the ideal
nozzle coordinates to obtain the final nozzle profile. Figure 1 shows a nozzle designed
in this manner. The dashed line represents the ideal nozzle profile.

Aftermixing Conditions

The boundary-layer parameters (displacement and momentum thickness) at the noz-
zle exit are also used to calculate the aftermixing conditions by the method given by
Stewart in reference 4. In this loss model, the flow sufficiently downstream of the blade
row is assumed to be mixed to a uniform condition. Application of the continuity,
momentum, and energy equations between stations 1 and 2 (fig. 1) results in the deter-
mination of the aftermixing conditions.

Subsonic and supersonic aftermixing axial Mach number solutions are possible for
this loss model when the free-stream axial Mach number at the nozzle exit (before mix-
ing) is supersonic. The subsonic solution corresponds to mixing plus oblique shock
losses, whereas the supersonic solution corresponds to shockless mixing. A more de-
tailed discussion of the different solutions can be found in reference 7.

DESCRIPTION OF INPUT

A description of the input for the FORTRAN IV computer program is given in this
section. The input quantities consist essentially of the nozzle-exit Mach number,
specific-heat ratio, nozzle angle, throat half-height, nozzle subsonic section coordin-
ates and corresponding pressure ratios, total temperature, total pressure, gas constant,
and initial momentum or displacement thickness. The program gas properties are set
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up for air. For gases other than air the changes required to the program are as de-
scribed in appendix A.
The input format is shown in table I. The input variables are the following:

ME nozzle-exit Mach number

DV increment in flow turning (recommended value, 0.1), deg

GAM specific-heat ratio

NP nozzle coordinate printout indicator for supersonic section (e.g., if NP =

10, every tenth coordinate is printed out; it should also be noted that for
any value of NP, the last coordinate is always printed out, and NP must
be an integer and right adjusted)

NS number of input points for nozzle inlet including the throat (must have at
least one point, the throat point)

ALP1 nozzle angle measured from tangential direction, deg, see fig. 1
YTH throat half-height, m (ft)
XCP array of X-coordinates of nozzle subsonic section (based on throat half-

height of unity)

YCP array of Y-coordinates of nozzle subsonic section (based on throat half-
height of unity)

PSPT array of static to total pressure ratios corresponding to the nozzle subsonic
section coordinates XCP and YCP

R gas constant, J/(kg)(K) ((it)(Ibf)/(slug)(°R))

PTZ inlet or upstream total pressure, N/m2 (lbf/ftz)

TTZ inlet or upstream total temperature, K (°R)

UPMACH inlet or upstream Mach number

NVP integer number of points desired in velocity profile of boundary layer at
each station (must have at least 1)

NTURB integer number of station, if any, at which user wishes turbulent boundary
layer to begin (NTURB is usually zero, allowing the program to calculate
position of transition to turbulent boundary layer; if NTURB =1, initial
values must be given for DTURB and TTURB)



KEM

DLAM

TLAM

DTURB
TTURB
KPRE

KGRAD
KSDE
KLAM
KMAIN
KPROFi

TE

+

integer (0 or 1) indicating which of two allowable sets of units are used in
input:
U.S. Customary (Ibf, slugs, ft, sec, °R, and ft-1b) . . . . . .0
International System (N, kg, m, sec, K, andJ). . . . . . . .1

initial displacement thickness, if any, of laminar boundary layer at first
point, m (ft) (DLAM may be zero, the stagnation point, or have some
finite value)

initial momentum thickness, if any, of laminar boundary layer at first point,
m (ft) (TLAM may be zero, or have some finite value)

initial displacement thickness, if any, of turbulent boundary layer, m (ft)
initial momentum thickness, if any, of turbulent boundary layer, m (ft)

integer (0 or 1) indicating whether printing of output from PRECAL is
desired:

Output suppressed . . . . . . . . . « « + « ¢« v o . .. ..0

Output printed. . . . . . . . . . . . . . . ... .01

integer (0 or 1, see KPRE) indicating whether printing of surface gradients
of velocity and Mach number is desired

integer (0 or 1, see KPRE) indicating whether printing of solutions of lami-
nar and turbulent differential equations is desired

integer (0 or 1, see KPRE) indicating whether printing of laminar calcula-
tions for location of instability and transition is desired

integer (0 or 1, see KPRE) indicating whether printing of principal calcula-
ted boundary-layer parameters is desired

integer (0 or 1, see KPRE) indicating whether printing of velocity profiles
is desired

thickness of trailing edge, m (ft)



TABLE I, - INPUT FORM

[Numbers in corners are card column numbers. ]

1 6|1 1213 18| 20| 22|23 28 |29 38
ME DV GAM NP [NS [ ALPIL YTH
10 20 30 40
XCP YCP PSPT
10 20 30 40 | -
R PTZ TTZ UPMACH :
5 | 10 15
NVP NTURB KEM
10 20 30 40
DLAM TLAM DTURB TTURB
5 10 15 20 25 30
KPRE |KGRAD KSDE KLAM | KMAIN | KPROF
6
TE

SPECIAL INSTRUCTIONS FOR PREPARING INPUT
Subsonic Section

For this program, the subsonic section of the nozzle is used to determine the
boundary-layer parameters at the throat. If the displacement thickness or momentum
thickness at the throat is known, it is put in as input, DLAM or TLAM. Then; only one
point is required for the subsonic section, the throat point. At this point, X=0, Y = 1.0,
and PSPT equals the static to total pressure ratio at Mach 1.

If the boundary-layer parameters are not known, a subsonic section is put in. Fig-



Subsonic section

Inlet - - X

Figure 2. - Coordinate system for geometry input. All coordinates referenced to throat
half-height of unity.

ure 2 shows an example subsonic section with the required coordinate system. The sub-
sonic section must be symmetrical because only one surface is used, and the X-Y
coordinates must be referenced to a throat half-height of unity. Also, along with coor-
dinates, the static to total pressure ratio (PSPT) at each point is needed.

Output

Usually KPRE, KGRAD, KSDE, KLAM, and KPROF are set equal to zero. They
do not give the main output of the boundary-layer section. However, if this additional
output is desired, these quantities are set equal to 1. A description of this output is
given in appendix B.

DESCRIPTION OF MAIN OUTPUT

An example of the output from the program is shown in table II. This output is in
U.S. Customary units. Each section of the output has been numbered to correspond to
the following description:

(1) The first output of the program is the input values specified for the design of
the ideal (or loss-free) supersonic nozzle except for VE, the Prandtl-Meyer angle cor-
responding to the exit Mach number, ME. This output, also, contains the nozzle sub-
sonic section coordinates.

(2) Output 2 gives a table of the coordinates (X and Y) of the supersonic portion of
the ideal nozzle based on a throat half-height of unity together with the corresponding
Mach number (M) and total to static pressure ratio (PTPS).
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(3) Output 3 gives the input to the boundary-layer program. The first three lines of

this output are a listing of the input data except for NST, which is the total number of

points.

The remaining output is the nozzle coordinates for the suction surface which

contains 10 points on the straight section:

X X-coordinate, m (ft)
Y Y-coordinate, m (ft)
POPTZ static to total pressure ratio corresponding to X and Y

TWAL

wall temperature, K (°R) (wéll temperatures are assumed equal to total

temperature, TTZ)

(4) Output 4 lists the properties calculated for the upstream conditions:

PSZ
TSZ

UZ

ASZ (ATZ)

RHSZ (RHTZ)

MUSZ (MUTZ)

NUSZ (NUTZ)

cp
PR
TC
ARCL

upstream static pressure, N/m2 (1b/ft2)
upstream static temperature, K (°R)
upstream velocity, m/sec (ft/sec)

speed of sound based on upstream static (total) temperature, m/sec
(ft/sec)

static (total) density based on upstream static (total) temperature,
kg/m® (slug/ttd)

dynamic viscosity based on upstream static (total) temperature, (N)
(sec)/m? ((Ibf)(sec)/it2)

kinematic viscosity based on upstream static (total) temperature,
mz/sec (ftz/see)

specific heat at constant pressure, J/(kg)(X) ((ft)(Ibf)/(slug)(CR))
Prandtl number
thermal conductivity, J/(m)(sec)(K) ((ft)(lbf)/(it)(sec)(°R))

total distance along surface in x-direction, m (ft)

The next part of this output gives the variables describing the flow along the surface:

PRES  static pressure, N/m? (Ibf/ft%)

UE free-stream velocity, m/sec (ft/sec)

ME free-stream Mach number

POPTZ static to total pressure ratio

VOVCR ratio of the velocity to the critical velocity

(5) Output 5 corresponds to KMAIN. It indicates the regions of laminar and turbu-



lent boundary layers, and the stations at which instability, transition, and separation
occur. It gives all the principal boundary-layer output parameters:

X X-coordinate, m (ft)

S surface length, m (ft)

DELSR displacement thickness, m (ft)

THET momentum thickness, m (ft)

DELTA boundary-layer thickness, m (ft)

FORM compressible form factor

FORMI incompressible form factor

The next part of this output gives the skin-friction and heat-transfer parameters:
CF skin-friction coefficient at the wall

TAUW  shear stress at the wall, N/m? (1bf /%)

RTH momentum-thickness Reynolds number

DTDY slope of temperature profile at the wall, K/m (°R/it)

NUSS - local Nusselt number

HTRAN heat transfer per unit area, J /(sec)(mz) ((£t) (1f) /(sec)(ftz))

CRN Reynolds analogy parameter .

(6) Output 6 lists the aftermixing properties. Variable names ending in 0 refer to
the upstream station, those ending in 1 refer to the nozzle exit (before mixing), and
those ending in 2 refer to the mixed conditions downstream of the nozzle. The output
consists of nozzle exit free-stream Mach number (XMFS1), nozzle exit spacing
(SPACING) in meters (ft), trailing-edge thickness (TE) in meters (ft), Mach numbers
(XM1 and XM2), axial Mach numbers (XMX1 and XMX2), critical velocity ratios
(V/VCRI1 and V/VCR2), flow angles measured from axial direction (ALPHI and ALPH2)
in degrees, total to total pressure (PT2/PT0), total to static pressure ratio (PT0/P2),
static to total temperature ratio (T2/TT0), nozzle kinetic energy loss coefficient
(EBAR2), and nozzle efficiency (ETA-N). For the case with boundary-layer correction,
the displacement thickness (DELSR) and the momentum thickness (THET) on the suction
surface calculated in AFMIX are printed out. The (N+2) values were used in calculating
the aftermixing properties. These values were calculated because the length of the
straight section on the suction surface increases when the boundary-layer correction is
added and a constant nozzle angle is desired.

(7) The final output 7 lists the coordinates of the supersonic portion of the nozzle
corrected for the boundary-layer displacement thickness. The values of the nozzle
coordinates (X and Y) are with the nozzle axis axial, while XTU, YTU, XTL, and YTL
are the coordinates of suction and pressure surfaces, respectively, with the axis at the
nozzle flow angle (see fig. 1).
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TABLE II. - SAMPLE OUTPUT

TWO DIMENSIONAL SUPERSONIC NOZZLE WITH A SHARP-EDGED THROAT

(ve t  19.999 ME = 1.770 GAMMA = 1,390 DELTA Vv =0.10000 YTH = 0.11000E-01 ALPL = 20.000
'SUBSCNIC SECTION {INPUT)
% Y PSPT
0. 5.82180 0.99303
¥0.19990 4,18240 0.98640
14.6727¢ 3.45350 0.98003
F7.78360 2.96350 0.97250
20.06510 2.59680 0.96383
19 22.29440 2.23850 0.950560
23,55990 2.03510 0.93947
25.422CC 1.73580 0.91433
26.3285C 1.59010 0.89562
27.20830 1.44870 0.87027
27.88580 1.33980 0.84302
28.9697C 1.16560 0.77164
29.57630 1.06810 0469507
29.87120 1.02070 0.62351
_ 30.coc0c 1.00000 0.52828
C SUPERSCNIC SECTION
X Y M PTPS
0. 1.00000 1.000C0 1.8868924
1.12958 1.19752 1.44655 3.3859348
1.34182 1.23233 1.46352 3.4692084
1.50189 1.25713 1.48044 3.5546543
1.64C83 1.27741 1.49731 3.6423670
1.76862 1.29492 1.51414 3.7324436
1.88990 1.31046 1.53095 3.8249831
2.00713 1.32444 1.54773 3.9200864
2.12195 1.33712 1.56450 4.0178579
2{ 2.23541 1.34864 1.58126 4.1184044
L 2.34826 1.35911 1.59801 4.2218362
2.461C8 1.36859 1.61477 4.3282676
2.57430 1.37710 1.63154 4.4378166
2.68829 1.38467 1.64833 445506049
2.86334 1.39130 1.66513 446667590
2.91972 1.39699 1.68196 4.7864097
3.03764 1.40173 1.69881 4.9096938
3.15732 1.40548 1.71570 5.0367521
3.27894 1.40824 1.73262 5.1677312
3.40266 1.40997 1.74958 5.3027837
3.52867 1.41063 1.76659 5.4420699
3,52867 1.41063 1.76659 5.4420699



(44

3~

BCUNDARY LAYER SECTION

. R PTZ 17z
1716.00 12696.00 1010.00
NST NvP NTURSB

45 5 -0
BLANM TLAM DTURB
0.000250 0.000100 ~0.
WMPRE KGRAD KSDE
-0 -0 -0
X Y POPTZ

a. 0.06404 0.993030
0.11220 0.04601 0.986400
6.16140 0.03810 0.980030
0.19562 0.03260 0.972500
0.22072 0.02856 0.963830
0.24524 0.02462 0.950600
0.25916 0.02239 0.939470
0.27964 0.01909 0.914330
0.28961 0.01749 0.895620
0.29929 0.01594 0.870270
0.30674 0.01474 0.843020
0.31867 0.01282 0.T71640
032534 0.01175 0.695070
0.32858 0.01123 0.623510
0.330C0 0,01100 0.529972
0.34243 0.01317 0.295339
0.34478 0.01356 0.288250
0.34652 0.01383 0.281321
0.348C5 0.01405 0.274547
C.34945 0.01424 0.,267921
0.35C79 0.01442 0.261439
6.35208 0.01457 0.255096
C.25334 0.01471 0.24£889
0.35459 0.01484 0.242812
0.35583 0.01495 0.236864

0.35707 0.01505 0.231039

TABLE II. - Continued.

UPMACH
0.

KEM
-0

TTURSB
-0

KLAM KMAIN KPROF
-0 1 -0

TWAL
1010.(000
1010.0000
1010.C000
1010,C000
1010.€000
1010.C000
1010.0000
1010.€000
1010.CC00
1010.C000
1010.0000
1010.€000
1010.0000
1010.C000
1010.CC00
1010.C000
1010.C000
1010.0000
101€.C000
1010.C000
1010.€000
1010.CC00
1010.CC00
1010.C€000
1010.C000
1010.0000

SAMPLE OUTPUT
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PRELIMINARY CALCULATIONS

STAY
'1

VE~NFRDWwn

10

12
I3
4
15
16
17

PSZ
1s2
Uz

ASZ
ATz

RHSZ
RHTZ

MUSZ
MUTRZ

NUSZ
NUTZ

CP
PR
TC
ARCL

ICN

MM

N b

oM

48

12696.00000
1010.0000
0.

1552.1251
1552.1251

0.7325348E~02

0.7325348E

C.6048975E
0.6048975E

~02

~06
~06

0.8257594E~04
0.8257594E~04

] 6115.9999

5 C.66353

= 0.5663117€E~02

= C.4586

PRES UE

12607.50879 155.63106
12522433435 217.65661
12447.46082 264.05568
1234¢€.85986 310.29330
12236.78564 356.43050
1206€.,81750 417.57410
11927.51111 463,.,19551
11608.33362 553.70406
1137€.79150 613.41231
1104€.94788 687.30137
107072.98181 760.24225
979€.T74146 930.96562
8824.60864 1094.82568
791€.08295 1238.37828
6728452344 1419.85098
3745.62912 1892.13937
365¢€.62442 1907.82626

ME
0.100368
0.140501
0.170607
0.200699
0.230830
0.270953
0.301052
04361250
0.401368
0.451530
00501683
0.622016
0.,742300
0.852526
1.00000C0
1.446551
1.463524

POPTZ
0.993030
0.986400
0.980030
0.,972500
€.963830
0.950600
0.939470
0.914330
0.895620
0.870270
C.843020
0.771640
C.695070
0.623510
0.529972
0.295339
0.288250

VOVCR
0.109611
0.153295
0.185974
0.218539
0.251034
0.294097
0.326228
0.389973
0.432026
0.484066
0.535438
0.655678
0.771085
0.872189
1.000000
1.332632
1.343681



4!

TABLE IL. - Continued. SAMPLE OUTPUT

PRINCIPAL BOUNCARY LAYER INFORMATION

INSTABILITY DOES NOT OCCUR

TRANSITION DOES NOT OCCUR

54 SEPARATION DOES NOT OCCUR
LAMINAR BOUNDARY LAYER - STATIONS 1 TO 45
L TURBULENT BOUNDARY LAYER DOES NOT OCCUR
( STATICN X s DELSR
I 0. Qe 0.000243
2 0.,112199 0.113639 0.000250
3 0.161400 0.163471 0.000232
4 0.195620 0.198130 0.000209
5 0.220716 0.223549 0.000188
8 0.245238 0.248386 0.000166
7 0.259159 0.262485 0.000152
8 04279642 0.283231 0.000131
9 0.289613 0.293330 0.000120
10 0.299291 0.303132 0.000110
11 0.206744 0.310681 0.000100
12 0.218667 0.322756 0.000089
5 13 0.225339 0.329515 0.000072
ﬁ 14 0.228583 0.332800 0.000077
15 «330000 0.334235 0.000068
6 0.242425 0.346849 0.000089
17 0.244760 0.349215 0.000096
18 0.246521 0.350997 0.000102
19 0248049 0.352541 0.000107
2¢ 0.249455 0.353960 0.000111
21 0.250789 0.355305 0.000116
22 0.252078 0.356604 0.000120
23 0.253341 0.357874 0.000124
24 0.254590 0.359129 0.000128
2s 0.255831 0.360376 0.000132
2% 0.257072 0.361621 0.000135

L 27 0.258317 0.362870 0.000139

THET
0.000100
0.C00100
0.000092
0.000082
0.€00073
0.000064
0.000058
0.000049
0.000045
0.000040
0.000036
0.000030
€.000024
0.C00021
¢.000018
0.000022
0.C00023
0.€00024
0.000025
0.000026
0.C00026
0.000027
0.C00028
0.000028
C.C00029
0.,000029
0.000030

DELTA
0.000832
0.000921
0.000886
0.000815
0.000740
0.000656
0.000602
0.000520
0.000474
0.000441
0.000385
0.000380
0.000244
0.000412
0.000314
0.000210
0.000230
0.000245
0.000257
0.000268
0.000279
0,000289
0.000298
0.000307
0.000316
0.000324
0.000333

FORM
2.4340
2.5054
2.5356
2.5593
2.5781
2.6032
2.6209
2.6641
2.6907
2.7452
2.7623
2.9886
2.9676
3.6684%4
3.7926
4.0912
421602
4.2218
4.,2789
4.3328
4.,3848
404353
4.4848
45337
4.5822
4.6304
4.6786

FORMI
2.4276
2.4927
2.5167
2.5330
2.5432
2.5549
2.5613
2.5778
2.5839
2.6090
2.5950
2.7218
2.6006
3.1119
3.0408
226696
2.6946
2.,7138
2.7295
2.7426
2,7539
2.7638
2.7727
2.7807
2.7882
2.7951
2.8015
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10

i2
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

35
36
37
38
39

41
42

44

45

CF

Q.

0.0C287
G.0C277
0.0€276
0.0C276
0.0C279
0.0C281
0.0C0290
0.0C293
C.0C311
C.0C300
0.0C€399
C.0C322
0.0C809
C.0C817
0.0C259
0.CC268
0.0C274
0.0C280
0.00284
0.C0C287
0.0C€290
0.0C€291
0.0C293
0.00294
0.0C€295
0.0C€295
0.00295
0.0€295
0.00295
0.0C294
0.0C291
0.0€291
0.0C286
0.0C170
0.0C144
0.0C138
0.0Cl28
0.00119
0.0C112
0.0C107
0.0C€102
0.0C097
0.0C093
¢.0C090

TAUW
0.
0.49111
0.69284
0.94582
1.23823
1.69433
2.07543
2.97685
3.61860
4.67552
5.35578
9, 77562
3.81642

28.34312
31.98068
10.0355%
10.28577
10.45993
10.57238
10.63108
10.65249
10.64292
10. 60644
10.54865
10.47273
10.38160
10.27764
10.16284
10.03898
9.90755
9.76977
9.54961
9.40499
9.13631
5035489
4,53268
4.34516
4.01812
3.75531
3.53813
3.35474
3.19719
3.05994
2.93898
2.83131

RTH
187.2
259.9
287.2
298.9
304.0
305.9
305.2
300.7
296.3
289.5
281.7
259.1
224.3
197.3
162.6
146.8
154.4
158.5
161.2
163.0
164.3
165.3
166,0
166.5
166.8
167.1
167.2
167.2
167.1
167.0
166.9
166.7
166.5
166.2
165.9
184.1
202.1
218.5
233.8
248.2
261.7
274.6
286.9
298,.8
310.1

DTDY

0.
-978.37
-1340.26
-1911.08

-2708.88.

-4098.73
-5445,08
-8772.62
~11754.33
~15313.05
~22139.43
~29728.16
~78886.76
-50701.23
~80457.29
-332898.43
-298177.55
-2764410.61
~256461.62
-242547.11
-231373.06
-222221.00
~214596.34
~208095.97
-202460.90
-197493.29
~193047.90
-189014.53
-185306.65
-181858.09
-178617.79
-172338.05
~168505.05
-173826.39
-250520.49
~-227632.28
-206044.66
~190536.64
-178074.28
~167775.60
~159079.22
-151608.55
-145100.33
-139364.19
-134258.63

NUSS
0.
154.81
207.28
259,42
314.43
385.15
439,44
534,61
604.46
648,22
785,05
730.29
1430.57
725.80
879.94

1 2127.49

1887.17
1717.63
1587.04
1483.79
1399.37
1328.97
1269.22
1217.46
1171.94
1131.32
1094.63
1061.12
1030.23
1001.49
974.57
931.84
903.13
923.69
1320.16
1226.94
1135.38
1072.85
1024.11
985.08
953.16
926.64
904.33
885,35
869.07

HYRAN
0.

-5.5407
-7.5900
-10.8227
~15.3407
-23.2116
-30.8361
-49.6803
-66.5661
~-86.T196
-125.3782
-168.3540
=446,7449
~287.1270
-455.6390
~1885,2427
~1688.6143
-1554.0193
-1452.3721
-1373.5726
~1310.2926
~-1258.4635
=1215,2841
-1178.4717
-1146.5597
~1118.4275
-1093.2528
-1070.4113
-1049.4132
-1029.8836
~1011.5334
~975.9705
~954,2638
~984,3992
~1418.7268
~1289.1082
-1166.8550
-1079.0312
-1008.4554
-950.1328
-900.8842
~-858.5769
-821.7201
~789.2356

CRN
2.799
4862
6050
6.806
T7.221
7.650
T.824
80327
8,369
9.300
8,151

13.567
6.038
30.681
25,012
2.528
2.917
3,249
3.542
3.795
4.017
42210
4376
4.521
40646
4.754
4.848
40929
44999
5.060
5.113
5.213
5.283
5.006
2,048
1.908
2.021
2.021
2.021
2.021
2.021
2,021
2.021
2.021
2.021
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TABLE II. - Concluded. SAMPLE OUTPUT

TERMIXING PROPERTIES

NCZZLE WITH NO BOUNDARY LAYER CORRECTION

XMFS1 =1.7€666

ALPH1s5 70.001

SPACING

ALPH2=

=.090740 TE =0.

70.241 PT2/PT0= 0.9861

XM2 =1.7532

PTO/P2=

NGZZLE WITH BOUNCARY LAYER CORRECTION

XMFS1 =1.7€66

ALPH13 69.999

SPACING

ALPH2=

=.092147 TE =0.

70.237 PT2/PT0= 0.9862

XM2 =1.7533

PTQ/P2=

V/VCRY = 1.523

XMX1 = 0.604 XMX2 = 0,593

5407 T2/TTO0= 0.6253 V/VCR2= 1.515 EBAR2=0.00651

V/VCR1 = 1.523

XMX1 = 0.604 XMX2 = 0.593

5.407 T2/710= 0.6252 V/VCR2= 1.516 EBAR2=0.00643

DELSR(N¥1) =0.C00315 DELSR(N+2) =0.000315 THET(N+1) =0.000065 THET(N+2)

=0.000065

ETA-N=0,9935

ETA-N=0.9336
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NOZZLE COORDINATES SUPERSONIC SECTION

NCZZLE WITH BOUNDARY LAYER CORRECTION

X

0.

04012425
C.014760
C.016521
C.018049
C.019455
0.020789
€.022078
C.023341
€.024590
C.025831
€.027C72
C.028317
C.029571
G.030837
0.032117
0.033414
0.034721
0.036068
C.037429
0.038815
C.047342
€.055869
0.064396
C.072922
0.081449
€.089976
€.098503
0107030
0.I15556
0.124083
0.125000
0<125405

A\
0.011068
0.013261
0.013652
0.013931
€.014159
0.014356
©.014531
0.014689
0.014832
0.014963
€.015082
0.015190
0.015288
0.015375
0.015452
0.015519
€.015575
0.015621
€.015656
0.015679
0.015685
0.015703
0.015721
0.015738
0.015753
0.015768
0.015782
0.015795
0.015807
0.015819
0.015830
€.015832
0.015832

XTu
-0.010400
-0,008211
=0.007780
-0.007439
-0,007131
-0.006835
-0.006543
-0.006251
~0.005953
~0.005649
-0.005337
-0.005014
~0.004680
-0.004333
-0.003972
~0.003597
-0.,003207
-0.002759
~0.002375
~0.001931
~0.001462

0.001438
0.004337
0.007238
0.010140
0.013043
0.015946
0.018851
0.021756
0.024661
0.027567
0.027879
0.028017

YTU
0.003786
0.016212
0.018539
0.020289
0.021803
0.023192
0.0245C5
0.025771
0.027007
0.028224
0.029422
0.030635
0.031838
0.033046
0.034262
0.035488
0.036726
0.037979
0.039248
0.040535
0.041839
0.049858
0.0578176
0.065855
0.073912
0.081930
0.089947
0.097964
0.105981
0.113997
0.122013
0.122875
0.123256

XTL
0.010400
0.016712
0.017877
0.018741
0.019478
0.02Cl44
0.020765
0.021354
0.021921
0.022471
0.023007
0.023534
0.024051
0.024562
0.025068
0.025568
0.026065
0.026558
0.027049
0.027536
0.028015

-0.00C000
-0.000000
-0.000000
-0.000000
~0.000000
-0.000000
-0.000000
-0.0C0000
-0.00C000
-0.000000
~0.00C000
-0.000000

YTL
~0.003786
0.007140
0.009200
0.010759
0.012118
0.013371
0.014565
0.015723
0.016860
0.017988
0.019114
0.020243
0.021380
0.022529
0.023691
0.024871
0.026071
0.027292
0.028538
0.029809
0.031109
-0.000000
-0.000000
-0.000000
-0.000000
-0.000000
-0.000000
-0.000000
-0.000000
-0.000000
-0.000000
-0.000000
~0.000000



PROGRAM DESCRIPTION

The program SSN is divided into two main parts, subroutines NOZZL and BL. This
division was necessary because of the storage requirements of the IBM '7094/7044 direct
coupled system which has a 32 768 word core (77777 8). An overlay system was used
with SSN as the common link between NOZZL and BL. NOZZL requires 51216(8) words
of storage and BL requires 43535(8) words of storage. SSN uses 1413 4(8) words of
storage. All quantities calculated in NOZZL and needed by BL are stored in SSN
through two common blocks and the CALL statement.

Subroutine NOZZL

This subroutine designs a loss~-free supersonic nozzle by the method of character-
istics. The description of the method, program, and main dictionary of variables is
given in reference 1. The length of the straight section on the suction surface of the
nozzle is determined by the nozzle angle.

The calling sequence for NOZZL is as follows:

CALL NOZZL(X, Y, POPTZ, SP; NST, NCP, ALP1, GAM, NSP)

where
X X-coordinate of nozzle contour point (output)
Y Y-coordinate of nozzle contour point (output)

POPTZ static to total pressure ratio (output)

SP spacing (output)

NST total number of points (output)

NCP number of points excluding the ten points for the straight section (output)
ALP1 nozzle flow angle at station 1, measured from tangential direction (output)
GAM specific heat ratio (output)

NSP number of subsonic points including throat point (output)

18



The program variables for NOZZL that are not in reference 1 are

C chord based on throat half-height of unity
CH chord, m (ft)
M Mach number

PSPT (NC) static to total pressure ratio at a contour point
PTPS (NC) total to static pressure ratio at a contour point
S spacing, m (ft)

Z length of straight section, m (ft)

Subroutine BL

This subroutine calculates the boundary-layer characteristics, mixing losses, and
corrected nozzle contour. The major subroutines for BL are INPUT, PRECAL,
LAMNAR, TURBLN, PROFIL, AFMIX, and NOZZLC. These, in turn, call several
other subroutines. All these subroutines and their relation are shown in figure 3.

— BL —

l'(N—P%T_I ﬁ’RECALW {AMNAR]  [TURBLN]  [PROFIL]  [ammix]  [nozziE]
ROOT iRUNKUTI
wz)
| LGRNGE]

FUNCT
LGRNGE

|CURVFT|

Figure 3. - Calling relation of BL subroutines.

Subroutines INPUT, PRECAL, LAMNAR, TURBLN, and PROFIL. - These subrou~
tines and their auxiliary subroutines shown in figure 3 calculate the boundary-layer
characteristics. The methods used for calculating the boundary-layer characteristics

and the program description are given in reference 3.

Since a highly favorable pressure gradient exists, the range of the equations of ref-
erence 5 was extended by the method given in reference 5. These changes were made in
LAMNAR and are for SW (temperature function at the wall) = 0. The changes are noted
in the program with comment cards. Two curve fit ranges were also extended. RCRIT
and DIFF were extended as follows:
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RCRIT = 8.3163, when SHAPK is greater than 0. 07
DIFF = 44 000 KBAR + 700, when KBAR is greater than 0. 03

Subroutine AFMIX. - Subroutine AFMIX takes the boundary-layer parameters and
free-stream conditions at the nozzle exit and calculates the aftermixing conditions by
the method given in reference 4. In this loss model, the flow sufficiently downstream of
the blade row is assumed to be mixed to a uniform condition. The aftermixing condi-
tions are calculated for two cases - nozzle without boundary-layer correction, and noz-
zle with boundary-layer correction.

For the case with no boundary-layer correction, the displacement and momentum
thicknesses on the suction and pressure surface and the free-stream conditions at noz-
zle exit (station 1) are used to calculate the aftermixing conditions (station 2).

e 7 AZ
P

Xy = Xpp)

/ As 90 + FA—\\

(Bpsy - ) [ AS

l.al

—
—— e e

7
Loss-free nozzie—

Figure 4. - Quantities required for suction surface calculations at nozzle exit.

For the case with boundary-layer correction, the displacement and momentum
thicknesses on the suction surface at the nozzle exit must be calculated. When the dis-
placement thickness is added to the nozzle profile, the length of straight section on the
suction surface must be increased to keep the nozzle angle constant. Therefore, from
figure 4,

Z = Z(an + 5np) tan ay (1)
The change in length of straight section is

AZ =7 - (X - X

o) @)

The coordinates of the straight section at this point are

20



Xn+1' = Xn + AZ (33,)

Y

n+l = an (3D)

The increase in momentum thickness and displacement thickness is approximately linear
with distance on the straight section. Therefore, the displacement angle is

Oh = Op-2
FA = arctan (——————— (4)
Sp = Sp-2
The displacement thickness is
6n+1 = 5n + AZ tan FA (5)
Similarly,
6 -0
FA = arctan [-2— B2 (6)
Sp = Sp-2
Therefore, the momentum thickness is
6,,1 = 0, + AZ tan FA9 (1)

As can be seen from figure 4, the length of the straight section has to be increased fur-
ther to account for the boundary-layer addition. The angle at the nozzle exit at suction
surface is

f6) 0
Q. = 180" - oy - (90" + FA) (8)
From the law of sines

0 -6n

As n+1 p

sin (90 + FA) " sin @

w

The change in spacing is
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in (90 + FA)
As = (6., -6 )Sin(90+ FA) 9)
n+1 np sin a
w
The corrected spacing is
S, =8+ As (10)
The change in axial length is
i NN (11)
Z, = 6 -0 cos FA 11
£ sin ag nonp

Therefore, the displacement and momentum thicknesses on the suction surface at the
nozzle exit are

) =0 4+ AZf tan FA (12)

n+2

6,9 =0,,1+AZ tan FA (13)

n+2

The coordinates of the straight section at this point are

X

n+2 = a1 * A% (142)

Y

n+2 - an (14D)

These values of the displacement and momentum thicknesses are used for the suction
surface in the calculation of the mixing losses.

The calling sequence for AFMIX is

CALL AFMIX (ALPH1, TE, SP, ME(NST), NP)

where

ALPH1 nozzle flow angle at station 1, measured from axial direction (input)
TE trailing-edge thickness (input)

SP spacing (input)

ME(NST) free-stream Mach number at nozzle exit, statipn 1

22



NP

number of points to end of bell portion of the nozzle (last point on pressure

surface)

The program variables for AFMIX are

A

Al
AFS1
ALPH1
ALPW
C

D

DELP
DELS
DELSR
DELSRT
DELZ
DELZF
DENCH
DENSRI1
DENSR2
DS

DF

DTE
EBAR
ETAN
FA
FAMT
GAM
KODE

NP

1-06% -5, -6

1-08% -6,

eq. (B4) of ref. 4

see input

o fig. 4

eq. (C16) of ref. 4

eq. (C18) of ref. 4

displacement thickness on pressure surface
displacement thickness on suction surface
displacement thickness

5*, eq. (18a) of ref. 4

AZ
AZ

t
part of eq. (C21) of ref. 4

(/P%)

eq. (C21) of ref. 4
change in spacing, As
change in surface length
éte’ eq. (1) of ref. 4

nozzle kinetic energy loss coefficient, eq. (24) of ref. 4
nozzle efficiency

displacement thickness angle, eq. (4)

momentum thickness angle, eq. (6)

specific heat ratio

program control for different solutions

NST

see input
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PR2 (p/p")y

PT2PTO eq. (C22) of ref. 4

PTOP2 p:)/pz

SP spacing, s

THET momentum thickness

THETA 6*, eq. (18b) of ref. 4

THETS momentum thickness on suction surface
THETP momentum thickness on pressure surface

VXVCR2 ratio of axial velocity to critical velocity at station 2, eq. (C20) of ref. 4

XX § cos ay

XXX X-coordinate

YYY Y-coordinate

Z Z, length of straight section

Subroutine NOZZLC. - This subroutine calculates the corrected supersonic nozzle
coordinates by adding the displacement thickness to the ideal nozzle coordinates. The
coordinates are calculated for the nozzle with the nozzle axis horizontal. The coordi-
nates are also calculated for the nozzle with the nozzle axis at the nozzle angle.

The calling sequence for NOZZLC is

CALL NOZZLC (NSP, ALPH1, NP)

where

NSP number of subsonic points including throat point

ALPH1 nozzle angle

NP last point on pressure surface

The program variables are

XSUB  length of subsonic portion, m (ft)

XXT X-coordinate of the suction surface (nozzle axis at nozzle angle), m (ft)
XXTL X-coordinate of pressure surface (axis at angle), m (ft)

XXX X-coordinate (nozzle axis horizontal), m (ft)

YYC Y-coordinate of suction surface (axis horizontal), m (ft)

YYCL Y-coordinate of pressure surface (axis horizontal), m (ft)
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YYT Y-coordinate suction surface (axis at angle), m (ft)

YYTL  Y-coordinate pressure surface (axis at angle), m (ft)

PROGRAM LISTING

$IRFTC SSN DECK

G SUPERSONIC WUZ7LE
COMMONZCL/ GAMeR PTZLeTTZ +UPMACAH «NST ¢y NVP s NTURBs KPVMsKEM, KSMT Hy
IKSPLNoKLE«KATCHsCTHET yDLAMTLAM.DTURBs TTURByKPREsKGRAD+ KSDE +KLAM,
PKMAINSKPRUF+X{100)+Y{106) PRES (160) sUE(100) +ME{1D0)POPTZ(1D30)
AVOVER{1GO )« TWAL{10G)
COMMON/ZC?2/PSZeTSZoUZ2AST o ATZ9sRHSZoRHTZ MUSZ o MUTZ 9 NUSZoNITZsCPy
IPR. TCo.ARLL
REAL ME

i CALL NUZTZLEX+YsPUPTZoSP oNST oNZ PoALPLGAMe NSP)
CALL BLUSP+NCP .ALP1.NSP)
60 Tu 1
END

$IBFTC NOZZ7LE DECK

SUBROUTINE NOZZLIXLP+YCLP+PSPT2S +NUP«NCP2ALPL GAMsNS)

. Twi) DIMENSIONAL SUPEKSUGNIC NUZZLE wWITH A SHARP-EDGED THROAT
DIMENSION XC (15000 YL {1500) +PAL{150C) 4 UL(3)30)+M(320014,
IX(1500:2) s Y{1500:2)s PTPSL30G0) +XCP(100)sYCPLL00) »PSPT(12D)
REAL MoML o MEMECMT

4 READ(95¢3) ME DVeGAMeNPoNSALPL JYTH
3 FORMAT{3F6 0342120 £03:F1005)

READL(S VU XCPL{TI)YLPIT)sPSPT{I)sI=14NS)
9 FORMAT{3F10.1)

NCP=NS+1

AL Pl=ALPL*.017453 .
VE=SUTI{GAM#FL.0) /{GAM=1.0) ) *ATAN(SQRT ({GAM-1.0)/(GAM+1.3)
1%{MF¥%2-1a0) )} = ATAN(SORT(ME%*%2-1,0G1})

OV= DV¥ (17453

XT=0,0

YT=1.0

MT =1.0

PIPST = ({(AM+1.0)/72. Q0¥ {GAM/{GAM~-1,0))

KYAX = INTU.B5&VE/IV+145) ’

OV=VE/ (2. 0%FLOAT(KMAX~1))

NMAX = KMAX

WRKITE{b«251)
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251 FORMAT{ IHL1,3éX 59Tl DIMENSLONAL SUPERSUNIC NGZZLE WITH A SHARP-E
106GED THROAT)
VE= VE*57.29%8
DV =DV¥57 ,2958
ALPLl = ALP1%57.2958
WRITE{6+4252) VEWME +GAMDVsYTH.ALPL

252 FORMAT( IHO o 4HVE =eFBo3+10Ko4HME =eF8.3910Xs THGAMMA =,F5.3,10X,
19HDELTA V =+F7a5s 8XsS5HYTH =9£12.5¢ 8Xe6HALPL =4FT7.3)
WRITE(D.2647)

247 FORMAT{ 1HO 5X, 24HSUBSUNIC SECTIUN (INPUT)H)
WRITE{6,248)

248 FORMATILHO5Xs LHXs 14Xe1HY 014X 2 4HPSPT)
ARITE( 54255) (XCPLLIV-YCPLID)PSPTII) 1= NS}

255 FORMAT{1IH +F10.50.2F15.5)
WR ITE{6+246)

246 FORMATI{1HO. 5 Xs LBHSUPERSONIL SECTION)
WRITE{6+253)

253 FORMAT{ 1HO-5Xe 1HXo 14X s 1HY » 14X s 1HMe 14X s 4HP TPS)
WRITE{6+254)XTo YT MT.PTPST
ALPL = ALPLI* ,017453
V= DV%,017453

Cc FLOW ANGLE CALCULATION
DO 5 K=1l.KMAX

5 PHI(K}) = FLUAT(K~1)*DV

G MACH ANGLE CALCULATION

NK = 2%¥KMAX-1
DD 6 1I=1¢NK

) CALL UALT DV GAMULL))
C REGION nEAR THE THROGAT
NO 100 K=1.KMAX
NC = 1

N=1

{ = K+2%(nNC~- 1)
IF {(K.NEs1) GO TO 10

SLOPEL = -TAN((ULII+UlI+1))/72.0~(PHIAK)+PHI{K+1))}/2.0)
XKtKeh)= - 1.G/SLOPEL
Y{KeNI) = 0.0
60 To 100
10 IF (K-FRaKMAX) GO TO 26
SLOPEL ~TANAUTI+ULTI+ D) D /240~ (PHI(KI#PATLIK+1))/2.0)

SLJPE2 TANCCULT I +U(T+ 1) ) 72 GH(PHI(KIHPHI(K-1))/2.0)
X{KeND (1aCG-{Y{R=1sN)=-SLUPE2%XIK~1eN)))}/

L SLOPF2-SLUPFL})
YIKoN}=YEK=1oNI+SLOPE2¥ {X{K,N) =X{K=1N))

63 TO 100

20 SLOPE1= TANIPHIIK})
SLGPE2 = TAN((ULL)+UCI+1) ) /2 GHIPHI(K)+PHI(K~-1)1/2.C)
X{IKe) = (1aG-{YIK-1oN}~SLOPE2%X{K-1,N)})/

1{ SLUPEZ2-SLUPEL)
YEKaNI=Y{ K1 NI +SLOPE2R{X{K, N} =X{n-1 v} }
XCINC)=X{ KMAX+N}
YCANC)= Y{KMAX.N)
MUNC) = 1..0/SINLULTEY)
PTPSUING) ={ 1G+#(GAM=1C) #MINC) %522 /2.C)**{GAM/ {LAM-1.0))
1400 CONT INUE
IE {MIDINCoNPY) EJ.0) WRITE(6+254) XCUINC) +»YCUNC) +MINC) +PTPS{NC)
IF (MUDINC.NP)aNE.O) GO TO 203
XCPINCP)=XCINC}
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"
203
205

2301

202

200

249

204

250

30U
301
254

YCPINCPI=YCING)
PSPTEINCP) = 1.0/PTPSINC)
NGCP=NGP +1
REGION DUANSTKREAaM UF THE THROAT
CUNTINUF
N=2
KMAX=KMAX -1
WC=hNL+)
33 200 K=1l,KMAX
[ = Ke2%{NL-1)
IF (KaivFald GO TO 201
SLUPEY = =TAN(ULTI)I+U{141)} /2. G- (PHI(K) +PAI{K¢+1))}/2.0)
XAR oM dz={ Y{K#LsN-1)-SLOPEL1%X{K+1+N-1) )} /SLOPEL
YIKaN)=Q,0
0 T 200
TRk aEQe<MAX ) GU TU 262
SLUPFY = =TAN({UW{ D) +ULT+1) /2. G-{PHIAK) #+PAL{K+]1)}/2.0)
S10PE?2 = TANUMWII+U(TI+#1L)IV/2.C+(PHI(K)+PHI{K=1))/2.0)
XKIKoNI={({Y{K+LoN=1)~SLOPEL®XIK+LoN=-1) ) ={Y{K~-L1,N}-SLOPEZ
1%X{K~1+N) ) )/ {(SLOPEZ - SLUPE])
YLKoNI=Y{K=1oN)+SLOPEZR { X{KsN) =X{K=1sN))
60 To 200
SLOPEFI=TAN(PHI{K))
SLIPE?2 = TANIGUTIH+ULTI+1) D) /2.0+{PHIIK}#PAHI(K=-1))/2.0)
XAK s = {({Y{K+1 o N=1L )} ~SLOGPEL#X{K+1eN=1) )}~ (Y {K~-1y N}-SLOPE2
1 XEK~1+N) DI/ (SLOPEZ —~ SLOPEL)
YIRK+sNI=Y{K=1 NI+SLOPE2R (X {KsN)=X{K=1sN})
XCINCI=X{ KMAXoN )
YCINC)I=Y{KMAXsN)
MINC) = 1.0/SINIULT))
PTPSINGC) =010+ {GAM=1 UGI*MINC)*%2/2.0) %¥%{GAM/ {GAM~L1.0})}
CINT INUE
IF (MUODINGCoNP) oEQaU) WRITE(6:254) XCINC) »YCUNC) s MINC) s PTPSINC)
TF {MODINCeNP)JNELC) GO TO 249
XCPUNCP I=XCING)
YLPINCPI=YCUNG )
PSPT(NIP) = 1.G/PTPSINC)
NULP=NCP +1
If {KMAX.EQaZ) GU TO 250
N0 204 K=1l.KMAX
XK{K+s1izX{Ke?)
YiKel)l=YIiKe2)
GO TO 265
NMA=NMAX-1
ITFIXCPINCP~1 )oEQ. XC(NMA) )} GO TU 300
XCPANCP)=XC{NMA)
YCPINCP )=YC{NMA )
PSPYI(NCP )=1.0/PTPS{NMA)
GU TO 301
NCP=NCP-1
ARITE (6y254) XCONMADY »YC {iNMA ) 2 MUNMA) » PTPS (NMA)
FOKMAT(IH oFlUa59F19+54F 154 5+4F15.71)
=2 JOxYCINMA N TANLALPLY*Y TH
S = 2.UuxYCUINMA)/SINLALPL)Y *YTH
C=XCP{NS)Y +XCINMA)+£/YTH
CH = (*YTH
PSPTINS) = 1.0/PTPST
NOP=NCP+10
D1 34 I=1.NGP
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302

IF (T GEL(NS+1) ) GU TO 3462
XKCPLTI=XCPLT )L %CH
YCPATA=YCOPL L M/C%CH

60 TO 304
TF(TeELINCP+LY) GO TO 363
XCPLI=XCPL LI I/C%CH+XCP(NS)
YCPLI)=YCP UL M/C*CH

GO T 304

PSPT{l)= PSPT{(NCP)

XCPLI) =2/710.G+#XCPLI-1)}
YCPI)=YLPINCP)

CONTINUE

RETURN

END

#IBFTC U DECK

28

SUBROUTINE UA(T»DV.GAMsU)

REAL MCoeMsMC 1

X2M=SORT({GAM#LL 0/ (GAM-1.GL) ) -, 01

Vv = FLOAT{I-1)%DV

IFIV.FRL0.0) GO TO 5

EXTERNAL VA

IF (M(eNEslaC) GU TO 7

DVOMC=,02

GU TO 4

A= SURTUIGAM+#1.G)/(GAM=-1.0))

B= ( GAM~]1 .0 )M *%2~-GAM

C= (GAM+] JU ) ML XX2-6AM )
DVOML= AR{GAM-1aO0) 2MC /{1l U-B%%2 )%k (,5)-MLEa% (-3 )%(GAM+1,0)/(1.0-
1C**2 V5% (4 5)

MC= (V=VA(HMC ) /7DVDMC+MC

IF (MC.LT oX2M) GO TU 9

MC=X2M

WKRITE (6+2) ML oNCoK

FORMATE 1HO, 4 1HL IMIT HAS BEEN REACHED. MC SET = TO X2Ms5X, 4HMC =,
LFBa3s5X e 4HNC =e14¢5Xe3HK =,14)

Vi= va{MC)

IF (ABSIV-V1).LT. .006001) GU TU 8

U TO 7

M = SORTI(2.G/(GAM+LCHI*MCE%2) /{1a0-{(GAM-1,0)7
HGAM+1,0) %MC*%2) ) )

G TO 6

M=1 .0

MC=1.0

U=ARSIN(L aO/M)
RETURN

END



SIBFT

$IAFT

10
99

RO

¢ VAN UECK

FUNCTION VA(X)

COMMUN/CL/GAMIR PTZsTTZsUPMAC 4 s NSToNVP o NTURB I KPVM o KEM, KSMIH,
1KSPLNeKLS o KATCH »CTHET +DLAM TLAMe D TURB s TTURBoKPRE » KGRADs XSIE o KLAM,
2¢AAINKPROFe X{ 100)+Y(106) « PRES(100) »UE{LDD) s ME(LDD ) »POPTL(1D)}s
IVOVCRI 100 ). TwWAL L100)

A= SORT((GAM+1.0)/(GAM-1.0))-1.0

B= ARSIN{{GAM-1.0)%X*%2=-GAM)

C=ARSIN({ GAM+1.0)/ X*%¥2-GAM)

VA={3.1415926)/ 4.0 ¥ A+.5%({A+1.0)%B+()

RETURN

END

C BLAYER DECK

SUBRCUTINE BLISP,NP,ALP1,NSP)

CCMMON/C1/GAMy Ry PTZy TTZ yUPMACH NST yNVP 4 NTURB yKPVM,KEMyKSMTH,
IKSPLN#KLE yKATCHy CTHET,DLAM, TLAM,DTURB» TTURB,KPRE yKGRAD 4KSDE,KLAM,
2KMAIN,KPROF,X(100),Y{(100),PRES(100),UE(100),ME(100),POPTZ{100),
AVOVCRE10C) , TWAL(100) ‘

COMMON/C2/PSZoTS24,UZ¢ASZyATZ yRHSZyRHTZ yMUSZyMUTZ NUSZ,NUTZ,CP,
IPR,TCARCL

COMMEN/C2/X0ME100),YOM{100),5(100),SOL{100),AE(100),TSE(100),
1TAWL{100), TAWT(100),TBAR(100),RW{100)»SW{1CO)SUTHL(10Q),
2RHSW(100)4RHSE{100),HEADW{100),HEADE(100),sNUW(100),MUBAR(100},
3AA(1C0) ,BB(100),FF(100),0UDS{100),DMDS{100),DMDL(100)

COMNMCON/C4/ATHET{100),DELSR(100),DELTA(100),FORM(100},
1FEGRMI610C) ,FORMTRE100),RTH(1C00) yRTHI(100),CF(100),

ITAUKET00) yNUSS{100),DTDY{100),HTRAN(100),CRN{100)

CCMMON/CS/7ERRORy TRANS s SEPRN

REAL ME

LOGICAL ERROR;TRANS,SEPRN

CALL INPLT

REAC ©5,59) TE

FORMAT(FE.1)

IF (ERRCR) GO TO 10

CALL PRECAL

L¥ (ERROR) GO TO 10

CALL LAMNAR

IF {EBRROR) GO 710 10

IF {SEPRN) GO TO 20

IF (.NOT.TRANS) GO TO 20

CALL TURELN

IF (ERRDOR) GO TO 10

CALL PROFIL

ALPH]L = 2,14159/2.0 - ALPL

CALL AFMIX{ALPH1,TE,SPyME(NST),NP)

CALL NOZZLC(NSP, ALPH1,NP)

GC TC 10

END
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$LIBFTC INPU DECK

SUBRCUT INE INPUT
COMMCN/CL1/GAM R4 PTZ y TTZ UPMACHyNST NVP,NTURBKPVYM,KEM,KSMTH,
IKSPLNKLEKATCHy CTHEToDLAMy TLAM;DTURB TTURB ,KPRE yKGRAD yKSDE s KLAM,
2KMAINKPROFX1100),Y{100),PRES{100},UE(100),ME{100),POPTZ(100),
3VOVCR(1C0C ), THWALT 100)
COFMMCN/CS/ERROR, TRANS s SEPRN
LGGICAL ERRORLZTRANS,;SEPRN
REAL ME
ERRCOR= .FALSE.
TRANS= FALSE,
CTHET C.C
KATCH C
KSPLN 1
KLE = 0
WRITE(6,1000)
REAC (5,1020) RyPTZ,TTZUPMACH
WRITELt6,1050)
WRITE(6,1C€0) RyPTZ,TTZ,UPMACH
REAC{S, 1C10INVPy NTURB,KEM
WRITEE6,10TOINSTHNVP,NTURByKEM
REAC (5,1020) DLAM,TLAM;DTURB,TTURB
WRITE(6,1080) DLAM,TLAM,DTURB, TTURB
REAC t5,1010) KPRE,KGRAD,KSDEKLAM,KMAIN,KPROF
WRITE(6,1090) KPRE,KGRAD,KSDEKLAM,KMAIN,KPRQF
IFINSToGTo1000ReNTURBLGToNSToORKEMo LT 0sOR.KEM.GTo1o0RKSPLN.LT
10.0ReKSPLNGGT ol aORKLELTo0oORKLEoGToaloaORKATCHLT20.0RKATCH.GT
21) GC 7€ 10
00 1 1 =1,NST
1 THALII) = TTZ
WRITE(61130) (X{1),Y{I),POPTZ{I)TWAL{I),I=1,NST}
RETURN
T0 ERRCR = .TRUE.
WRITE(6,1170)
RETURN
I00C FORMATLYIFLI/Z/ /)Y
I010 FORMAT{(1€15)
¥O2C FCRMAT(8F10.5)
1030 FORMAT{4F10.5)
1050 FORMAT(1FO, 6X,22HBOUNDARY LAYER SECTION) .
106C FORMAT(// IX e 1HR § 11X s 3HPTZ 4 BX 9y 3HTTZ 38X 6HUPMACH/ 3X
19F9.233X3F10:e292X9F9e294X,F8a4)
L10T7C FORMAT{/E6Xs3HNST $8X»3HNVP,9XsSHNTURB,7X s IHKEM/6X,1348X»13,10X,
I 13,9%X,12)
108C FORMAT( /66X s4HDLAM,T7TX s 4HTLAM, 8X,SHDTURB s TX, SHTTURB/4X4F10.641X,F10,
F642XsF10.6492XsF10.6)
EO90 FORMAT{ /&Y% s4HKPRE7Xy SHKGRAD 37X s 4HKSDE 9 8X » 4HKLAM ; TX s SHKMAIN,7X,,5HK
LPRCF/TX91299X912,10X512,10X,12,9X,12,10X,12}
1130 FORMAT(/SX o 1HXs 11X lHY ;10X 5HPOPTZ 9 10X 34HTRAL/(3X3F10.5:2XyF10.554
IXyFlCeb34X4F10,4))
EX70 FCRMAT{(//7//10X,48HERROR IN INPUT DATA. RECHECK INPUT INSTRUCTIONS
1y
ENC

Bnn
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$LBFTC PRECA CECK

[aNaRe

[aNeXa]

SUBRCUTINE PRECAL
COMMCN/C1/GAMsRsPTZ,TTZ,UPMACH,NST,NVPyNTURB KPVM,KEMsKSMTH,
IKSPLNKLE g KATCHo CTHET,DLAMy TLAM,DTURB s TTURB yKPRE ¢ KGRAD s KSDE s KLAM,
2KMAIN,KPROFX{100),Y{100),PRES{100),UE(100)sME(100),POPTZ{100),
3VOVCR{10C), TWAL{100)
CGMMCN/CE/PSZTSZ3UZyASZsATZ sRHSZSRHTZ ;MUSZ ,MUTZ JNUSZoNUTZ,CP,
IPR;TC5ARCL
COMMCN/C2/X0OM(100),YOM{100),5S({100),S0L(100),AE(1C0),TSE(100),
ITAWL{100), TAWT{100),TBAR{100),RW{100),SW(1CO},SUTHL{100),
2RHSW{100),RHSE(100),HEADW{100) ,HEADE(100}),NUW(100),MUBAR(100),
3AA(100),EB{100),FF{100),DUDS{100},DMDS{100),DMDL1C0O)
CGMMON/CS/ERROR, TRANS,SEPRN

DIMENSICN SDER{100),CMU(20),CPR{20),CTC{20)

REAL MUSZoMUTZ,NUSZ,NUTZ,MUSLE,MUSLM4ME,NUW,MUBAR

LGBGICAL ERROR,TRANS,SEPRN

REAC DATA FCR MU, PRy AND TC CURVE FITS

iN

ic

20

DATA{CMU(I) I=145)/-.01945170,1.3019531,~-.34511323,
1.068277826,~.00566593/
DATA{CPR{I),1=195)/.85574-.2341365.1078624,
1-,02362144 .00202863/
DATA{CTC(I)yI=1,51/-.03839323,1.2697427+-.30911252,
1.08743781,-,009674725/

ITIALIZE STATIC AND TOTAL PARAMETERS

TSLE= 51£.688

TSLM= 288,160

MUSLE= 3,711402E~7

MUSLNM3 1.777029E-5

TCSLEs 3.202206E-3

TCSLMz 2.561796E-2

TSZ%= TTZ/(1.+{GAM=1,)/2.%UPMACH*%2)
PSZ= PTZA{TSZ/TYLI*X(GAM/(GAM=~1.)])
RHSZ= PSI/R/TSZ

RHTZ= PYI/R/TTZ

ASZ% SQRT{GAM*R%*TSZ)

ATZ= SQRT{GAM*R*TTZ)

UZ= UPMACH#*ASZ

CP= REGAV/{GAM-1.)

IF (KEM.EQ.1) GO TO 10

TCCh= 198,60

TRI= TSZ/TSLE

TR2= TTZ/ISLE

6C TC 20

TCCN= 11€.33

TR1= TSZ/TSLM

TR2= TTZ/TSLM

CALL CURVFT(CPR9PR,TR1,054,0)
CALL CURVFT(CTCyTGyTR1,04450)
CALL CURVFT(CMU,MUSZ,TR1,0,4,0)
CALL CURVFTICMU,MUTZ,TR24054,0}
IF (KEM.EQ.1l) GO TO 30
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TC= TC*TCSLE
MUSZ= MUSZ*MUSLE
MUTZ=s MUTZ*MUSLE
GC TC 40

30 TC= TC*TCSLM
MUSZ= MUSZ*MUSLM
MUTZ= MUTZ*MUSLM

“0 NUSZ= MUSZ/RHSZ
NUTZ= MUTZ/RHTZ

CALCULATE GECMETRY RATIOS AND ARC LENGTHS

DO

XCM{1)= X{1}/X(NST)
YON(1)= Y{1)/X{NST)
S{1)= 0.
D0 5C 1=2,NST
XCMUI)= X{I)/XINST)
YOM{I)= Y{I)/XINST)
50 SUI)s S{I-1)+SQRTLUX{TI)=X{I-1) )2+ (Y{L)-Y{I~-1))%%2)
ARCL= S(AST)
DO 60 I=1,4NST
BC SCL(I}= SCI)/ARCL

CALCULATE PRES,UE,ME,POPTZ,AND VOVCR AT EACH STATION

(s aNel

C PRESSURE OVER TOTAL PRESSURE GIVEN AS INPUT

I3C DC 140 I=1,.NST

IF(PCPTZ(I) el Ta0eeOR.POPTZ{1)GTL1.)G0 TO 290

PRES{I)= POPTZ(I)*PTZ

UE{I)s SCRT(2.#GAM/(GAM=-1.)*%PTZ/RHTZ*{1.~(PRES(I)/PTZ)**({GAM-1.)/

1GANM)))

TSE(L)= TTZ-UE{I)**2/(2.%CP)

AE(1)s SCRT{GAM®RATSE(1))

ME(I)s UE(IY/AE(I])
T4C VOVCREI)= SQRT{{GAM+1.)/(GAM~1.)}¥(1.~{PRES(I}/PTZ)}**((GAM-1.)/GAM)

%))

c
C PRINT INITIAL CALCULATED PARAMETERS
c
I7C WRITE(6,1000)
WRITE(691010) PSZyTSZyUZ,ASZHATZRHSZyRHTZ MUSZ,MUTZHNUSZ,NUTZ,CP,
IPR,TCHARCL
WRITE(651020) (I 4PRESCIILUE{TI)IJME(TL),POPTZ{I)VOVCR(I),1=1,NST)

PRINT CGECMETRY PARAMETERS

AaOOMO

200 IFf (KPRE.NE.1l) GO TO 210 ,
WRITE(691030) (I o4X({I)eY{I)oSI{I)oXOM{I),YOMII) SOL(T)I=1,NST)
C
C CALCULATE OTHER NECESSARY PARAMETERS AT £ACH STATION
c
210 DO 220 I=1,NST
TEML® la4o5%(GAM~1.)*ME(]1)*%2
RHSW{I}= PRES(I)/R/TWALI{I)
RHSEtI)= PRES{I)/R/TSE(I)
HEADWII)= S*RHSW{I)*UE(T)**2
HEACE(I)= S#RHSE{I)*UE(])*%2
SKiI)= TWAL(INTTZ-1.
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(2N el e

o0

SUTHLEI )2 SQRTITWAL{I)/TTZ)R(TTZ+TCON)/{THALL{T}+TCON)

NUK{ )= SUTHL(I)*NUTZ%{1.+SW{I))**2%TEML%* (GAM/(GAN-1.))
RW{I)= UELI)%RS{TI/NUWLT)

FAWL{I)= TSELI)*{1.+PR¥*(1./2- 1% {TEMLI~1.})

TAKTLI)= TSE(I)*{1.4PR¥%{1./3.)#%{TEM1~1.})

TBAR(I)= oS*(TWALL{I)I+TSE(I))+.22%PR*%(1./3.}%{TTZ-TSELID)
MUBAR{I)= MUTZHSUTHL{L)*TBAR{I}/VTZ

BB(I¥= ME(I)*ATZ/NUTZX{TSELIN/TTL)%*{{GAM+1.)/{2.%GAM=2.)}
AR(I)= BE{I)*TSE{1)/TBAR(I)*{MUBAR{I)/MUTZ)**.268

FE{I)51a2.1599%MELT ) #%2+4,60%SH{1)+.2101%SWIT)®MELT)*%2+,0114%MELT)

I*%44,018CHSWII)*ME( 1) %%44,1825%SW{T1)#%2+ . 0T735%SWIT)*%2%MEL]) *%2
2+ 0073%Sh{I)*2%ME(] ) *%x4
220 CONTINUE

COMPUTE VELCCITY AND MACH NUMBER GRADIENTS ALONG THE SURFACE

DUCSINST) = 0.0
DMCS{NST) = 0.0
1 =1

221 IF {I1.EQ.NST) GO TO 240
IF(MECI) oNE., ME(I+1)) GO TO 222
pucs{i) = Q.0
pMsCS(I) = 0.0

I = 141
G3 10 221
222 I1= 1
223 1 = 1I+€1

IF(1.EQ.NST) GO TO 224
IF (ME(I).NE.ME{I+1}) GO TO 223

224 NSP s I+1 -1I1

SPLINE CURVE TECHNIQUE

230 CALL SPLINE{S¢I1},UE{I1),NSP,DUDS{I1),SDER{I1)})
CALL SPLINE(S{I1)sME(I1)oNSP,DMDS{I1),SDER(I1})
IF {I.NE.NST) GO 7O 221

240 DC 250 I=14NST

250 BMOL{I)= ARCL*DMDS{I)

PRINT CTHER CALCULATED PARAMETERS

IF(KPRE.NE.1) GO TO 260

WRITE(6,1050) (I AE(T) TSE(I) o TWAL{I) o TAWL (I) 2 TAWT(I),TBAR(I),
II=1,NST)

WRITE$651060) {1, RW{IIoSWIT)SUTHLAI ) RHSW{I}RHSE{I),HEADW(I),
IHBACE{I ) sNUW( 1) MUBAR{I)yI=1,NST)

260 IF(KGRAD.NE.1l} GO TO 270

WRITE(6,1070)

WRITE(6,108C) (I DUDS{1),DMDS{I ) OMDL{I)oI=1,NST}

CHECK FCR IMPROPER INPUT

270 DC 280 I=x24NST
IF {UECLI).NE.O.) GO YO 280
ERROR= L,TRUE.
WRITE(6,1050)
RETURN

280 CCNTINUE
RETURN

29C ERRCR= ,L,TRUE.
WRITE(6,11C0)
RETURN
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C
C
c

FCRMAT STATEMENTS

100C FGRMAT(1F1///4X, 24HPREL IMINARY CALCULATIONS///}

ICIC FORBAT(S5X410HPSZ = F12.5/5X,10HTSZ = F10.4/5%X,10HUZ =
1 F11.5//5X,10HASZ = Fll.4/5X,10HATZ = Flle4//5X,10HRHSZ
2= G15.7/5X, 10HRHTZ = Gl5.7//5X,10HMUSZ = G15.7/5X,10HMUTZ
3 = G15.7//5X,10HNUSZ = G15.7/5X,10HNUTZ = Gl5.7//5%,10HCP
4 2 F11.4/5Xs10HPR = F9.5/5X,10HTC = G15.7/5X,10HARCL

5 = B8.47/7)

1620 FORMAT({/1IX,THSTATION,7X,4HPRES, 13X 2HUE ;12X 2HME 11X 4SHPOPTZ ;93X 5H
1VAVCR/(2X 4 13,5X3F12e593XsF12.5,4X9F10:644XsF10.6,4X,F10.6))

1030 FGRMAT(///1Xs THSTATION, 7Xs1HX 912Xy 1HY 12Xy 1HSy12Xs3HXOM,9X,3HYOM,
19X 3HSOL/T{2X 9139 3% F12.551XsF12.551X9F12.594X9sF9.5¢3%X¢F9.5,3X,F9.5
2))

Y050 FGRMAT(///1Xys THSTATION,5X, 2HAE s 10Xy 3HTSE 99X s 4HTWAL 98Xy 4HTANL 58X 4H
1TAWT 48Xy 4HTBAR/{2Xy 13+4XsF9.3+5(4X,F8.3)))

1060 FORMAT(///1X, THSTATION, 11X 2HRW 96X 92HSH 94X 9 SHSUTHL » TX»4HRHSW, 12X 4
IMRHSE 98X ¢ SHHEADW 9 4X 9 SHHEADE y 9X 4 3HNUW, 12X s SHMUBAR/{2X413,3XyF16.1,2
2X9oFholy 1 Xy FT0a392X9Gl4e692X9G14e691X3FB8a371X9FBa392X9514.6192X96G1446
3

1070 FORMAT{1K1///21X,17THSURFACE GRADIENTS///)

108C FORMAT(1X,7THSTATION,13X,4HDUDS,15X+4HDMDS, 15X s4HDOMDL/ {2X,13,4X,F18
16691X,F1l8.6,1%,F18.6))

109C FORMAT(///77/10X, 83HTHERE IS A STAGNATION POINT AT A STATION OTHER
ITHAN STATION 1. THIS IS NOT ALLOWED)

IFGC FORMATL{//7//10X, 111HAN INPUT PRESSURE,VELOCITY, OR MACH NUMBER IS
1ELITHER LESS THAN ZERO OR GREATER THAN ITS MAXIMUM ALLOWABLE VALUE)

ENC

$IBFTC LAMNA DECK

SUBRCUTINE LAMNAR

GOMMCN/CY/GAM R PTZyTTZyUPMACH)NST¢NVP yNTURB KPVM,KEM, KSMTH,
IKSPLNSKLEyKATCHy CTHET 4DLAM, TLAM,DTURBy TTURB s KPRE 4 KGRAD yKSDE, KLAM,
2KMAINKPRGF,X{100),Y(100),PRES{100},UE{100),ME(100),POPTZ(100),
3VOVCR{E10C) o TWAL{ 100)
COMMON/CZ/PSZ9TSZsUZ9sASZsATZHyRHSZRHTZ yMUSZ MUTZ ,NUSZ,NUTZ,CP,
1PR,TCsARCL ’
CEMMCN/C3/X0M{100),YOM{100),S1100),SOL(100),AE{100),TSE(100),
1TAWL(100)y TAWT(L100), TBAR{100),RW{100),5W{1C0),SUTHL{100),
2RHSW(100)4RHSE(100),HEADW{100) ,HEADE(100),NUW{100),MUBAR{100),
3AA(1C0),EB(100}y FF{100),DUDS(100),DMDS{100),DMDL(100)
COMMCON/C4/THET(100),DELSR{10C),DELTA(100),FORM(1C0),
1FORMI{10C),FORMTR{100),RTH(1CO},RTHI(100),CF(100),
ITAUW(100),NUSS{100),0TDY(100),HTRAN(100),CRN1100)
COMMCN/CE/SHAPLC100) o, SHAPK(100)4ByNS

CCFMEN/CE/FTRAN, FORMS

COMFON/CT7/7 INST, ITRAN, ISEP

COMMON/CS7ERRORy TRANS , SEPRN

DIMENSION CORLN{100),CORML{100),SHEAR{100},DTH(100)

DINMENSIOM CCNI{20),CRCR{20)4,CDIF{20),CSHR{2C),CCRN{20),CDTH{20)
DINENSION STAB{505),CTABL(505),CTAB2({505)

REAL MUSZyNUSZyMUTZ)NUTZ)ME,NUWsMUBAR,NUSS NURW,KBAR, INT1,INT2
LCCGICAL ERROR,TRANS,SEPRN

EXTERNAL FUNCT,INT1,INT2
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C

C READ CATA FCR CORLN{l), RCRIT DIFF, SHEAR, CRN, AND DTH CURVE

c

c

C

IN

DATA{COUN{I)15146)/~-.081784.C66705-.03143,
1,00873,.C16574-.01052/
DATA{CRCR{1):1=1,6)/5.47073,43.6053,227.198,
1-2C67.044+-27172.7513691.2/
DATA{CDIF{1),1=1,6)/903,785,26365.,093.85695€E+5,
11.11044E469~4.53853E47,~7.70276E+7/
DATA{CSHRE{IDVyI=1416}/0.224488y~1.915399-9.894,~68.13488,
1-.0015124-1.4768,~10.52925,~152.2781+y~.002406,-.015629,
1-1,45743,-126423395,.000752,.005385,.9178384-39,40644/
DATA(CCRA{T),1=1,16)/2.020564~19.72119-24.0495,-1400.002,
I-.0509794-10.88012462.4419,-5081.764~.014343,2.279845,
1129.70083-6257.848,.0270567,-1.677051s57.43974~2552.266/
DATA(COTH{I)+¢I=1,161/8.02829,-4.30978,88.8244436.4336,

12.711019~7.42259424242939-16.293y ~-163944-7.61942,286.9795,

164,11186,~,16758,-3.70289,130.8107,111.3276/
1TIALIZE FARAMETERS

INST = O
ITRAN = C
ISEP = 0
CF(11= Q.
TAUK{1)= 0.
NUSS{(1ij)= 0.
DTCY(1)= 0.
HTIRAN({L )= Q.
CRANI{L)= Ce.
RTRAN= O,
KLE = 0

C CHECK CCNSISTENCY OF INITIAL VALUES

c

QOO0

10

R0

BE
CA

FITS

IF (CLAM,GE.Q oo ANDTLAM.GE<cOoe«ANDeDTURB.GE+O¢ sAND.TTURB.GE.D.)

¥IGC TO 10

ERRCR = LTRUE.
WRITE{6,1000)

RETURN

IF (NTURE.NE.1) GO TO 30
ITRAN = ]

IF {(CTUREB.GT+0+..AND.TTURB.GT.0.} GO TO 20
ERROR = LTRUE.
WRITEL6,1010)

RETURN

IF (UE{L1).GT.0.) GO TO 240
ERRCR = .TRUE.
WRITE(6,1020)

RETURN

GIN CALCULATION IN LAMINAR REGION - CHECK FOR INITIAL VALUES
LCULATE INITIAL CORRELATION NUMBER

30 IF {(CLAM.EQC.0..AND.TLAM.EQ.0.) GO TO 70

IF {UE(11.GT.0.) GO TO 40
ERRCR = LTRUE.
WRITE(6,1030)

RETURN

40 IF (TLAM.EC.O0.) GO TO 50
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OOOO0

OO0

36

INITIAL MOMENTUM THICKNESS WAS GIVEN

TEMI= 1.%.5%{GAM-1.)*ME{]1)*%2

CORML{L )= =—ATZHTLAM*%2/NUTZ/SUTHLIL) FARCL/TEML**({3.-GAM}/

1{2.#CAM=-2. 11

CORLN{1}) = CORML{1)*DMDL{1)

GG 7C 90
INITIAL DISPFLACEMENY THICKNESS WAS GIVEN
5C IF (ABS{CMDL{1)}.GE..0001} GG YO 60

CORLN{L )= C.

TEV1® lo45%(GAM=-1.)*ME{1)%%*2

FORM{1)= 2.38411%{1,4{2.79-1 78*¥PR¥¥,S5)*{(1.+SWIL}I*TEML~-1.})+{4.6

ISHPR¥#*{1:/3:)=3,65%PR%,5)%PR&*x . 5%{ TEMLI~1.)

THET(1)= DLAM/FORMI{1}

CORML{L)= —~ATZHTHET{1)}%%2/NUTZ/SUTHL{1)/ARCL/TEML*%{{3.~-GAM)/{2.%G

IAM’ZQ))

6¢ 7C 90
60 IF (CMDL{1)oGT.0.) CALL ROOT{-1090c+sDLAM;FUNCT+5E~5,CORLN{L)SL}

IF {(EVDL{1).LT.0.) CALL ROOT{ 0os.2¢DLAM;FUNCT,.5E-5,CORLN{1},5L)

CORML{1} = CORLN{L)/DMDL{L)

88 TC 90

NC INITIAL LAMINAR VALUES GIVEN
CALCULATE INITIAL CORRELATION NUMBER

SHARP LEADIRE EDGE
TC IFIKLE.NE-1.AND.ABS{DMDL(1}).GE--0001} GO TO 80
CGRLN({1)= O.
CORML{1)= Q.
G8 TC 90
STAGNATION FOINY
8C CALL CURVYFTICCNsCORLN{1),SH{1),0,5,0)
CORMLIY1)= CORLN{L)/DMDLIL)
IF {(CCRML(1).LT.0.} GO TO 90
ERRCRs TRUE.
WRITE(6,5,1040}
RETURN

SCLVE LAMINAR DIFFERENTIAL EQUATION
CALCULATE CCRRELATICN NUMBERS ALONG THE SURFACE

9C TEMI= 1.4.5%{GAM-1.)%ME{1}*%2
TEM2= {3.%GAM-1.)/{2.%GAM-2.)
BBL= 0.0C22ARCL
§S8= -LCEL
NTAB=1
CTaABLlE13= CORLN{1}
CTAB2(1)= CORML{1l}
S$TAB(1)= Q.

00 §$S= $S+DEL
SSDEL = SS+DEL
CALL LGRNGE{S,SWoNST,55,ANS1)
CALL LGRNGE{S,ME,NST,SS,ANS2)
CALL LGRNGE(S,ME,NST,SSDEL,ANS3)
CALL LGRNGE{S,DMDL,NST,SSDEL yANS4)
Al= 0,43631~0.00367*%ANS1+0.00481*ANS1*¥%2+40.00651*ANSL**3
A2= 5.4372042.25400%ANS1-0.066T2%ANS1#%2-0,2063T7*ANS1%%3
A3= 4,51503-10.49775%ANS1-12.71732%ANS1*#2-2,95270%ANS1%%3
A4= 19.01831+62,76597T*ANSL1+115.00986%ANSL#%2+462,53113%ANSLI*%3
Az Al-A3*CTABLINTAB) *%2-2,%A4*CTABL(NTAB)*%3
B= A2¥2.#A3%CTABLINTAB)+3.%A4+CTABLINTAB)**2



c

OO0

[N eXal

(g 5]

AOR SW = C.0
IF ( CTABL1{NTAB).GE.~.1) GO TO 101
A=.3953
B=4.739

K1 K1 =
SCL1
SgL2
TEM3 =

U o}

RETURN

SS/ARCL

SSDEL/ARCL
SIMPS14¢SDL1,50L2,INT1,K1)

IF (TEM3.EC.0..0R.K1.EQ.0) GO TO 110
ERRCR=s .TRUE.

WRITE(6,1050)

TIC IF (NTAB.GT.1) TEM4= ANS2%%{-B)*TEML**TEM2
1e4o5%(GAM~1. ) ¥ANS3%%2

ANS3#X{~B) *TEM1**TEM2

TEM6= -A3TEMS*TEM3

IF (NTAB.EQ.l) TEMT7=C.

IF (NTAB.GT.1) TEM7= TEM5/TEM4*CTAB2(NTAB)
NTAB+1

CTABZ2(NTEB)= TEM6+TEMY

CTABLINTAB)= CTAB2{(NTAB)*ANS4

STABINTAE)= SSDEL

TEM1=
TEM5=

NTAB=

WHEN SW IS NOT EQUAL TO 0.0 »CURVE FIT RANGE ON CORLN
IS FRCM -.32 TO .16

I¥ (CTAB1{(NTAB).GT. .16) GO TO 120
IR (SS.LT.ARCL) GO TO 100
20 IF (KSDE.NE.1) GO TO 130
WRITE(6,1C60)
WRITE(6,1070) (STAB(I)},CTABL{I},I=1,NTAB)

CAECULATE LAMINAR BOUNDARY LAYER PARAMETERS AT EACH STATION

130 IF (KLAMJ.NE.1) GO TO 140
WRITE(6,1080)

F4¢ 1= O
I5¢ I= 1+1

IF (1 EQ.NTURB) ITRAN=-1

IF (SEI)JLE.STAB(NTAB)) GO TC 160
» TRUE.

WRITEH6,1090)

ERRCR=

RBTURN

60 CALL LGRNGE(STAB,CTAB1,NTAB,S{I),CORLN(I))
CALL.LGRNGE(STAB,CTAB2,NTAB,S{1),CORMLLI))

CRBTAIN SHEAR, CRNy AND DTH FROM CURVE FITS VS CORLN AND SW
CALL CURVFT{CSHR ySHEAR{I},CORLN{I)ySH{I)y3,3)
CALL CURVFTICCRNCRN(I),CORLN{I}ySH(I)+3,3)
CALL CURVET(CDTHoDTH(I)+CORLNCI)SW{I)¢3,+3)

FOR SW = C.0
IR{CORLN{I)«GE. ~o1) GO TO 161
SHEAR(I} 3 -1.2222%CORLN{I)+.26

CRNLI)
DF¥HLI)

-
=

=

-58,824 ¥CORLN(I)~.6765
=22.222%CORLN{I}+7.1112

CALCULATE OTHER LAMINAR BOUNDARY LAYER PARAMETERS
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38

Iv0
8¢

90
200

TEMLI= 1.4.5%{GAM=1 . )*ME{ [)*%*2

THET{I)= SQRT{-CORML{I})ENUTZ*SUTHL{I}*ARCL/ATZ4#TEMI#*%{{3.-GAM)/
I(2.%CAM~-2.)))

FORMEI)= (-1,1138%CORLN{1)}+2.38411)%{1.+(2,79~1.T78%PR.%,5)%{{1.+
ISWETIIRTEMI=-1.)) +{4.65%PR¥*{1,/3.)~3.65%PR¥%.5)%PR*%,5%{TEML~1.)
DELSRII )= THET(I }RFORM{I1)}

RYH{I)= LE(TI)XTHET({I)/NUW{I}

FCRMI{1)= {(FORM{I)-SQRT{PRI*{TEMI=1.3)/({1.+SH{I)}*TEML}
FORMTR({I)= FORMI{I}®{1.+SW{I}}

DELTA(I)= THET{I)*{DTH(I}+(TEM1-1,)*{FORMTR{I}+1.))

SHAPLEI )= CELTA{I)*%2/NUW{I)*DUDSI{I)

IF {1.EC.1) GO TO 180

CFRWz 2.¥SHEAR{II*SQRT{-SOL{I1}/ME(T)/CORML{I}}

CR{I1)= CFRW/SQRT{RWI{I))

TAUW(I)= CF(I)*HEADW({I)

NURKWz CFRW*PR#¥%ko,3/CRN{I)

NUSS{I)= NURWXSQRT{(RW{I))

DECY{I)= NUSS{I)*{TAWL{I)-TWAL{I)}/S{1}

HMTRAN{I )= TC*DTDY({I1)

IF (TAUW{I).GT.O0.) GO TO 180

IF (KATCK.NE,OQO) GO YO 170

ISEP=z 1

SEPRN= TRUE.

RETURN

ITRANs =2

GO TC 27¢

IF (1.EQ.1.AND.UE{1}1.EQ.0.} GO 7O 190

SHAPK{I )= NUTZH*RTH{I}*#2%SUTHL (I ) %%2%{ 1. +SHWII) ) *%4/ATZ/MEL] ) %%2/
IFFUIY/ARCLADMDL L J)*TEML*%{1,./{GAM~1.})

GG TC 2¢0¢C

SHABPK{I)= Q.07

RTEIC(I)= RTH{II*SUTHLL{I (1. +SWIT))*#2/FF({1)/SQRT{TEM])

CALCULATE RCRIT TO CHECK FOR INSTABILITY AND TRANSITICN

CALL CURVFT(CRCR,RCRIT,SHAPK(1}),0,5,0)
IF (SHAPKtI) .GT. .07) RCRIT = 8.,3163
RCRIT= EXP{RCRIT)

IFLINST.NE,O) GO TO 210

CHECK FCR INSTABILITY

IF(RTHI(I)LLTLRCRIT) GO TG 270
RINS= RTHII)

INST= |

G0 TC 27¢

CHECK FCR TRANSITION

21C K1= C

NS= 1

TEM= SIMPSIISOLUINST),SOL{I),INT2,K1)
IF (YEM.EQ.0..DR.K1.EQ.0) GO TO 220
ERRCR= +TRUE.

WRITE(6,1100)

RETURN



220 KBAR3 TEM/(SOL{IDN-SOLIINST))
CALL CURVET{CDIFoDIFF,KBAR,0,5,0)
IF {KBAR .GT. .033 DIFF = 44C00,%KBAR+700.0
RTRAN=S RINS+DIFF
IRIRTHI{I}.LT.RTRAN) GO TO 270
IF {1.LT.NTURB} GO TO 270

ITRAN= ~1
6@ TC 27¢C
23C ITRANS |
c
C CCMPUTE INITIAL VALUES FOR TURBULENT SOLUTION
c

240 FTRANS= LTRUE.
IF {(CTURE-EQ.0..AND.TTURB.EQ.0.) GO TO 260
IF {CTURE.CGT,0.,AND.TTURB.GT.0.) GO TO 250
ERRCR = .TRUE.
WRITE(6,1110)
RETURN
25C THET{ITR2N)= TTURSB
FORM{ITR2ZN)= DTURB/TTURB
TEML= 1.4.5%(GAM~1.)¥ME{ ITRAN)**2
FCRMI{ITRAN)= (FORM{ITRAN)-PR*%*(1e/3,)*{TEMI-1.))/{(1.+SW{ITRAN))
1+TEM])
280 IF (CTHET.CT.0..AND.DTURB.EQ+0++AND.TTURB.EQ.0,) THET{ITRAN]}=
1CTHETA*THETY(ITRAN) .
THETTR= THET{ITRAN)}*(TSE(ITRAN)/TTZ)#*{(GAM+1.}/(2.*GAM-2.))
FTRAN= (ME{ITRAN)SATZ*THETTR/NUTZ)*%k1,268
IF (RTRAN<LE.O.}) RTRAN=1000.
FORMS= FCRMI(ITRAN)=0.59389-0.06591%ALOG({RTRAN)+0.001272%{ALOG(RTR

IAN) ) #%2
IF {ETUREeGT 0o AND.TTURB.GT.0.) FORMS=FORMI{ITRAN)
RETURN

c

C RRINT QUTPUT

c

270 IF (XLAM.NE.l) GO 7O 280
IE{INSTLEQ.0 .OR. INST.EQ.I} WRITE(6,41120) I,CORLN{I}sSHEAR(I),
IDPH{LI), FCRMTR{1} ¢ SHAPL{I)sRTHIUI)¢SHAPK(I} ,RCRIT
IF(INST.NEsO oAND. INST.NE.I)} WRITE(6,1130) I,CORLN{I),SHEAR(I),
IDTH(I)y FCRMTR{ 1} s SHAPL{I),RTHI{I1)}+4KBAR,DIFF,RTRAN
IF {ITRANCEC.~2) WRITE{6,1140)
28C IF{ITRAN.EQ.~1.0R.ITRAN.EQ.-2) GO TO 230
IF {I.EQ.NST) RETURN

66 TC 15¢C
C
C FCORMAT STATEMENTS
4

¥000 FORMAT(//F//7+10X,60HA NEGATIVE INITIAL VALUE HAS BEEN GIVEN. THIS
118 NCT ALUCWED)

IOX0 FORMAT(////7+10XsTSHINITIAL VALUES WERE NOT GIVEN FOR THE TURBULEN
IT BOUNDARY LAYER AT STATION 1)

1020 FGRMAT(/////,10XBO0HINITIAL VALUES WERE GIVEN.FOR THE TURBULENT BO
IUNCARY LAYER AT A STAGNATION POINT)

L0330 FORMAT{/////+10X,94HINITIAL VALUES OTHER THAN ZEROC WERE GIVEN FOR
1THE LAMINAR BOUNDARY LAYER AT A STAGNATION POINT)



104C FORMAT(/////+10X,106HFOR THIS INPUT DATA STATION 1 IS ASSUMED TO B
FE A STAGNATION POINT, SINCE NO INITIAL THICKNESSES ARE GIVEN./
210X, 118HIN THIS CASE PRESSURE SHOULD DECREASE INITIALLY. EITHER G
3IVE AN INITIAL VALUE FOR DISPLACEMENT OR MOMENTUM THICKNESS,/
410Xy 60HOR BEGIN WITH A SHORT REGION OF FAVORABLE PRESSURE GRADIENT
5.1l

105G FCRMAT(/////910X,3THERROR IN COMPUTING INTEGRAL FOR CORLN)

1060 FORMAT(1F1//7/7Xy SOHLAMINAR DIFFERENTIAL EQUATION -~ SOLUTION FOR CO
ERLN///5(24H S CORLN Y/7)

1070 FORMAT{U{S(F1l2.592X4FTe4,3X)))

108C FORMATU1FL1///1X, S9HLAMINAR CALCULATION OF INSTABILITY AND TRANSITI
10N LCCATIONS///LX+THSTATION, 2Xs SHCORLN,SX 9 SHSHEARySX33HOTH 16X 46HFO
2RMTR 34X 9 SHSHAPL ¢ 9X 9 4HRTHI 96X 9 SHSHAPK ¢ 9X s SHRCRIT6X94HKBAR; 10Xy 4HDI
3FF+9X+5HRTRAN)

1090 FORMAT(/////+»10X,65HLAMINAR SOLUTION HAS PROCEEDED BEYOND THE RANG
1E WHERE 1T IS VALID)

I100 RGRMAT(/////+10X,36HERROR IN COMPUTING INTEGRAL FOR KBAR)

1110 FORMAT(/////7+10X,64HIF INITIAL TURBULENT VALUES ARE GIVEN, THEY BO
1TH MUST BE NONZERUO}.

1120 FORMAT{1441Xs5F10.491%yF124191XyF10.5+1X4F12.1)

II30 FORMAT(I1491X95F10e491XyF1l2.1424X,F12.591XeF12.191%X,F12.1)

1140 FGRMAT(/////410X,85HLAMINAR SEPARATION HAS OCCURRED. ASSUMED YO BE
1 TRANSITIGN TO TURBULENT BOUNDARY LAYER)

ENC

$18FTC TUREL DECK

C
C
C

SUBRCUTINE TURBLN
CCMMCN/CY/GAMyRyPTZ4TTZ yUPMACH NST,NVP,NTURB KPVMyKEM,KSMTH,
1KSPLNyKLEyKATCHy CTHET 4DLAM, TLAM,DTURBy TTURB,KPRE KGRAD yKSDE yKLAM,
2KMATNSKPROF,X{100),Y{100),PRES(100),UE(100),ME(100),POPTZ{100},
3VOGVCR(10C) , TWAL{ 100)

COMMON/C2/PSZ4TSZoUZ9ASZyATZ yRHSZ»RHTZ4MUSZ,MUTZ,NUSZ,NUTZ,CP,
1PR,TC,ARCL
CCMMON/C2/X0OM{100),YOM{(100},S(100),S0L(100),AE(100),TSE(100),
ITAWL{10Q) yTAWT{100}),TBAR(100),RW{100),SHI{LCGO},SUTHL(100},
2RHSW(100)4RHSE(100),HEADW(100),HEADE(100) yNUW{100),MUBAR({100},
3AA(100),BB{100)4 FF{100),DUDS(100),DMDS(100),DMDL(100)
COMMON/C4/THET(100),DELSR{100),DELTA(100),FORM(10C),
LFORMIG10C),FORMTR{100),RTH{100),RTHI(100),CF{100),
ITAUW(100),NUSS{100),DTDY(100),HTRAN(100)},CRN{(100)
GCMMON/CE/FTRANy FORMS

CCMMON/CT/INST, I TRAN, ISEP
COMMCN/CE/XTABIS05),YTABL{505),YTAB2{505),NTAB
COMMCN/CG/ERRORy TRANS . SEPRN

REAL MUSZ,NUSZ,MUTZ,NUTZ,ME,NUW,MUBAR,NUSS

LOGICAL ERROR,TRANS,SEPRN

SCLVE TURBULENT BOUNDARY LAYER DIFFERENTIAL EQUATIONS
USING RUNGA-KUTTA

CALL RUNKUT

IF (KSDE.NE.1) GO TO 10

WRITE(6,1CC0)

WRITE{(6,1010) (XTAB(I),YTABL(I),YTAB2{I),I=1,NTAB)

40



c

C CALCULATE TURBULENT BOUNDARY LAYER PARAMETERS AT EACH STATION

c
10

20

30
1000

1010

DC 30 I=ITRAN,NST
IF (S(I).LE.XTAB(NTAB)} GO TC 20
ISEP = I-1
SEPRNs . TRUE.
RETURN
FENML 3 1.%.5%(GAM=1c)2ME{I)%%2
CALL LGRNGE(XTAB,YTABL,NTAB;S(1),F)
THETTR= NUTZ*F%** ,T8B6/ME{1)/ATL
THET(I)= THETTR*(TTZ/TSE(I))**{{GAM+1,.)/{2.%GAM-2.))
RTH{I)= CE(I)*THET(I}/NUWILI)
CALL LGRNGE{XTAB,YTAB2,NTAB,S{I),FORMI(I})
FCRMTR(Il= FORMI{I)*(1l.+SW(I))
FORM{I)= FORMTR{ J)*TEML+PR**(1./3,)*({TEMl~1.)
DELSR{I)= THET(I)*FORM(I)
POWER= 2.,0/(FORMI{I)-1.0)
IF (FORMITII).LT.1402) POWER=100.
DELTA(I)Z {1.+POWER)*DELSR(I)
CF{l)= Q.246%EXP(~1.561*FORMI{I))*(UELI)*THET(I)/NUTZ/(TEML%*(1./1
IGAM-14)))2%2(-,268)*%TSE(I)}/TBAR(I)*({MUBAR(I)/MUTZ)3%(.268)
TAUW{I)= CF(I)*HEADE(I)
IF (I.EQ.1) GO TO 30
HTRAN{I)= CF(I)/24/PR¥Xx{2,/3,)*%RHSE(I)*UE(L)*CP*(TAWT(I)~-TWAL(I))
DICYL{I)= HTRANLI)I/TC
NUSS{I)= S{I)*DTODYL{I)/{TAWT{I}~-TWAL(I))
CRN{I)= CF{I)*RW(I)}/NUSS(I)

CONTINUE

RETURN

FGRMAT(1FL1//75Xy 62HTURBULENT DIFFERENTIAL EQUATICONS - SOLUTION FOR
1 F AND FORMI///Z4(31H S F FORKI )7/7)
FERMAT{{4({F10.592XsFBals2XsFT7e452X}))

ENC
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$18FTC PRCFI DECK

SUBROUTIANE PROFIL

CONMON/C1/GAMyRyPTZ,TTZ yUPMACH,NST4NVPyNTURB,KPVM,KEM4 KSMTH,
1KSPLNsKLEyKATCHy CTHET oDLAM, TLAM,DTURB, TTURB,KPRE yKGRAD yKSDE y KLAM,
2KMAIN,KPROF,X{100),Y(100),PRES(100),UE{100)ME{10C)POPTZ{100),
3VGBVCR(10CH,TWAL( 100)
CGMMON/C2/X0M(100),YOM(100),S({100),SOL(100),AE(100),TSE(100),
ITAWL1100), TAWT(100), TBAR{100),RHW{100),SW{100),SUTHL{100),
2ZRHSW(100) yRHSE(100),HEADW(100),HEADE{100) 4NUW(100) yMUBAR(100),
3AA{100),8B(100), FF(1C0),DUDS{100),DMDS(100},DMDL(100)
COMMON/C4/THET(100),0ELSR{100),DELTA(100),FORM(100Q),
YFORMI(100) sFORMYR{100),RTH{100),RTHI(100),CF(100},
1TAUK(100),NUSS{100),DTDY{100),HTRAN(100),CRN{100)
CBMMCN/CE/SHAPLE 100) » SHAPK{1CO)4ByNS

COMMON/CT/INST,ITRAN, ISEP

REAL ME,NUSS

ARINF LCCATIONS OF INSTABILITY, TRANSITION, AND SEPARATION

o000

IF (KMAINJNE.1) GO TO 60
WRITE{6,1C00)
IF{INST.EQ.Q0) GO TO 10
WRITEE6,1010) INSTY
60 TC 20

IC WRITE(6,1020)

20 IR (ITRANJ.LE.1) GO TO 30
HRITE(6,1030) ITRAN
68 TC 40

30 WRITE(6,1040)

4¢ IF(ISEP.EQ.Q0) GO TO 50
WRITE(6,1050) ISEP
60 TC 60

5¢ WRITE(6,1060)

RRINT LOCATIGNS GF LAMINAR AND TURBULENT BOUNDARY LAYERS

ano

6C IBNC = ITRAN-1

IF (IEND.EQ.-1.0R.IEND.EQ.0) IEND=ISEP

IF (IEND.EG.O) IEND=NST

IF (KMAINJNE.1) GO TO 70

If (ITRAMJEQ.1) WRITE(6,1070)

IF (ITRANJNE.1) WRITE(6,1080) IEND

IF (ITRANJ.EC.O) WRITE{6,1090)

1F (ITRAN.EQ.1l) WRITE(6,1100) ITRAN,IEND
70 I¥ (ITRAN.LE.1) GO TG 80

IENC = ISEP

IF{IEND.EQ.O) IEND=NST

IF {(KMAIMN.NE.1) GO TO 90

WRITE(6911C0) ITRAN,IEND

C PRINY CALCULATED BOUNDARY LAYER PARAMETERS

80 IF (XFAIN.NE.1) GO TO 90
WRITE(6,1110)
WRITE(6,51120) (I 4X(I)yS(I) DELSR(I),THET(I),DELTA{I),FORM(I),
IFGRMI{I),1=1, IEND] ‘
WRITE{(6,1130)
WRITE{(651140) (I,CF(I), TAUW(I),RTH{I},DTOY{1)NUSStI)4HTRAN{I},
ICRN(I)},I=1, IEND)
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C
C CCMPUTE BOUNDS ON VELOCITY PROFILES
C
90 IF (KPROF.NE.1l) RETURN
WRITE(6,51150)
IF{ITRAN,NE.Q) GO TO 100
ILl=s 2
IL2= IENC
iITi= 0
IT27 ©
GG TC 11¢
100 1L1= 2
IL2= ITREN-1
ITl= ITREN
IT2= IENC
IF (IT1.EQ.1) IT1=2
C
€ CALCULATE AND PRINT LAMINAR BOUNDARY LAYER VELOCITY PROFILES
C
1IC NVP1l= NVF+1l
IF (IL2.LT.ILLl) GG TO 140
PG 130 I=fL1,1IL2
WRITE¢6,1160) I
AAA= 2.+SHAPL(I)} /6.
BAB= ~,.S5*SHAPLII)
CCC= -ZO‘QS*SHAPL(I)
CCC= 1.-SHAPL(I)/6.
DEL= BELTA{I)/FLOATINVP)

¥YP= -DEL
BG 120 J=1,NVP1
YP= YP+DEL

ETA= YP/CELTA(I)
YXNMAX= YP/X(INST)
WUE= AAAYETA+BBB*ETA®%2+CCC*ETA*X3+DDD*ETA**4
Us UUE*UELT)
¥20 WRITE(6,1180) ETA,YP,YXMAX,U,UUE
130 CONTINUE

c
C CALCULATE AND PRINT TURBULENT BOUNDARY LAYER VELOCITY PROFILES
c
14C FR(ITI.EC.O) RETURN
DC 160 I#£1T1,1T2
POWER= DELTA(I)/DELSR{I1)-1.
WRITE{6,1170) I,POWER
DEL= BELTA(I)/FLOAT(NVP)

¥P= ~CEL
Do 150 J=1,NVP1
YR= YP+DEL

ETA= YP/CELTA(I)

YAMAX= YP/X{NST)

UUE= ETA#*{]1./POWER)

Us UUERUELT)
150 WRITE(6,1180) ETA,YP,YXMAX,U,UUE
6C CONTINUE

RETURN



c
c
c

FCRMAT STATEMENTS

1066C FORMAT(1F1///1X,36HPRINCIPAL BOUNDARY LAYER INFORMATION///)

I010 FGRMAT (/10X,31HINSTABILITY OCCURS AT STATION ,13)

102C FORMAT (/10X,26HINSTABILITY DOES NOT OCCUR)

1030 FCRMAT (/10X,30HTRANSITION OCCURS AT STATION ,13)

1040 FGRMAT (/10X,25HTRANSITION DOES NOT OCCUR)

I050 FGRMAT (/10X,30HSEPARATION OCCURS AT STATION ,13)

106C FORMAT (/10X,25HSEPARATION DOES NOT OCCUR)

1070 FGRMAT (/10X,3THLAMINAR BOUNDARY LAYER DOES NOT OCCUR)

1080 FORMAT (/10X,42HLAMINAR BOUNDARY LAYER - STATIONS 1 TO ,I3)

1090 FORMAT (/10X,39HTURBULENT BOUNDARY LAYER DOES NOT CCCUR///)

1180 FGRMAT (/10X,35HTURBULENT BOUNDARY LAYER - STATIONS,2X,

T 113,86k TC ,13/77)

1110 FGRNAT(/1X,THSTATION,8X, 1HXy 12X, 1HS 12X, 5SHDELSR , 10X 4HTHET, 11X,
15HDELTA» 11Xy 4HFORM, 10X SHFORMI )

1120 FORMAT(2Xy 133Xy 2F13.6,F140691XyF1446,1X1F1406,1Xs2F1444)

113C FGRMAT(///1X, THSTATION, 6Xs 2HCF 5 13Xy 4HTAUW, 11X s 3HRTH , 14X, 4HDTDY,
113X, 4HNUSS » 10X, SHHTRAN, 12X, 3HCRN)

T14C FORMAT(IS,F1l44552XsF14e5,1X,F1241,5X,F14.2,2XsF1442,1X,
IF14.4,2X;F13.3)

1150 FCRMAT(1F1///1X, 1THVELOCITY PROFILES///)

EF60 FORMAT (/1X,THSTATION,1X,15,2X,7THPROFILE/3X,THY/DELTA,9X,
L1HY, 12X, 6HY/XMAX 5 10X » LHU ¢ 12X o 4HU/UE )

117C FORMAT (/LX,THSTATIONy1XsI542X, THPROFILE 28Xy 2HN=91X,F6.2/3X,THY/D

1ELTA9X s IHY » 12X 6HY/XMAX 10X, 1HU,12X,4HU/UE)
1180 FORMAT(1X,F8.492X32G15.692X9FF.296X9F8.4)
ENC '

$IBFTC RUNKU DECK

C
c
c

SUBRCUTINE RUNKUT

RUNKUT SCLVES SIMULTANEQUS FIRST ORDER INITIAL VALUE
LCROINARY DIFFERENTIAL EQUATIONS

CGMNCN/C1/GAMsRyPTZsTTZ,UPMACHyNSTyNVP s NTURB yKPVMoKEMy KSHTH,

IKSPLNyKLEyKATCHy CTHET,DLAM, TLAM,DTURB s TTURB yKPRE KGRAD yKSDE yKLAM,

2KMAIN,KPROF,X(100),Y(100),PRES(100),UE{100),ME(100),POPTZ(100),
3VOVCRELIGC) » TWAL{ 100)
CCMMCN/C2/X0M(1003,YOM(100),5(100),S0L(100),AE(100},TSE(100),
ITAWL{100), TAWT(100),TBAR(100),RW{100),SW(1C0),SUTHL{100),
2RHSW(100}4RHSE(100)yHEADW(100),HEADE(100),NUW{100),MUBAR{100),
3AA{1C0),EB(100),FF(100),DUDS(100),DMDS(100)},DMDL{100)
CEMMCN/CE/FTRAN, FGRMS

CONMCN/CT/7INST,ITRAN, ISEP
COMNCN/CE/XTAB({505),YTABL(505),YTAB2(505),NTAB

DIMENSIGON YY{2),RY{2),YINC(2),DOT(2),RUK{2y4)

DCUBLE PRECISION XXsRX,YY,RY,RUK,DEL,DOT,

1TE®1,TEMZ, TEM3,TEM4, TEMS,TEMSG

REAL ME,NUW,MUBAR

44



[aNaNe)

AOOO

[eX g} OO0

SET DEL SPACING AND STORE INITIAL VALUES

10

DEL= 0.0C2%*S{NST)

¥YY{(1)=FTRAN

¥Y{23)3 FCRMS
XX= SCITRAN)
NV=2

NTAE = 1
YTABL1E1)=2 YY(1)
YTAR2{1)= YY(2)
XTAB(1)= XX

SCLVE FCR YYU1) AND YY(2) AT NEXT XX INCREMENT

SAVE PREVICUS YY{l) AND YY{2)

20
3¢

DG 30 J=1,NV
RY{J)= YY{J)
RX= XX

CALCULATE NEW YY1} AND YY{2)

B0 9C L=1,4

PUT DIFFERENTIAL EQUATIONS IN THE FORM OF
FIRST CERIVATIVE = REMAINDER OF EQUATION

CALL LGRAGE(SME NST,XXyANS1)

CALL LGRNGE(SySWoNST,XX,ANS2)

CALL LGRNGE{SsAANST,XXyANS3)

CALL LGRNGE{S,BB,NST,XX,ANS4)

CALL LGRNGE{SDMDS,NST4XXsANS5)

CALL LGRNGE({S,.TBAR,NST,XX,ANS6)

TEML= 1.4{1.+ANS2)%YY(2)

TEN27 1Z3*EXP(-1,561%YY{2))%ANS3

DOT{1)= 1.268%(~YY{1)/ANSI*ANSS*TEM1+TEM2)

TEM3= YY(2)%{YY{2)+1,)%¥2%(YY(2)~-1.])

TENG= 1.3ANS2¥{YY{2)*%YY(2)+4%YY(2)~1a)/70(YY(2)+10%LYY{2)+3.1))
TEMS= (YY{2)*YY(2)~1a)®RYY{2)/YY(1)%{.123%EXP(~1.561%YY(2))*ANS3)
TEME= (YYU2)RYY{2)=1.)/YY (1) %% (.T886)%(0L1%(YY(2)+1.)*(YY(2)~1.)

1%22/7YY(2)%%2%TTZ/ANS6) *¥ANS4

DAT(2)= ~ANSS*,5/ANSLI*TEM3*TEM4+TEMS-TEM6

AFPLY THE RUNGA-KUTTA SCHEME

40
50
6C
70
8c

9¢

B0 40 J=1,.KV

RUK{J L) = DEL*DOT(J)
68 TYC (5C450970490)y L
BG 6C J=1,NV

YY{J)= RYUJI+RUK(J,L )72,
XX= RX+DEL/2.

60 ¥C 90

BG 80 J=1aNV

YY(J)i= RY(JI+RUK{J.L)
XX= RX+DEL

CONTINUE

INGREMENT T+B DEPENDBNT VARIABLES TO OBTAIN NEW YY(1l) AND YY{2)

loc

DG 1C0 Jzl,NV

YINCUJ) = (RUKIJ91)+#2.%RUK(J52)+2.%RUK{J93)+RUK(Jr4)) /6.
YY¥{J)s RY{JI+YINC(I)

IF (YY(2).GT.2.8) RETURN
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c
C 'STGRE NEW CCMPUTED VALUES IN A TABLE
c

NTAB = NTAB+1

YTABI{NTAB)= YY{1)

YTABZ(NTAB)= YY{2)

XFAB{NTAB)= XX

IF (AX.LT.S{NST)) GO TO 20

RETURN

ENC

$LBFTC FUNC DECK

SUBRCUTINE FUNCT (XX, FX;DFX, INF)
COMMCN/C1/GAMyR, PFZ,TTZ yUPMACH,NSTyNVP s NTURB,KPVM,KEM; KSMTH,
1KSPLNKLE,KATCHy CTHET yOLAM, TLAM;DTURB, TTURB KPRE ;KGRAD s KSDE s KLAM,
2KMAIN4KPROF,X(100),Y(100),PRES{100),UE(L00)sME(100},POPTZ{100},
3VOVCRELOC), TWAL(100)
COMMCN/C2/PSZTSZsUZyASZyATZ sRHSZyRHTZ yMUSZsMUTZ,NUSZ4sNUTZ,CP,
1RPR,TC4ARCL
CAGMMCON/C3/X0M(100),YOM(100),5(100),S0L{100),AE(10C),TSE(100),
LTAWL(100)s TAWT({100) s TBAR(100),RW(100),SW{1CO}+SUTHL(100),
2RHSW {1003 ,RHSE{100) s HEADW({100) ,HEADE(100),NUW{100),MUBAR(100),
3AA({1C0),EB(100),FF(100),0UDS(100),DOMDS(100},DMDL(10C)

REAL MUSZ,NUSZ,MUTZ,NUTZ,ME,NUW,MUBAR

INF 3 0

BI= le+ S¥(GAM-1.)%ME(1)*%*2

B2= 1.#(Z2.79-1.78%#PR*%,5)%({1.+SW{1)}*Bl-1.])

3= -NUTZ#SUTHL{ 1)} *ARCL/ATZ/DMDL{1)*B1*%{(3.-GAM)/(2.%GAM=~2.])
B4= -1.1138%B2

BS= 2.38411#B2+{4.65%PR¥*(1c/3.)-3.65%PR¥%,5)kPR¥*¥,5%(Bl-1.)
FX= (B3%XX)%k, 5% (B4%XX+B5)

IF (XX.E(.C.) GO ¥O 10

DFX= o5*{BIXXX)#%(~,5)%B3%(BLEXX+BS)+B4* (BIkXX) %*,5

RETURN

106 INF = 1

DEX = 1.E10

RETURN

ENC
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$1BFTC INTGL DECK

$LBFT

1C

2C

REAL FUNCTION INTL(XX)
COGMNCN/C1/GAM,Ry PTZ,TTZ s UPMACH,NST,NVP ,NTURB s KPVM,KEM,KSMTH,
1KSPLNKLE,KATCH, CTHET ,DLAM, TLAM,DTURB, TTURB ;KPRE ;KGRAD ,KSDE ,KLAM,
2KMAINKPROF,X{(100),Y(100),PRES(100),UE(100),ME(100}),POPTZ{100),
3VOVCR(1C0C) s TWAL{ 1CO)
COMMCON/C2/XOM{100),YOM(100),5({100),SOL(1C0),AE(1CO),TSE(100),
1TAWL(100), TAWT({100), TBAR{100)sRW(100)SW{100),SUTHL(100),
2RHSW {1001 ,RHSE(100),HEADW({100),HEADE(100),NUW(100) ,MUBAR{100]},
3AA{100),EB{100),FF(100),DUDS{100}),DMDS{100)},0MDL{100)
COMMCN/CS/SHAPLT 100) s SHAPK(1CO0)4ByNS

REAL ME,NUW,MUBARSINT1

CALL LGRNGE(SOL,ME,NST,XXsANS)

INT1= ANS#%¥(B=1o)/{{1le+s5%(GAM~1,)*ANS**2) ¥x*
1{{3.%CGAM-1.)/ (2. %GAM~2,)))

RETURN

END

C INTGZ DECK

REAL FUNCTION INT2(XX)
COMMCON/CY/GAMGRy PTZ o TFZ  UPMACH,NSTyNVP ;NTURB yKPVMKEMyKSMTH,
1KSPLN ¢KLEyKATCHy CTHET ¢DLAM, TLAM,DTURB, TTURB yKPRE KGRAD yKSDE yKLAM,
2KMAIN,KPROF,X{100),Y{100),PRES{100),UE{100),ME(100),POPTZ{100),
3VOVCR{1CC ), TWAL{100)
CGMMON/C2/X0OM{100)5,YOM(100),S(100),SOL(100),AE(100),TSE(100),
1TAWL(L00), TAWT(100) s TBAR(100)4RW{LCO),SW{L100) »SUTHL{100),
2RHSW (100} 4 RHSE(100)KEADW(100),HEADE(100)sNUW(100),MUBAR(100},
3AA(1C0) ,EB{100), FF{100),0UDS(100),0MDS(100),DMDL(1C0)
COMNCON/CE/SHAPL{100),SHAPK(1C0) 4ByNS

REAL ME,NUW,MUBAR,INT2

IF {NS.LT,.4) GO TO 10

CALL LGRNGE({SOL, SHAPKyNS¢XX, INT2)

RETURN

DO 2C J=24NS

IF (SCL(J).LT.XX) GO TO 20

INT2% SHAPK(J=1)+{SHAPK{J)=-SHAPK(J~1))%{XX=SOL(J~1))/{SOL(J)-SOL(J
1-1))

RETURN

CENTINUE

RETURN

ENC

47



$18FTG SPLIN DECK
SUBRCUTINE SPLINE{X,YsN,DYDX,D2YDX2)
SPLINE FITS A SPLINE CURVE TO X AND Y

ANC CALCULATES FIRST AND SECOND DERIVATIVES AT THE SPLINE POINTS
END PCINT SECOND DERIVATIVES EQUAL THOSE AT ADJACENT POINTS

OCOOO0

DIMENSTION X(N),Y{N),DYDX(N),D2YDX2{N}

CIMENSION G(100),H{100)

Gél)=s -1,

H(l)= 0.

Ni= N-1

IR {(NI.LT.2) GO TQ 20

BC 1C I=2Z,N1

A= (X{(I)-X{I-1))/6.

B= {(X{I+1)~X{I))/6.

C= 2.%(A4B)-AXG{ [~1)

B= (Y(I+1)-Y(INI/Z4X{T#+1)=X{I ) =Y {D)=-Y(I-13)/7(X()-X{I~1))

G{I)= B/C
10 HAI)= (C-A%H({I-1))/C
2C D2YCX2(N)= HINLY/(1l.+G(N1))

BC 3C I=2Z.N

K= N+1-1
30 D2YCX2{K)z H{K)-G{K)*D2YDX2{K+1)

DYEX{1)= (X(L1)=X{2))/6.%(2.%D2YDX2{1)+D2YDX2{2))+(Y{2)=-Y{L))/{X{(2)

I-x{1))

DG 4C I=Z,N _
40 DYCXUEI)= (XUI)=X{1-1))/6.%{2.%D2YDX2(1)+D2YDX2{I-1)}+¢¥{I)-Y(I~-1))

17¢X¢I1¥-X{1-1))

RETURN

ENC
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$

c
c
c

IBFTC RCC BECK
SUBRCUTIME ROOT{A+B,Y,FUNCT, TOLERY,X,DFX)
RCGT FINDS # ROOT FOR (FUNCT-Y} IN THE INTERVAL (A,B)

Xi= A
X2= B
CALL RUNCT{X1,FX1,DFX:INF)
iC B0 3¢ 1=1,20
X= {X1+XZ})/2.
CALL FUNCTIX:FXs DFXy INF)
IF ({FX1-Y)*{FX-Y}.GT.0.) GO TO 20
%2= X
GC 7C 30
20 X1= X
FX1l= FX
3C CONTINUE
IF (ABS{Y-FX).LT.TOLERY) RETURN
WRITE(6,5,1CC0) A,8,Y
STCP
100C FORMAT(////74X,49HRO0OT HAS FAILED TO CONVERGE IN THE GIVEN INTERVAL
174X 93HA =,C14.6910X,3HB =,G14.65,10X,3HY =,614.6)
ENC
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$LBFTC LGRNG DECK

C
c
C

50

LGRNGE PERFLRMS 4 POINT LAGRANGIAN INTERPOLATION

‘I0

20
3¢

#C
50
60
10

8¢

SUBRCUTINE LGRNGE{X)YsN,ARGyANS)

BIMENSION X{N)sYIN)  XX(4),YY(4)
IF (ARG-X{2)) 10,10,20

MM = |

6@ T¢ 70

IF (ARG=X{iN-1)) 40,40,30

MM = N-3

GC TC 70

N1 = N-1

DG 60 1=24N1

IF (ARG-X{1)) 50,50,60

MM = [-2

G0 TC 70

CONTINUE

DG 80 I=14+4

MMM = MM+]-~-1

XA{I) = X{NNM)

YY{I) = Y{MMM)

CI = [{ARG-XX12) )%{ARG~XX{3)I*X(ARG~XX(4)))/

TEXXCLI-XXL2) )/ {XXA1)I=XX(3) )/ (XX(1)=-XX(4))

€2 = ((ARG=XX(1) 1*(ARG~-XX(3))*(ARG-XX(4}))}/

TAXXC2)I=-XX L 1) IZAXXE2Y-XX L3 ) 7 {XX{2)=-XX{4))

C3 = ELARG-XX{1})*(ARG-XX{2) }*(ARG-XX(4))})/

BAXXL3I=XXLL1IIZAXXI3I-XXL2) )/ (XX{3)-XX{4))

C4a = (LARG=-XX{1) IR(ARG-XX{2) I*(ARG-XX{3))}/

TEXXC41-XXE1) D}/ AXXL4)-XX(2) )/ (XX {4}=-XX(3})

ANS = CIAYY(1)+C2RYY{2)4C3%kYY(3)1+C4*YY(4)
RETURN
ENC



$IBFTC CURVF DECK

SUBRCUTINE CURVFT{COEF,ANS,XsYsNX,NY)
C
C EVALUATE THE POLYNOMIAL FUNCTION, ANS=F{X,Y}, USING COEFFICIENTS, COEF
c
BIMENSION CCOEF(20)
NX1 = NX+41
NYl = NY+¢1
ANS = CQEF(1)
IF (XeEQusCoAND.Y.EQ..0) RETURN
IF {YJEQ..C) GO TO 1Q
IF (X EQ..0) GO TO 30
GG TC 50
10 BG 2C I=Z,NX1
20 ANS = ANS#COEF{I)*X*¥x([~1)
RETURN
3C DG 4C I=2Z,NY1
K = {I-1)5NX1+1
4C ANS = ANS4#COEF{K )I*Y%%{I-1)
RETURN
50 ANS = .0
66 €0 I=1,NY1
CC 60 J=1,4NX1
R = {(I-1}18KX1+J
60 ANS = ANS4COEF(K)*Y*¥(I-1)*X¥*k{J=~1)
RETURN
ENC

$IBFTC SIVvP DECK

FUNCTION SIMPS1IX1,X2,FUNC,KSIG)
DIMENSICN v{200),H(200),A1(200),B(200),C{200),P{2CC)+E{200)
LECGICAL SPILL
DCUBLE PRECISION ANS,Q
DATA TWO,THREE,FOUR,THIRTY/2.0,3.044.0,30.0/
DATA T,NNAX,NSIG/3.0E~5,200,1/
C INITIALIZE FIRST ELEMENTS OF ARRAYS.
veX1l
H={X2-V)}/TIW0
AzFUNC(V)
B=FUNC(VtH)
C=FUNC{X2)
P=H* (A+FCUR%B+(C)
E=P
ANS=P
N=1
FRAC=T
SPILL=.FALSE.
1C TEST=ABS{FRAC*ANS)
K=N
DC 30 I=1,K
C TEST MAGNITUQDE OF 4TH ORDER ERROR IN THIS INTERVAL.
IF (ABS(E{I)).LE.TEST) GO 70 30
IF (N.LT.NMAX) GO TO 20



C GC TO FINISEF IF STORAGE IS FILLED uUP.
SPiLi=.TRUE.

KSIG=KSIC+NSIG
G0 TC 40

C TSUBDIVICE INTERVAL AGAIN TO REDUCE 4TH ORDER ERROR.

2C N=N+1
VINIsVII)®HIT)
HINI=H{I)}ATWO
AIN)=B(I)
B{N}=FUNCIVINI+HIN})
CINI=CLT) ,
PINI=HIN)S{A(N)+FOUR®BIN)I+C{N}}
HUI)=H{N)
BCIY=FUNCIVII)+H{IL})
CtI)=A(N)
Q=p(I)
PLINsHUTI)*{A(I)+FOURXB{I)}+C(1))
Q=P(1J+P(N)-Q
ANS=ANS +C
E{1)=¢C
EtN)=C
3C CCNTINUE

C TEST ALL INTERVALS AGAIN IF ANY WERE SUBDIVIDED THE LASYT TIME.
IF (N.GT.K)} GO TO 10

4C Q=0C.C
DG S5C I=1,N
50 Q=CQ+E(])

C TIGHTEN ERRCR LIMIT [F TOTAL ACCUMULATED ERROR 700 LARGE.
IF (ABS(C/T).LE.ABS(ANS}.OR.SPILL} GO TO 60
FRACSFRAC/TWO
606 TC 10

C FINISKE CALCULATION,

60 SIMPSI=(ANS+Q/THIRTY)/THREE
RETURN
ENC
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SIBFTC AFTNMIX BECK

10

SUBRCUTINE AFMIX{ALPH1,TE,SP+XMFS1l,NP}

DIMENSION XXX{100),YYY(100),S555(100)
COMNMEN/CL/GAMRsPEZTTZ o UPMACH ) NST4NVP {NTURB yKPYM4KEMoKSMTH,
1KSPLNKLEJKATCHy, CTHETyDLAM, TLAM,DTURB,,TTURB,KPRE sKGRAD ¢ KSDE 3 KLAM,
2KMAINKPROF,X(100},Y(100),PRES{1CO),UE(100),ME{100),POPTZ(100},
3VOVCR(1CC),TWAL(100)
COMMGN/C3/7XOME100),YOM{100),SU100),SOL{100),AE(100),TSE{(100),
ITAWL{100)y TAWT(100), TBAR(100),RW{100),SW{1C0)ySUTHL{(100),
2RHSW{100),RHSE(100),HEADW(100),HEADE(100),NUW(100),MUBAR{100),
3AA(100),EB{100)»FF(100),DUDS(100},DOMDS(100),DMDL(1C0)
CCMNMCN/C4/THET(100) ,DELSR{100),DELTA{100},FORM(100),
1FORMI(10C)FORMTRI{100),RTH{100)4RTHI(100),CF(100),
ITAUW{100)4NUSS{100),0TDY(100),HTRAN(100)},CRN(100)

EQUIVALENCE {XoXXX) o {YoYYY)o{SeSSS)o{NST,N)

REAL ME

KGCE = 0

BELS = DELSR(N)

DELP = DELSRINP)}

THETS = THET(N)

THETP = THET(NP)

WRITE{6,%)

FORMAT(1F1,20X,22HAFTERMIXING PROPERTIES)

WRITE(6,1)

FORMAT{1+0410X,40HNOZZLE WITH NO BOUNDARY LAYER CORRECTION)
VVCR1=SQRT{((GAM41.0)/2.0%XMFS1*%2)/(1.0+(GAM=1,0}/2.,0%XMFS1%%2))
XX=SP*COS{ALPH])

BELSRT= (DELS+DELP)/XX

THETA= (THETS+THETP) /XX

DTE = TE/XX

AFS1 = (CAM~1,0)/¢{GAM+1.0)%VVCR1%*%*2

A = 1.0-CELSRT-DTE~THETA

Al= 1.0-CELSRT~DTE

IF (A LLE. 0.0) GO TO 16
Ca({1ls0-2FS1)*(GAM+1,.0)/(2.0%GAM)+(COS{ALPHL) )*k2%
IA*VVCRLI*%2)/{COS{ALPH1)*A1*VVCR1)

D = VVCRI#SIN{ALPH1)*A/Al

VXVCR2 = GAM*C/ (GAM+1.0)-SQRT{ (GAMXC/(GAM+1,0) ) *%2
1=1.CH{GAM=-1.,0) /1L GAM+]1.,0)*D**2)

6€ TC 4

KCCE=2

BWRITEL6,10)

FORMAT(1+0,y10Xy 19HSUPERSONIC SOLUTION)

VXVCR2 = CGAM*C/{GAM+1,0)+SQRT{(GAMXC/ (GAM+1.0) ) *%2
1=1.0+(GAN-1,0)/({GAM+1,0)*D%%2)

BENCE = {GAM=1,0)/(GAM+1.0)*{D*%k2+VXVCR2%%x2)

IF {(CENCF.CGE. 1.0) RETURN

DENSR2= {1.,0-{GAM~1.0)/(GAM+1.0)%{D%%2+VXVCR2%%2})
1*#%(1.0/7(CANV-1.0))

BENSR]L = 1.0/((1+0+(GAM=1.0)/2.0%XMFS1%%2)%%(1.0/(
IGAN=-1.0)))

PR2 = DENSR2**GAM
PT2PTO={CENSR1I*VVCR1*COS(ALPH1)*A1)/{DENSR2*VXVCR2)

PTCP2 1.0/{PT2PTO®PR2)

EBAR2 {(PT2PTO)*%((1.0~GAM)/GAM)=1.0)/(PTQP2%%
16¢GAN=1,C)/CAMY~1.0)

ETAN = 1.0-EBARZ2

VVCRZ2 = SQRT(D%%2+VXVCR2%%*2}

XM2 = SQRT{{(2.0/{GAM+1.0) ) *VVCR2*%2)/(1.0-{(GAM~1.0)/(GAM+1.0))

now
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I#VVCR2%%*2)})

T2T7C = 1.0 - (GAM-1.3/{GAM+1.}¥%VVCR2%%2

ALPH2 = ATAN{D/VXMCR2}

XMX1 = XMPS1*COS{ALPHIL)

XN¥X2 = XP2%#COS(ALPH2)

ALPL2 = 2LPH2%57.2958

ALPK1 = ALPH1%57,2958

HRITE{6,6) XMFS1,SP,TE,XM2,VVCRI ¢ XMX1¢XMX2

FORMAT(1HOy THXMFS]1 =,F6.432XyIHSPACING =oF7.642Xs4HTE =,FT75:2X,
15HXM2 =3F6eb92Xe BHV/VCR]Y =3F6.332X,6HXMXL =,F6.3,2X,6HXMX2 =3F6.3}
WRITE(6,7)ALPHL, ALPH2,PT2PTO,PTOP2,T2TTO,VVCR2,EBAR2,ETAN
FORMAT(L1HO,6HALPHLI=F7.3,2X s 6HALPH2=9F7.3,2Xs8HPT2/PTO0=sFTe%92X,
1THPTO/P235F94392X s THT2/TTO0=9FT0492Xy THY/VCR2=4F6.3,2X,6HEBAR2=,

15

s XuNaNe X J

OO n

20
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2FT7 592X 9€HETA=N=4Fb6.4)

IF {KCDE .EQ. 2 ) RETURN

IF (KCDE.EC.1 ) WRITE(6,15) DELSRI{N+1};DELSR{N+2),THET{N+1),
ETHET{N&2)

FCRMAT(1+O0,12HDELSR(N+#1) =,F8.6,2Xs12ZHDELSR{N+2) =,F8.6+2X,
I1IHTHET(N+1) =4F8.692Xs 11HTHET{N+2) =,F8.6)

IF (KODE «EQs 1 oAND., XMX1 oLT. 1.0000 ) RETURN

ALPH1 = RLPH1%.017453

IF{ KCDE.EC.1 ) GO TO 3

SP= 2.0%{YYY(NP)+DELP)/COS{ALPHL)

CISPLACEMENT THICKNESS HAS BEEN ADDED TO THE NOZZLE EXIT

INCREASING THE STRAIGHT SECTIGCN

Z = 2.0%{YYY(NP)+DELP)*TAN{ALPH1)
BELZ = Z~{XXX{NI-XXX{NP))
XXX{N+1) = CELZ+XXX(N)

YYY{N41) = YYYIN)

FURTHER INCREASING OF THE STRAIGHT SECTION DUE TO INCREASING
BBUNCARY LAYER

NOZZLE ANCLE IS CONSTANT

FA = ATAMU{DELSR{N}-DELSR{N-2})7(SSSIN)~-S5SS{N~-2})}
DELSR(N+1) = DEULSR(N}+DELZ*TAN(FA)

FAMT = ATANU{THET{N)-THET(N-2})/1SSS{N}-5SS{N-2)}))
THET{(N+1) = THET(N)+DELZ*TAN{FAMT)

ALPW = 3.14159 - ALPH1 - (3.14159/2.0 +FA)

DS = SIN(3.14159/2.04FA)*{DELSR(N+1)-DELSR{NP}}/SIN{ALPW)
BF = SIN(ALPHL)*(DELSR{N+1)-DELSR{(NP])/SIN(ALPW)
BELIF = CF#*COS(FA)

DELSR{N+Z) = DELSR(N+1) + DELZF*TAN{FA)

THET{N+#2) = THET{N+1) + DELZF#TAN(FAMT)

XXX{N+42) = XXX{N+1) + DELZF

YYY{(N+2) = YYV{N)

SP = SP 10S

DELS = DELSRIN+2)

THETS = THET{N+2)

WRITEt6,20)

FCRVAT(1+0,10Xy3THNOZZLE WITH BOUNDARY LAYER CORRECTION)
KGCE = 1

GG 1€ 2

ENC



$LBFTC NCZIC CECK

10

i1

SUBROUTINE NOZZLCINSP,ALPH1,NCP)

DIMENSION YYC{1003},YYCL{100} ,XXT{100},YYTL100} ,XXTL{100},YYTL{100)
DIVENSIOMN XXX{1003}.YYY{100}
COMPCN/CL/GAMoR,PTZ,TTZ,UPMACH  NST,NVP NTURBoKPVM,KEM;KSMTH,
IKSPLNKLEsKATCHy CFHETsDLAMs TLAM,DTURB, TTURB,KPRE KGRAD ;KSDE;KLAM,

2RMAINSKPROFsX11005,Y{100),PRES{I100),UE{100},ME{100),POPTZ{100},
3YOVCR{10C},TWAL{ 100}

COVVEN/C4/THET{100),0ELSR{100),DELTA{100),FORMILOC)
IEORMI{10C),FORMTR{100),RTH{100),RTHI{100):CF{100),
ITAUMIIDO) s NUSS{100);DTDY{100),HTRAN{100) ,CRN{100}
BLUIVALERCE {XoXXX)s{Ys¥YYY) o {NST,N}

Nl = N+2

XSUE =3 XXXI{NSPI}

B0 10 I = NSPyN1

XXX{I) =¥xX{I) ~XSUB

YY¥C{I) = YYY{I)+DELSR{I)

If (1.GT.NCP) GO TO 10

YYCLELI) = -YYCLI)

CONTINUE

BLPHY = ALPH1#%#.017453

BG 11 I=NSP,N1

XETEI) = XXXEI)=COS{ALPHLI~ YYC{T)*SIN{ALPHL)

¥YYT{I) = VYYC{I)#COS{ALPH1l) +XXX{I}*SIN{ALPHL1}

IF {I1.GT.NCP) GO T0O 11

ARTLLI0= XXUX{I}=COS{ALPHI)~YYCL{I}*SIN(ALPH1}
YYTLET)=YYCL{I) *COS{ALPH1) +XXX{IVI*SIN{ALPH1}
CONTINUE

BRITEIG6,1)

FCRMATI1Fr1,20X, 18HNOZZLE COORDINATES;1X,18HSUPERSONIC SECTION)
HRITE(6,2)

FORMAT{1F0,10Xy37HNOZZLE WITH BOUNDARY LAYER CORRECTION)
WRITELG6,2)

FORMATI1FO0,9X o IHX s L IX o IHY s 10X 3HXTUsOX 3 3HYTUBXy3HXTL,10Xs3HYTL)
DO 12 1=RKSPsN1

WRITELO A IXXXA T s YYCL I o XXTL I o YYTL{I) o XXTLAT) o VYYTLHIL)
FORMAT(1F ,6F12.6)

RETURN

ENC

Lewis Research Center,

National Aeronautics and Space Administration,

Cleveland, Ohio, May 19, 1971,
120-34.
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APPENDIX A

PROGRAM CHANGES FOR A GAS OTHER THAN AIR

The program gas properties are set up for air. This program can be easily
changed so that it applies to gases other than air. The changes are all made in sub-
routine PRECAL.

The coefficients read in by the DATA statements for CMU, CPR, and CTC arrays
must be changed. The equations for the curve fits have the following form:

2 3 4
Eo—ayb T +C T +d<—'r~>+e—-il|~
el T Tgy Ts1 Is1
2 3 \4
Pr=a1+b1l+c1—:1—‘-— +d1——T-— +e1(—T—
Tsl Tsl Tsl Tsl
2 3 4
PR l>+cz (2, (2V. _T_>
k T T T T
sl sl, sl sl sl

If the number of coefficients changes from five in any case, this must be reflected both
in the DATA statements and later in the calls on CURVFT where CMU, CPR and CTC are
used. - If the properties are put in a different form, these cards must be removed.

The sea-level reference values in U.S. Customary and SI Units of temperature
(TSLE, TSLM), viscosity (MUSLE, MUSLM), and thermal conductivity (TCSLE,
TCSLM) must be changed.

The value of Sutherland's constant (TCON) and the computation of Ko (SUTHL(I))
will have to be changed. A temperature-viscosity law of the following form was used:

2y T
su
o Ty

where for air

K ) ll/z TO+TCON
su T, T + TCON

with TCON being Sutherland's constant for air.

56



APPENDIX B

ADDITIONAL OUTPUT

This output is obtained when KPRE, KGRAD, KSDE, KLAM, and KPROF are set
equal to 1.
The output corresponding to KPRE are the geometric variables

X X-coordinate, m (ft)
Y Y-coordinate, m (ft)
S surface length, x, m (ft)

XOM ratio of X to maximum X-coordinate

YOM ratio of Y to maximum X-coordinate

SOL  ratio of surface length to total arc length

The next part of this output gives the local speed of sound and the several temperatures
AE local free-stream speed of sound, m/sec (ft/sec)

TSE static temperature, K °R)

TWAL wall temperature, K (°R)

TAWL laminar recovery temperature, K (°R)

TAWT turbulent recovery temperature, K (°R)

TBAR reference temperature, K (°R)

The final part of this output gives

RW Reynolds number at wall, RW = (UE)(S)/NUW

SW temperature function at wall

SUTHL:  value of coefficient in Sutherland's viscosity temperature formula

RHSW static density based on wall temperature, kg/m3 (slug/ft3)

RHSE static density based on free-stream temperature, kg/m3 (slug/ft3)

HEADW velocity head based on density at wall, N /m2 (lbf/ftz)

HEADE velocity head based on free-stream density, N/m2 (lbf/ftz)

NUW kinematic viscosity at wall, m2/sec (ftz/sec)

MUBAR dynamic viscosity based on reference temperature, -(N)(sec)/mz ((lbf)(sec)/ftz)
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Output corresponding to KGRAD contains the three gradients of velocity and Mach
number along the surface computed by the spline curve-fit method:

DUDS dUE/dx, sec™ !
DMDS dME/dx, m~ ! (t™1)
DMDL dME,/dSOL

Output corresponding to KSDE contains the numerical solution of the laminar and
turbulent differential boundary-layer equations. In the laminar case, the solution is the
correlation number (CORLN). In the turbulent case, the solution is the incompressible
form factor (FORMI), and a function (F) of the momentum thickness. These solutions
are printed with respect to the surface length (S).

Output corresponding to KLLAM contains the variables used in the laminar subrou-
tine to check for the position of instability and transition. RTHI, increasing from sta-
tion to station, and RCRIT and RTRAN, decreasing from station to station, are used in
this analysis. When RTHI grows larger than RCRIT, instability has occurred. When
RTHI bypasses RTRAN, transition is assumed to occur. For most cases of supersonic
nozzle flow, the flow is laminar. The variables listed are

CORLN correlation number
SHEAR shear parameter

DTH ratio of transformed displacement thickness to transformed momentum
thickness

FORMTR transformed form factor

SHAPL Pohlhausen shape factor based on boundary-layer thickness

RTHI incompressible momentum-thickness Reynolds number

SHA PK dimensionless shape factor based on momentum thickness

RCRIT . critical incompressible momentum-thickness Reynolds number

KBAR mean shape factor based on momentum thickness

DIFF difference between transition and instability momentum—thickness Reynolds
numbers

RTRAN incompressible momentum-~thickness Reynolds number used in checking for
transition point
Output corresponding to KPROF contains the velocity profiles at each station along
the surface. The output listed is

Y/DELTA ratio of distance normal to surface in y-direction in boundary-layer profile
to boundary-layer thickness
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Y/XMAX

U/UE

distance normal to surface in y-direction in boundary-layer profile, m (ft)
ratio of Y to maximum X-coordinate
velocity within boundary layer, m/sec (ft/sec)

ratio of U to free-stream velocity
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