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COMPUTER PROGRAM FOR DESIGN OF WO-DIMENSIONAL SHAR P-EDGED-THROAT 

SU PERSONIC NOZZLE WITH BOUNDARY -LAYER CORRECTION 

by Louis J. Goldman and Michael R. Vanco 

Lewis Research Center 

A FORTRAN Ill computer program is presented for the design of sharp-edged- 
throat supersonic nozzles where losses a r e  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 a re  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 a r e  used and high pres- 
sure ratios a r e  available have recently become of interest. The method of character- 
istics a s  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 a r e  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 a r e  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 a r e  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 a re  presented. A brief description of the computer program and 
method of design a r e  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 a t  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) 
a r e  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 a r e  used to calculate the aftermixing conditions downstream 
of the nozzle assuming the flow mixes to a uniform state. 

Nozzle Description 

fA typical supersonic turbine nozzle, a s  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 a t  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 i t s  length 
is determined by the required nozzle angle (see fig. 1). 



Figure 1. - Design of supersonic nozzle with sharp-edged throat. 



Boundary-Layer Calculations 

The boundary-layer parameters (displacement and momentum thicknesses) a r e  
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 a r e  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 a s  would occur in a nozzle. 
For turbulent flow, coupled first-order ordinary differential equations (the momentum 
and moment-of -momentum integral equations) a r e  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. 

After mixing Conditions 

The boundary-layer parameters (displacement and momentum thickness) at the noz- 
zle exit a r e  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 a re  possible for 
this l ~ s s  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 
losseg, 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 a re  se t  
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up for air. For gases other than a i r  the changes required to the program a re  a s  de- 
scribed in appendix A. 

The input format is shown in table I. The input variables a re  the following: 

ME nozzle-exit Mach number 

DV increment in flow turning (recommended value, 0. I), deg 

GAlM 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 NB 'must 
be an integer and right adjusted) 

NS number of input points for nozzle inlet including the throat (must havk a t  
least one point, the throat point) 

ALP1 nozzle angle measured from tangential direction, deg, see fig. 1 

YTH throat half-height, m (ft) 

XCP ar ray  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) 

PS PT a r ray  of static to total pressure ratios corresponding to the nozzle subsonic 
section coordinates XCP and YCP 

R gas constant, ~ / ( k ~ )  (K) ((ft) (lbf )/(slug) (OR)) 

PTZ 2 2 inlet or upstream total pressure, N/m (lbf/ft ) 

TTZ inlet or upstream total temperature, K (OR) 

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, i f  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 

DTURB ' 

TTURB 

KPRE 

KGRAD 

KSDE 

KLAPLrl: 

m AIN 

KPROF 

integer (0 or 1) indicating which of two allowable sets  of units a r e  used in 
input : 

. . . . . .  U.S. Customary (Ibf, slugs, ft, sec, OR, and ft-lb) 0 
. . . . . . . .  International System (N, kg, m, sec, K, and J) 1 

initial displacement thickness, i f  any, of laminar boundary layer a t  f irst  
point, m (ft) (DLAIM 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, i f  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 . . . . . . . . . . . . . . . . . . . . .  0 
Output printed. . . . . . . . . . . . . . . . . . . . . . .  1 

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  a r e  ca rd  column numbers. ] 

Subsonic Section 

1 6 

ME 

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 a r e  not known, a subsonic section is put in. Fig- 

7 12 

DV 
13 18 

GAM 

10 

XCP 

10 
R 

30 
PSPT 

30 
TTZ 

20 
Y CP 

20 

PTZ 

20 
NP 

40 

40 
UPMACH 

5 i 

NVP 

2223 
NS 

TE 

10 
NTURB 

15 

KEM 

28 
ALP1 

10 
DLAM 

20 
TLAM 

29 38 
YTH 

5 

KPRE 

6 

15 

KSDE 

40 
TTURB 

10 

KGRAD 
20 

KLAM 

30 
DTURB 

25 
KMAIN 

pp-pp. 

30 

KPROF 



Subsonic section 

Figure 2. - Coordinate system for geometry input. A l l  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 a re  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 a r e  se t  equal to 1. A description of this output is 
given in appendix B. 

DESCRIPTION OF M A I N  OUTPUT 

l$n example of the output from the program is shown in table 11. 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). 



(3) Output 3 gives the input to the boundary-layer program. The first three lines of 
this output a r e  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 (OR) (wall temperatures a r e  assumed equal to total 
temperature, TTZ) 

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

PSZ 2 2 upstream static pressure, ~ / m  (lb/ft ) 

TSZ upstream static temperature, K (OR) 

UZ upstream velocity, m/sec (ft/sec) 

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

(ft/sec) 

RHSZ (RHTZ) static (total) density based on upstream static (total) temperature, 
kg/m3 (slug/ft3) 

MUSZ (MUTZ) dynamic viscosity based on upstream static (total) temperature, (N) 
(sec)/m2 ((lbf)(sec)/ft2) 

NUSZ (NUTZ) kinematic viscosity based on upstream static (total) temperature, 
m2/sec (ft2/sec) 

CP specific heat a t  constant pressure, J/(kg)(K) ((ft)(lbf)/(slug)(O~)) 

PR Prandtl number 

TC thermal conductivity, J/(m)(sec)(K) ((ft)(lbf)/(ft)(sec)(O~)) 

ARCL 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 stat icpressure,  ~ / m ~ ( l b f / f t ~ )  

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 al l  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 s t ress  at the wall, ~ / m ~  (lbf/ft2) 

RTH momentum-thickness Reynolds number 

DTDY slope of temperature profile at the wall, K/m ( O ~ / f t )  

NUSS local Nusselt number 

HTRAN heat transfer per unit area, ~ / ( s e c ) ( m ~ )  ((ft)(lbf) /(sec)(ft2)) 

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 (XMFSl), 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/VCRl and V/vCR2), flow angles measured from axial direction (ALPH1 and ALPH2) 
in degrees, total to total pressure (PT2/PTO), total to  static pressure ratio (PTO/P~),  
static to  total temperature ratio (T~/TTO), nozzle kinetic energy loss coefficient 
(EBARB), 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 a r e  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) a r e  with the nozzle axis axial, while XTU, YTU, XTL, and YTL 
a r e  the coordinates of suction and pressure surfaces, respectively, with the axis at the 
nozzle flow angle (see fig. 1). 
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TABLE 11. - SAMPLE OUTPUT 

TWO DIMENSIONAL SUPERSONIC NOZZLE WITH A SHARP-EDGED THROAT 

~ V E  19.999 ME = 1.770 GAMMA = 1.390 DELTA V =0.10000 YTH = 0.11000E-01 

I 4UBSCNIC SECTION I INPUT)  

I 
X Y 

0. 5.82190 
EO. I9990 4.18240 
14.81270 3 -46350 
E7.78366 2.96350 
20.C6510 2.59660 

1 22.29440 2.23850 
23.55990 2.03510 
25.422CC 1.73580 
2'6.32850 1.59010 
27.20830 1.44870 
27.88580 1.33980 
28.96970 1.16560 
29.576130 1.068 10 
29.87120 1.02070 
30 .COO00 1.00000 

( SUPEISCNIC SECPLON 

PSPT 
0.99303 
0.98640 
0.98003 
0.97250 
0.96383 
0.95060 
0.93947 
0.91433 
0.89562 
0.87027 
0.84302 
0.77164 
0.69507 
0.62351 
0.52828 

PTPS 
1. e868924 
3.3859348 
3.4692084 
3.5546543 
3.6423670 
3.7324436 
3.8249831 
3.9200864 
4.0178579 
4.1184044 
4.2218362 
4.3282676 
4.4378166 
4.5506049 
4.6667590 
4.7864097 
4.9096938 
5.0367521 
5.1677312 
5.3027837 
5.4420699 
5.4420699 
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C P R E L I M I N P R Y  f PLCULATIONS 

P S Z  = 12696.00000 
TSZ =i 1010.0000 
l l 7 4  I 0. 

RHSZ i 0.7325348E-02 
4 RHXZ = 0.7325348E-02 

1 PUS2 9 0.6048975E-06 
CUAZ 0.6048975E-06 

c 

S f  d l  I O N  
'1 

PRES 
12607 m50879 
12522.33435 
12441.46082 
12346 a85986 
12236.78564 
1206Eee1750 
11927.51111 
11608 033362 
11375.79150 
1104E -94788 
10702.98181 
9796 e74146 
8824 -60864 
7916.08295 
6728.52344 
3748.62912 
3655 -62442 

POPTZ 
0.993030 
0.986400 
0.980030 
0.972500 
0.963830 
0.950600 
0.939470 
0.914330 
0.895620 
0.870270 
0.843020 
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 



TABLE 11. - Continued. SAMPLE OUTPUT 

PRINCIPAL BOUNDARY LAYER INFORMATION 

I INSTACILITY DOES &OT OCCUR 

I TRANSITION DOES NOT OCCUR 

5 1  SBPARCTION DOES NOT OCCUR 

I LPHINPR BOUNDARY LAYER - STATIONS 1 TO 45 

C TURBULBkT ROWNDARY LAYER DOES N0.T OCCUR 

DELSR 
0.000243 
0.000250 
0.000232 
0.000209 
0.000188 
0.000166 
0.000152 
0.000131 
0.000120 
0.000110 
0.000100 
0.000089 
0.000072 
0.000077 
0.000068 
0.000089 
0.000096 
0*000102 
0.000107 
0.000111 
0.000116 
0.000120 
0.000124 
0.000128 
0*000132 
0.000135 
0.000139 

THET 
0.000100 
0.C00100 
O.GO0092 
O.CO0082 
O.CO0073 
0.000064 
0.000058 
0.000049 
0.000045 
0*(300040 
0.000036 
0.000030 
0.000024 
0IC00021 
0e000018 
0.000022 
O.CO0023 
O.CO0024 
0.000025 
0.000026 
O.CO0026 
0.000027 
O.CO0028 
0.000028 
C.CO0029 
0.000029 
Oe000030 

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 
3.7926 
4.0912 
4.1602 
4.2218 
4.2789 
4.3328 
4.3848 
4.4353 
4.4848 
4i5337 
4.5822 
4,6304 
4,6786 

FOR W I 
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 
2.6696 
2,6946 
2.7138 
2.7295 
2.7426 
2.7539 
2.7638 
2.7727 
2.7807 
2.7882 
2.7951 
2.8015 



STblT ION 
It 
2 
3 
4 
5 
8 
7 
8 
9 
10 
1 E 
12 
13 
14 
15 
1'6 
17 
18 
19 
20 
2 I 
2 2 
2 3 
24 
25 
28 
2 7 
28 
2 9 
30 
3 1 
3 2 
3 3 
34 
35 
36 
37 
3 8 
39 
40 
4 1 
42 
43 
4 4 
4 5 

TAUW 
0. 
0.49111 
0,69284 
0.94582 
1.23823 
1.69433 
2.07543 
2.97685 
3.61860 
4.67552 
5.35578 
9.77562 
9.81642 

28.34312 
31.98068 
10.03554 
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 
5.35489 
4.53268 
4.345 16 
4.01812 
3.75531 
3.53813 
3.35474 
3.19719 
3.05994 
2.93898 
2.83131 

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 
-274410.61 
-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 

2127.49 
1887.17 
1717.63 
1587.04 
1+83.79 
1399.37 
1328997 
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 

HTRAN 
0. 
-5.5407 
-7.5900 

-10.8227 
.-15.3407 
-23,2116 
-30.8361 
-49.6803 
-66.5661 
-86.7196 

-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 
-760.3223 

CRN 
2,799 
4.842 
6.050 
6.806 
7-221 
7,650 
7.824 
8-327 
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 
4.210 
4,376 
4.521 
4,646 
4.754 
4.848 
4.929 
4.999 
5 e 060 
5.113 
5.213 
5.283 
5.006 
2.048 
1.908 



TABLE 11. - Concluded. SAMPLE OUTPUT 
r 

AFTERMIXING PROPERTIES 

NCZZLE WITH NO BOUNDARY LAYER CORRECTION 

XMFS1 =1.7666 SPACING =.090740 TE =O. XM2 ~1 .7532  VlVCRl = 1.523 XMXl = 0.604 XMX2 = 0.593 

ALPHl i  70.001 ALPH2= 70.241 PTZ/PTO= 0.9861 PTO/PZ= 5.407 TZ/TTO= 0.6253 V/VCRZ= 1.515 EBAR2=0.00651 ETA-\=0.9735 

hOZZLE WITH BOUNGARY LAYER CORRECTION 

XCFS1 -1.7666 SPACING =.092147 TE 00. XM2 11.7533 V/VCRl = 1.523 X M X l  = 0.604 XMXZ = 0.593 

ALPHI- 89.999 ALPH2= 70.237 PTZ/PTO= 0.9862 PTO/P2= 5.407 T2/TTO= 0.6252 V/VCR2= 1.516 EBAR2=0.30643 ETA-V=0.9736 

DELSRCNC11 =OIC00315 DELSR(N+Z) =0.000315 THET(N+l) =0.000065 THET(N+Z) =0.000065 



- 
NOZZLE COORDINATES SUPERSONIC 

NCZZLE WITH BOUNOARY LAYER C 

XTU 
-0.010400 
-0.008211 
40.007780 
-0.007439 
-0.007131 
-0.006835 
-0.006543 
-0.006251 
-0.005953 
-0 e 005649 
-0.005337 
-0eOO5014 
-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 

ORRECTION 

YTU 
0.003786 
0.016212 
0.018539 
0.020289 
0.021803 
0.023192 
0.024505 
0.02577L 
0.027007 
0.028224 
0.029432 
0.030635 
0.031838 
0.033046 
0.034262 
0.035488 
0.036726 
0.037979 
0.039248 
0.040535 
0.041839 
0.049858 
0.057876 
0.065895 
0.073912 
0.081930 
0.089947 
0.097964 
0.105981 
0.113997 
0.122013 
0.122875 
0.123256 

SECTION 

XTL 
0.01C400 
0.016712 
0.017877 
0.018741 
0.019478 
0.02C144 
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 

-0.000000 
-0.000000 
-0.000000 
-0.000000 
-0.000000 
-0.000000 
-0.000000 
-0.OC0000 
-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 (777778). 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 words of storage. SSN uses 14134(8) words of 

(8) 
storage. All quantities calculated in NOZZL and needed by BL a r e  stored in SSN 
through two common blocks and the CALL statement. 

S u b r o u t i n e  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: 

where 

X X-coordinate of nozzle contour point (output) 

Y 

POPTZ 

SP 

NST 

NCP 

ALP1 

GAM 

NS P 

Y-coordinate of nozzle contour point (output) 

static to total pressure ratio (output) 

spacing (output) 

total number of points (output) 

number of points excluding the ten points for the straight section (output) 

nozzle flow angle at station 1, measured from tangential direction (output) 

specific heat ratio (output) 

number of subsonic points including throat point (output) 



The program variables for NOZZL that a r e  not in reference 1 a re  

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 a re  INPUT, PRECAL, 
LAMNAR, TURBLN, PROFIL, AFMIX, and NOZ ZLC. These, in turn, call several 
other subroutines. All these subroutines and their relation a re  shown in figure 3 .  

NOZZLE A 

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 a re  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 a r e  for SW (temperature function a t  the wall) = 0. The changes a re  noted 
in the program with comment cards. Two curve f i t  ranges were also extended. RCRIT 
and DIFF were extended as follows: 



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 a t  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 a r e  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). 

90 + FA- 

grip) 

Figure 4. - Quantitiesrequired 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 = 2 ( Y  + 6  ) t a n a l  
nP nP 

The change in length of straight section is 

AZ = z - (Xn - xnp) 

The coordinates of the straight section a t  this point a re  



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

The displacement thickness is 

6n+ 1 = 6n + AZ tan FA 

Similarly , 

Therefore, the momentum thickness is 

On+ 1 = 8, + AZ tan FA8 (7) 

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 

From the law of sines 

sin (90 + FA) sin a! 
W 

The change in spacing is 



A s  = (an+l - anp) sin (90 + FA) 
sin aw 

The corrected spacing is 

The change in axial length is 

sin a, 
AZf = I (Gn - 6 ) cos FA 

sin aw nP 

Therefore, the displacement and momentum thicknesses on the suction surface at the 

nozzle exit a re  

- 
6n+2 - 6n+l + AZf tan FA 

- 'n+2 - 'n+l + AZf tan FA8 (13) 

The coordinates of the straight section at this point a r e  

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

The calling sequence for AFMIX is 

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

where 

ALPHl nozzle flow angle at station 1, measured from axial direction (input) 

TE trailing-edge thickness (input) 

S P  spacing (input) 

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



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

The program variables for AFMM a r e  

A 1 - 6 - 6te - 8* 

A1 1 - 6* - Bte 

AFS 1 eq. (B4) of ref. 4 

ALPHl see  input 

ALPW aw, fig. 4 

C eq. (C16) of ref. 4 

D eq. (C18) of ref. 4 

DELP displacement thickness on pressure surface 

DELS displacement thickness on suction surface 

DELSR displacement thickness 

DELSRT 6*, eq. (18a)ofref .  4 

DELZ AZ 

DELZF AZf 

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

DENSRl (P/P')~ 

DENSR2 eq. (C21) of ref. 4 

DS change in spacing, As  

DF change in surface length 

DTE eq. (1) of ref. 4 

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

ETAN nozzle efficiency 

FA displacement thickness angle, eq. (4) 

FAMT momentum thickness angle, eq. (6) 

GAM specific heat ratio 

KODE program control for different solutions 

N NST 

NP see input 



PR2 (P/P')~ 

PT2PTO eq. (C22) of ref. 4 

m o p 2  p;/p2 

SP spacing, s 

THET momentum thickness 

THETA 8" , 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 s cos a l  

XXX X-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 a r e  calculated for the nozzle with the nozzle axis horizontal. The coordi- 

nates a r e  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 

NS P number of subsonic points including throat point 

ALPHl nozzle angle 

NP last point on pressure surface 

The program variables a r e  

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 pressuresurface (axisatangle), 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) 

2 4 



YYT Y-coordinate suction surface (axis at angle), m (ft) 

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

PROGRAM LISTING 

SIRI-TC. S S N  O t G K  

L SUPFRSOhIC N U 7 7 L E  
C O ~ M C ~ I U / C . ~ / G A M ~ K  r P T L r T T Z  rUPMACI* IYSTrNVPrNTUHB.KPVMiKfHrKSMTHr 

~ ~ S P L N ~ # I E ~ K A T L H ~ C T H F T ~ O L A M ~ T L A M ~ U T U K B ~ T T U R ~ ~ K P R E ~ K G R A D ~ K S D E ~ K L A M ~  
?K+lAIN.KPRUFrX( 1 0 0 ) , Y l l O 1 ~ f r ~ R E S ( l C i O J  ~ U E ( 1 0 0 )  r l u l E ( l O O ) r P O P T Z L l 3 3 ) r  
3 V f l V C R l 1 0 0  ) e ThAL4 I O C )  

C O k M O N / C 7 / P S Z w T S Z ~ U Z * A S Z  t A I Z * R H S Z r h H T Z * M U S Z * l u l U T Z * N U S Z r & J r Z q C P s  
JPRw TCeAKLL  

K E A L  EJlE 
1 CALL  iqLl7LL4 X r ' f r P O ' T Z + S P  rIVSTrN; P.ALY1rGAMrrLSP) 

C A L L  HL 4 b P * N C P + A L P  1qNSP)  
611 TCI 1 
t N O  

S l l c l R n i l i I Y t  N r l Z Z L ( X L P * Y L P . P S P T t  S t & U P r N C P t A L P l * G A M r N S )  
I. Thf3 O I H E U S  lnluAL SUPEhSDIVIC NUZZLE h1 Ttl  A SHARP-EDGED I HROAT 

DIMENSI'JN X C . t l 5 0 8 ) r Y C  ( 1 5 0 0 )  * P I 1  ( 1 5 0 0 )  r U ( 3 3 3 3 )  r M 4 3 3 3 0  J r  
1 K ( 1 5 0 0 r 2 1 r Y (  1500*2)r  P ' i P S 1 3 0 0 0 J  r X G P ( l 0 0 l ~ Y C P 4 1 O O J  q P S P T L 1 3 3 )  

R E A L  M.ML.ME*MbCrYT 
4 K t A C I t  5.3) ME * D V * G A M ~ N P I ~ S W A L P ~  *YTH 
3 F O k M A T I  3 F 6 a 3 r 2 1 2 o t - t a 3 r F L O a b )  

k F A U 4 5 . 9 )  i X C P (  I )  s Y G P i I ) t P S P T I I  b r I = l * N S j  
9 FORMAT4 36 10.11 

NLP=NS+ Z 
& L  P l=ALP1* .  0 1 7 4 5 3  
V E = S ~ ~ T ~ ~ ~ ; A M + L . O ~ / ~ ~ A M - ~ . O )  ) * A ~ I A ~ U ( S O R T ~ ~ G A M - ~ . O ) / ' ( G A M + ~ . ~ I  

I * (  ME**2-1-0 1 ) )  - &TAh(SORT(ME* *2 - l . b )  ) 

ov=  I ~ V *  .<)I7453 
XT=Cl.O 
YT=l.O 
M T  ~1.0 
P T Y S T  = 4 (bAM+L.0)/2.0)**(GAM/ibAM-l(.OJ) 
& + A X  = I U T t ,  %VE/)V+1,5) 
U V = V F / I  2,0*F IL IAT4 &MAX-1)  t 
NNAX = K q A X  
W h l f  E t h . 2 5 1 1  



FORMAT l l H  l r 3 t X q  59iiTk10 111 M k N S l O h A L  SUPEKS l iN IC  NCILLLE W I T 4  A  SHARP-E 
106t0 THKOAT ) 

V E -  WE*57,2958 
UW = 0 V * 5 7 * 2 9 5 8  
A L P 1  = A L P A * 5 7 e 2 9 5 8  
d K I T E ( b r 2 5 2 )  Vk.ME ~ G A H I O V ~ Y T H I A L P ~  
FORMAT( l t I O r 4 H V E  = e k 8 , 3 r  l O X 9 4 H N E  = r F 8 r 3 r 1 0 % * 7 H G A M M A  = , F S e 3 r 1 3 X v  

1 9 H l l k L T A  V = r k 7 0 5 e  8XeSHYTH = r t 1 2 * 5 r 8 X . 6 H A L P l  = r F 7 e 3 )  
WR i T E ( o . 2 4 7  1 
FORMAT4 lHOe  5 x 1  24HSUE3SUNIL S E C T I U N  I NPLJT) ) 
i d K I T E ( 6 * 2 4 8 )  
FORMAT( LHOvSX*  1HXe 1 4 X r l H Y  * 1 4 X e 4 H P S P T 1  
d R I T E 4  6.2 5 5 )  ( X C P (  I 1  r YCPI  1 )  r P S P T i I  J r I = 1  * N S l  
FORMAT( 1H .F113,5~2t15 ,5J  
WR I T F ( b r 2 4 h J  
FOc(MAT( 1HOe 5 XI 18HSUPkRSOhIZ ;  S k C f  Ic31J) 
WH I T E l  h e 2 5 3 1  
FORFiATt  1 t i 0 * 5 X ~  1HXv 1 4 X e l H Y  9 1 4 X ~ l H M 9 L r i X o G H P T P S ~  
w K I . T E 4 6 . 2 5 4 J X T r Y T o M T e P T P S T  
bl P l  = A L P I *  0 0 1 7 4 5 3  
C)V= D\ /* ,O 1 7 4 5 3  

K J k  &Nt;Lt C A L C U L A T I O N  
DO 5 K = l * K H A X  
V H I ( h )  = F L U b T t K - 1 ) * U V  

MACH ANbLE CALCkJCAT t ON 
N K  = 2*KMuX-1  
DO 6 I = l r N K  
CALL. i 1 A t  I .UV r(;AMrLI( I ) ) 

H E G l l l N  ~kkc\H T k E  THROAT 
on i c o  & = r e  KMAX 
NC = 1 
N - 1  
1 = K + z * ( N C - 1 )  
I F  ( K - N E - 1 )  CXI TO 10 
S L O P E 1  = -TAN( ( U I  I )+U(  Ii11 ) / 2 e I r - ( P h 1 4 K 1  + P H I 4 K + l )  ) / 2 e O )  
X t K e h ) =  - l e O / S L O P E l  
Y 4 K . N )  = 0 - 0  
(GO T(3 100 
I F  ( K - F O a K M A X I  I;O TO 20 
F L i l P E 1  = -CAI\II 1 U( 1 )+Lit I+1) j / 2 . 0 - L P H I  ( K ) + P r l I I K + l )  )/2.0) 
S C J P F 2  = T A I u ( ( l l ( 1  )+U(I+1))/2e(I+(PHI(Ki+PHl(K-1))/2.0) 
X4K.N) = ~I-O-(Y(K-lrh)-SLLPF2*X(K-LrN) 1 )  / 

1 4  SLOPF2-SLlbP i-1) 
Y i K e l b ) = Y l  K - l e N ) + S L i 3 P E 2 * 1 X I K r N ) - X ( K - l  r N )  1 
(;a Ti3 100 
S L O P E I =  T A N ( P I i I ( K ) )  
SLOPF7  = TAN(IU(l)+IIiI+L))/2eC+(PHI(K)+PHI(&-l))/2e(3) 
X I K o l J )  = (LePrlYlK-lrl~)-SLOPt2*XiK-l~Nl 1 I /  

14 SLUPE2-SCI IPF11 
Y ( K . N ) = Y ( L - ~ ~ N ) ~ S L L ~ Y ~ ~ ~ : L X ( K ~ N ) - X ~ & - L ~ I ~ ~ ~  
X T . 1  luC ) = X I  KMAXr N )  
Y C ( N C ) =  V l k M A X * N )  
M ( N C J  = 1 ,O /S IN (L I I  1) 
PTk'S(N(. 1 = L  1 . O + ( I ; A M - l e O ) * M ( N C ) * * 2 / 2 ~ O ) * * ( G A M / ( b A M - l e O )  1 
COhT I-VtlE 
I F  ( MI~D(V(..IVP) .E3,0 1 hR I TE ( 6 . 2 5 4 1  XC(IVC8 r Y C ( N C )  9 M I N C )  vPTPS I N C )  
I F  (MI I I I IYC~NP).NF.O) GO TO 203 
X C P I N C P ) = X C (  NC) 



Y(;Prl N(.P J = Y c ( I k C 1  
P S P T ( N C P )  = l,O/PTPS(lut;) 
IN t.? =N I:P + 1 

ki-(;ILli\r I )LIvINST~ECIM 11k THE THROAT 
L i l r d T  1NIJF 

N=? 
K H A X = K Y I A X - ~  
1 4  C,=N(, + 1 
ijll 201) K = 1, KMA X  
I = K t7*( IJL- 1 J 
I F  ( K - I L F . ~ ~  ti0 TO LC'L 
S L l i P t . 1  = -TAl\i( L I J ~ I  )+L1(1+1)  J / 2 . U - I P H I ( K ) + P d I ( K + l )  ) / 2 .01  
x4h .N I = - (  Y (  K+P+N-L 8-SLOPt l * X (  K + l e N - 1 )  j / S L D P E l  
Y [ n , I \ )  =o,i) 
\;I1 Ti1  700 
l k ( k m t " ( J . < d / A X  1 i;L, i l l  7Gl 
SLt3PF1 = -TAN((IJ( i)+Il(I+l) 1/2.0-(PHI(KI+PrlIIK+l)l/2aQ) 
SI OPF7  = TAh4 tl( J ) + U (  I + 1 )  ) / 2 e G + ( P t l P  ( K ) + P H I ( K - l )  ) / 2mQ)  
X ( K  *lu ) = ! I  Y(KtlrN-11-SLOPEl*X(K+lrN-lJ ) - ( Y I K - 1 r N I - S L O P t 2  

1*XI&-l .N) ) / ( S L r l P t ?  - S L O P t 1 )  
Y (  K I ~ ) = Y (  K - 1  rN ) + S L O P E ~ * ~ X I K ~ ~ ~ - X I K - ~ ~ N )  
G l l  TO 700 
S L i l P F 1 = T A N i P & I (  K ) )  
S L 3 P f 7  = T A h L L U ~ I ) + U ~ I + 1 ) ) / 2 ~ O + ~ P H I 6 K ~ t P d I ~ K - l ) ~ / 2 m O )  
X ( K r i t r ) = ( (  Y ( K + 1 q N - l ) - S L O P € 1 * X ( k + l r N - l )  )-IY(K-lrN)-SLDPE2 

l * X ( K - l r l u )  J ) / I S L f 3 P E Z  - SLOPE11 
Y L K t N i = Y o ( - l . N ) + S L I l P k 2 * ~ X ( K r N ) - X i K - l r N ) )  
KC4 NC)=XL K M A X I Y  1 
YC(NCi)=YIKMAX.N) 
M t i u C )  = l a O / S I b [ U ~  i b J  
PTPSL NI.) =( l ~ O + ( G A M - l r b ) * M ( N C ) * * L / 2 m O )  **fGAM/6GAM-lmO) O 
C1UT I J I I E  
I F  (MidO6RICrNP) ,Eld.O) W K I T k ( b r 2 5 4 )  XL(NC)  r Y C (  hC) r M ( N C ) r P T P S ( N C )  
I F  i MIJI~~ULINP)  *NEmL1 GLI TD 249 
X C P (  rUCP)=XGthC,) 
Y(,Pflilk;P )=YCIN[;1 
P S P T (  I \ ICP = I .C;/PTPS( NG) 
NLP=r4CP ti 
If  ~ K I ' I A X - F U - ~ )  (;O 10 250 
on K=I.KNAX 
X ( K * l J = X I K * 2 )  
Y ( K . 1 l = Y t K . 2 )  
(XI TO 205 
~UMA=ILI~AX- 1 
I k (  XCP4 NGP-1 ),EU. XCtNMAi b O  TU 300 
X C Y  4 NCP) =XC( & M A )  
YCY (IUGP l=YC(hMA 

PSPrO\r(.P )= l ,O/PTPS(NMA) 
(;b TI) 301 
NCP=h(;P-l 
r l K i T k  1 h r 2 5 4 )  XL IUHAb  * Y C ( I J W ~ )  rM(I\rMA) rPTPS(NMA1 
Cd.)kML\1 L 1H . f lC , . 5 tF15w5mF l5m 5.F 15.7) 
1_=2,U*Y(.( NMd ) / T A N ( A C P l ) * Y  T t i  
5 = 7,lr*YI. 1NMA I / S I N ( A L . P l  I *YTH 
C = X L i J t  I uS )  +XC ( N M A ) + L / Y T h  
cti = (.*YTh 
P S P T (  N.i) = l .O/PTt)ST 
i\LlP=NCP+10 
nil .3( 4 X = I . N ~ I P  



hinFTI; U U E C K  

SLJtiKi3ilT I N €  UA( I r 0 V . G A M . U )  
REAL N C v M - M C l  
X 2 M = S S K T (  ( L , A M + l - O )  / ( L ; A M - l ~ b l  1 - 0 0 1  
J = i - I O A T 4 I - l ) * D V  
I F t V . F O . O . 0 )  GD Ti1 5 
E X T F H N A L  V A  
I F  (M(. .NE.l .CI  fill TO 7 
I I V I l M C = . 0 2  
(;U T n  4 

7 A =  S O R T (  i G A M + l . e ) / ( 6 A M - l , U )  1 
d= ( GAM-1.0 ) *b lC**2-GAM 
C =  ( (,AM +1 -0 1 /MI.**2-(.AM 
I)Vr)14(.= A * I ~ ; A h l - l . 0 )  * i % C / ( l . O - H * * 2 1 * *  L.5)-MG**(-31*(GAM+l.O)/[ 1.0- 

l C * * Z b * * ( . 5 1  
4 # C =  ( V - V u (  MC ) )  /DVDMC+MC 

I F  ( M C e L T  o X 2 M I  GO T U  9 
# C = X 2 d  
d R l T F  16.2)  MCvNC.K  

2 &ORMAT( l H O 1 4 1 H L l i ' l I  7 H A S  BEkN REACHED.  MC SET = T O  X 2 M r 5 X t 4 H M C  =, 
l F 8 , 3 * 5 X * 4 H M C  = *  1 4 1  5 X 1 3 h K  =.I44 

9 V L =  V A ( M . 1  
I F  I A t i S t V - V 1  ) o L T .  o 0 0 0 0 1 )  GU TO 8 
i;U T l l  7 

8 M = SORT[ t ( 2 0 ( ' r / ( G A W + 1 . C : ) ) * M C * * 2 2 / / ( 1 0 0 - (  ( > A M - l . U t /  
l( G A N + l , o )  *MC**2,) 1 

(;(I T(1 h 
5 M = 1 . 0  

MC=l.C) 
6 IJ=AFcS i k i  1 .O /M)  

H  F T I J R N  
FNi) 



S i B F T C  V A N  UECK 

SI8FTC BLPYER DECK 

3UeRGUTIhE BLISPpNP,ALPlrNSP) 
G t M P O N / C 1 / G A M ~ R ~ . P T Z T T T Z , U P M A C H t N S T ~ N V P p N T U ~ B ~ K P V M ~ K E M p K S M T ~ p  
~ K S P L M , K L E , K A T C H , C P H E T ~ D L A M ~ T L A M ~ D T U R ~ ~ T T U R B , K P R E T K G R A D T K S D E ~ K L ~ ~ ~  
~ K ~ ~ ~ N ~ K P P O F ~ X ( ~ ~ ~ ) ~ Y ~ ~ ~ ~ ) ~ P R E S ( ~ ~ ~ ) ~ U E ( ~ ~ O ~ ~ M ~ ~ ~ O ~ ~ ~ P O P ~ Z ~ ~ ~ ~ ~ ~  
3VOVCRflOC 1 ,TWAL( 1 0 0 1  

C U Y P O N / C ~ ~ P S Z , T S Z , U Z ~ A S Z ~ A T Z T R H S Z ~ R H T Z ~ M U S Z ~ M U T Z ~ N U S Z ~ N U T Z ~ C P ~  
IPR,TC*ARCL 
C U C ~ C N / C ~ / X O M ~ ~ O O ) , Y O M ~ ~ O O ~ T S ~ ~ O O ~ ~ S O L ( ~ O O ~ ~ A E ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

~ T A W L ~ ~ ~ ~ ~ ~ T A W T ( ~ ~ ~ ) ~ T B A R ~ ~ O O ~ ~ R W ~ ~ O O ~ ~ S W ~ ~ C O ~ ~ S U T H L ~ ~ O O ~ T  
~ R H S U ~ ~ ~ ~ ) ~ R H S E ( ~ ~ ~ ) , H E A D W ~ ~ O ~ ~ ~ H E A ~ E ~ ~ O O ~ ~ N U W ~ ~ O O ~ ~ M U ~ A R ~ ~ ~ ~ ~ ~  
~ A A ~ ~ C O ) ~ ~ B ~ ~ ~ ~ ~ ~ F F ( ~ C O ~ ~ D U ~ ~ ~ ~ O O ~ ~ D M D S ~ ~ O O ~  ,DMDLt loO) 

C O P ~ Q N / C 4 A T H E T ~ 1 0 0 ) ~ O E t S R ~ 1 0 0 ) , D E L T A ( 1 0 O ~ ~ F O R M ~ l O O ~ ~  
~ F Q R ~ I ~ ~ O C ) ~ F O R M T R ~ ~ O O ~ T R T H ( ~ ~ ~ ) ~ R T H I ~ ~ ~ O ~ ~ C F ~ ~ O O ~ ~  
I T A U W f ~ 0 0 ) T N U S S t l 0 0 ) r D T D Y ~ 1 O O ~ ~ H T R A N ( 1 0 0 ~ ~ C R N ~ l O O ~  

COMPON/CS/ERROR* TRANS ,SEPRN 
REAL HE 
LQGICAL ERRORpTRANSp SEPRN 

10 CALL INPUT 
RfAC 05,591 TE 

99 F O R C A T ( F t a l 1  
I F  (ERROR) GO TO 10 
CALL PRECPL 
LF(ERROR1 GO TO 10 
CALL LAMhAR 
I f  4BRROR) GO TO 10 
IF  4SEPRh) GO TO 20 
I F  (oNOTeTRANS1 GO TO 20 
CPLL TURCtN 
I F  (ERROR) GO TO 10 

QO CALL PROFIL 
N P H 1  = 3.14159/2oO - ALP1  
CbLL A F M I X ( A L P H ~ , ~ E ~ S P T M E ~ N S T ) T N P I  
CALL NOZZLC (NSPp ALPHl rNP 1 
GC TC 1 0  
EN C 



B L W T X :  IWPU DECK 

SUBRCUT I R E  I N P U T  
COPYCK/Cl/GbM~RtPTf,T?ZtUPMACH~MSTtNVPtNTURB~KPVMeKEM~KSMTUv 

~ K S P L & ~ K L E ~ K A T C H ~ C T H E T I ) D L A M ~ T L A M ~ D T U R B ~ T T U R U ~ K P R E , K G R A D ~ K S D E ~ K L A M ~  
2 K ~ A I N ~ K P R O F t X i 1 0 0 ) ~ Y ~ 1 O O ~ ~ P R E S ~ 1 O O ~ ~ U E ( l O O ~ ~ M E ~ l O O ~  ~ P O P T Z f l O O I e  
3VOVCR(LOC ) r T W A L !  1 0 0 )  

COPVGN/CSJERRORtTRANSpSEPRN 
L O G I C A L  ERROR *TRANStSEPRN 
R E 4 L  YE 
ERROR= -FALSE.  
T R I N S =  .FALSE. 
SEPRh= ,FALSE. 
CTFET  = C.0 
KATCP = C 
K S P L h  = 1 
K L E  = 0 
WRITE C6 t 1000 
ReAC L 5 r 1 0 2 0 )  R , P T Z t f T Z g U P M A C H  
W R I T E ( 6 r 1 0 5 0 )  
WRITE  t6  9 1060 1 R t P T Z t T T Z , k P f l A C H  
REAC (59 l C  10 )NVPo NTURB,KEM 
W R I T E C 6 ~ 1 0 7 O ) N S T t N V P t N T U R B , K E M  
REbC t 5  t 1 0 2 0 )  DLAMtTLAM,DTURR,TTURB 
W R I T E ( 6 g l C B O 9  D L A H ~ T L A M I O T U R B ~ T T U R B  
READ t 5 t 1 0 1 0 )  KPREtKGRADtKSDE,KLAMtKMAIN,KPROF 
URLT f3 (6 ,10901  KPREIKGRAD~KSDE~KLAM,KMAIN,KPROF 
I F ~ N S T ~ G T e l O O . O R ~ N T U R B ~ G T ~ N S T ~ O R e K E M , L T , O ~ Q R ~ K E M ~ G T ~ ~ ~ O R ~ K S P L N ~ L T e  

IO~CReKSPLNeGTe1.OR~KLEeLT,O,OR.KLE.GTmleOReKATCH~LT~O~OReKATCHeGTe 
2 1 1  GC T C  7 0  

DO 1 I =],&ST 
1 T W b L ( 1 )  = T T Z  

W R I T E ( 6 r l l 3 0 )  (X(f)tY(I)tPOPTZ(I)rTWAL(I)vI=ltNST) 
RETURN 

TO ERRCR = .TRUE* 
W R I T E ( 6 t 1 1 7 0 )  
RETURN 

IOaC PORPATt  1 k 1 / / / / )  
I010 FORCAT4 1t I 5  I 
k W C  F C R Y A T ( 8 F l O . S )  
1030 F O R Y A T ( 4 F l O e S I  

10§U FURPAT(  1 k 0 ,  6X,22HBOUNDARY LAYER S E C T I O N )  
lUb0 FORPAT( / /  9X~lHRtlLXt3HPTZt8X~3HTTZ,8X,6HUPMACH/ 3 X  

l rF9e2,3X,F10*2,2X,F9*2t4X,F8.4)  
1070 R O R Y A T l / t X 9 3 H N S T t 8 X t 3 H N V P t 9 X , 5 H N T U R B 1 7 X , 3 H K E M / 6 X , I 3 ~ 8 X ~ I 3 , l O X t  

I 1 3 r 9 X s 1 2 )  
1080 F O R M 4 T ( / ~ X , 4 H D L A M , 7 X ~ 4 H T L A M t 8 X , 5 H D T U R B t 7 X v 5 H T T U R B / 4 X t F ~ O ~ 6 ~ l X ~ F l O ~  

k 6 ~ 2 X ~ F 1 0 ~ 6 , 2 X ~ F 1 0 . 6 )  
2090 F O R C ~ T ( / C X , ~ H K P R E , ~ X ~ ~ H K G R A D ~ ~ X ~ ~ H K S D E ~ ~ X V ~ H K L A ~ ~ ~ ~ X ~ ~ H K M A I N , ~ X ~ ~ H K  

l P R C F / 7 X t  1 2 t 9 X r I 2 t  10x9 I29  10x9 1 2 ~ 9 x 9  I Z t I O X t I 2 !  
1130 ~ U R Y A T ( / ~ X ~ ~ H X ~ ~ ~ X ~ ~ H Y ~ ~ O X ~ ~ H P O P T Z ~ ~ O X ~ ~ H T ~ A L / ~ ~ X ~ F ~ O ~ ~ ~ ~ X ~ F ~ O ~ ~ ~ ~  

~ X , F 1 0 ~ 6 ~ 4 X , F l O e 4 1 ~  
E f l O  FORMAT( / / / / lOX ,48HERROR I N  I N P U T  DATA-  RECHECK I N P U T  I N S T R U C T I O N S  

11 
ENC 



SLBFTQ PRECA C f C K  

SUERCUT I h E  PRECAL 
C ~ P C C N / C ~ / G A M ~ R ~ P T Z O ? T Z ~ U P M A C H ~ N S T ~ M V P ~ N T U R B ~ K P V N ~ K E M ~ K S M ? H ~  

t K S P L K p K L E p K A T C H ~ C T H E ~ A M ~ T L A p l l ~ D T U R B ~ ? T U R 0 t K P R E ~ K G R A D ~ K S D E q K L A M q  
~ R ~ B ~ N ~ # P R O F ~ X ( ~ ~ ~ ~ ~ Y ~ ~ O O ~ ~ P R E S ~ ~ O O ~ ~ U E ~ ~ O O ~ ~ M E ~ ~ O O I ~ P O P T Z ~ ~ O O ~ ~  
3VCVCRQ 10C I pTWALQ 100)  

C G V V C h / C Z / P S Z t T S Z e U Z ~ A S Z ~ A T Z t R H S Z t R H T Z t M U S Z ~ M U T Z p N L S Z 9 N U T Z t C P ~  
fPRtTCpARCL 
C Q V C C N / C ? / X O M ( 1 0 0 l ~ Y O M ~ 1 O O ~ t S ~ 1 O 0 ~ t S O L ~ 1 O O ~ ~ A € ~ l O O ~ t T S E ~ 1 O O ~ ~  

~ ~ A W L ~ ~ ~ ~ ~ ~ T A W T ~ ~ ~ ~ ) , T ~ A R ~ ~ O O ~ ~ R W ~ ~ O O ~ ~ S ~ ~ ~ C Q ~ ~ S U T H L ~ ~ O O ~ ~  
~ R H S W ~ ~ ~ O ) ~ R H S E ~ ~ ~ Q ~ ~ H E A D W ~ ~ O O ~ ~ H E A O E ( ~ ~ O ~ ~ N U ~ ~ ~ O O ~ ~ ~ U B A R ~ ~ O O ~ ~  
3 A A 1 1 0 0 ) ~ E B f 1 0 0 f ~ f F ~ 1 O O ~ ~ D U D S ~ 1 O O ~ ~ D M D S ~ l O O ~ ~ D M D L ~ l O O ~  

COPPOh/CF/ERROR, TRANS, SEPRN 
DIPENSICh S D E R I ~ ~ ~ ) ~ C M U ( ~ ~ ) ~ C P R ~ ~ O ) D C T C ~ ~ O )  
RBdL MUSZ,PUTZ,NUSZ~NUTZ~MUSLE~MUSLM~MEDNUW,MU~AR 
LOGICAL EPROR*TRPNSp SEPRN 

C 
C READ DdTA FCR PUT PRs AND T C  CURVE F ITS 
C 

DATAICMU~I)~I~l~5~/-.019451~0~1~3019531,-e345~1323, 
1.068277826 9-,005665931 
DATA1CPR4I),I~l951/e8557~-e234136t.10?862+t 

1-*0236214r.00202863/ 
DATA#CTC(Il~I~lt51/-eO38393239i*2697427t-e3O91~252~ 

1.08743781t-e009674725/ 
C 
C I N I T I I L I Z E  STIT IC  AND TOTAL PARAMETERS 
C 

TSLEs 518,688 
TSLV= 285.160 
PUSLE= 3.711402E-7 
HUSLPq 1.777029E-5 
TCSLEr 3.202206E-3 
TCSLPs 2.561796E-2 
TSZ* T T Z / [ 1 . + 1 G A M - 1 . ) / 2 . * U P M A C H * * 2 t  
PSZ* P T Z * i T S Z / T T Z S * * I G A M / ( G A M - 1 . ) )  
RHSZ= PSZ/R/TSZ 
RHTZ= PTZFR/TTZ 
A S Z J  SQRT 1 GAM*R*TSZ 1 
ATZ= SQRT (GAM*R*TPZ 1 
UZ= UPMACH*ASZ 
CP= R * G A V /  t GAM-1.3 
I F  (KEM.EQ.11 GO TO 10 
TCCh= 198.60 
TR1x TSZ/TSLE 
TR2= TTZIFSLE 
6C TI2 20 

I 0  TCGN- 11C.33 
TRl= TSZ/?SLM 
TR2= TTZ/PSLM 

20 C&LL CURVFT(CPR,PR,TRl t0 ,4 ,0 )  
CALL CURVFT(CTCt T G ~ T R l ~ O ~ 4 ~ 0 1  
CALL C U R ~ F T ( C M U ~ M U S Z I T R ~ ~ O ~ ~ ~ O )  
CALL CURbFT(CMUtMUTZtTR2tOt4tO) 
I F  (KBM-EQ-1) GO 70  30 



TC= TC*TCSLE 
WUSZ= MUSZ*PUSLE 
HUTZ= MUTZ*VUSLE 
GC TC 40 

3 0  TC= TC*TCSLV 
MUSZ= MU$Z*MUSLM 
MUTZ= MUTZ*YUSLM 

40 NUSZ= MU: Z/RHSZ 
NUTZ= MUTZ/RHTZ 

C 
C CPCCULPTE GEOYETRY R A T I O S  AN0 ARC LENGTHS 
C 

XCC11)= $ (  l ) / X ( N S l ' )  
Y U P ( l ) =  Y t  l ) / X t N S T )  
S41)+ ;  o m  

00 5 C  1 = 2 r h S T  
X @ Y I I S =  $ 1 1 ) / X ( N S + T )  
Y U C ( I ) =  Y I I ) / X I N S T )  

50 S t 1 1 3  S(I-l)+SQRT44XtI)-X(I-l))W+(Y(I)-Y(I-1))**2) 
RRCL= S ( h S T )  
DO 60 I x l t N S T  

mo s c L ( I r =  Z ( I ) / A R C L  
C 
C CPLCULATE P R E S r U E ~ M E p P O P T Z r A N O  VOVCR AT EACH STATION 
C 
C PRESSURE OVER TOTAL PRESSURE G I V E N  AS I N P U T  

13C OC 1 4 0  I * l r N S T  
IE(PCPTZ(I).LT~Om~OR~POPTZII)~GT~1~)GO TO 290 
P R E S l I ) =  P O P T Z ( I ) * P T Z  
U E ( I 1 3  SCRT(2.*GA~/(GAM-1.l*PTZ/RHTZ*~1.-(PRES(Il/PTZ)**((GAM-l~~/ 

1GAY 1 )  1 
T S E ( I I =  lTZ -UE11) * *2 / IE . *CP)  
A E ( l ) s  SCRT4GAM*R*TSEI I ) )  
N E ( I 1 r  U E ( I ) / A E (  I) 

H C  V Q V C R f I ) =  SQRT((GAM+~.)/(GAM-~-)*(~O-(PRES(I)/PTZ)**~(GAM-~.)/GAU) 
* )  1 

C 
C PR I N P  I N  I T  I P L  CALCULATED PARAMETERS 
C 

110 W R I T E f b r 1 0 0 0 )  
WR i T E 0 6 r  1 0 1 0  1 PSZ .TSZ,-UZr ASZrATZrRHSZrRHTZ r MUSZr MUTZr N U S Z r N U T Z r C P r  

EPR r T C  9ARCL 
W R I T E ( b r 1 0 2 O 1  <I~PRES(I)rUEII)tME(I~rPOPfZ(I)rVOVCR(I)rI~lrNST~ 

C 
C 
C P R I N T  GECMETRY PARAMBT ERS 
C 

*#)O I F  (KPREmNE.1) GO TO 2 1 0  
WRITE16,1030)  (Ir%(I)+Y(I)rS(I)rXOM(II~YOMII)~SOC(I)rI=lrNST) 

C 
C C A L C U L l T E  OTHER NECESSARY PARAMETERS AT EACH STATION 
C 

210 DU 2 2 0  I = l r M S T  
T E C l *  1 .+ .5* (GAM- lo)*ME( I ) * *2  
R H S W ( I ) =  P R E S t I ) / R / T W A L ( I )  
R H S E f I ) =  P R E S ( I I / R / T S E ( I )  
H E A O Y l I ) =  m 5 * R H S W ( I ) * U E ( I ) * * 2  
HEdCElI)= . 5 * R H S E I I ) * U E ( I ) * * 2  
S U ( I ) +  T h A L ( I ) / T T Z - 1 -  



SUTFL4I)A S Q R T ~ T W A L ~ I l / T T Z ~ * ( T T Z + T C O N I / ~ T W A L ~ I ) + T C O N ~  
NUW(I)= S U T H L ( I I * ~ U T Z * ~ l e + S W f I ~ ~ * * 2 * T E M 1 * * ~ G A M / ~ G A P ~ ~ e ~ ~  
RWII)= UEII)*S(I)/NUWiI) 
TLkLtIIt TSE1I)*fle+PR**I1~/2eI*#TEMl-l.)) 
TbMTdIl= TSE(I)*(le+PR**(1e/3.)*(TEM1-1et) 
TBARII)= e5*(TWALiI)+TSE?1))+e22*PR**(1./3al*ITTZ-TSEfIBB 
CU@AR1I)= YUTZ*SUTHL#I)*TBARIIl/fTZ 
BBtI)= MEtI)*ATZ/NUTZ*4TSEtI~/TTZ)**~(GAM+P,)/~2a*GAM-2e9D 
AhtI)= ~~~I~*TSE(X)/TBAR(Il*(MUBAR(I)/PIUTZ~**e268 
F R 4 i ) + l ~ ~ e 1 5 9 9 * M E ~ I ~ * * 2 + ~ 6 O * S W ~ I ) + e 2 1 0 1 * S W ~ I ~ ~ M E ~ 1 ~ * * 2 ~ e O % 1 4 * ~ E ~ I ~  
I**4*~Ol8C*SWII~*ME~I)**4+~1825*SW[I)**2+eO935*SW~I~~*2*ME~I~**2 
2+e0073*Sk(I)**2*ME41?**4 

220 CONTINUE 
C 
C COCPUTE VELCCITY AND MACH NUMBER GRADIENTS &LONG THE SURFACE 
C 

CUCStNSTI 0.0 
DPCSINST) = 0.0 
1 = 1  

221 IF (IeEQeNST) GO TO 240 
IF(CECI1 eNEe ME(I+lI) GO TO 222 
DUCSt I) * 0.0 
DYCS(1) = o e o  

I = I*1 
60 TO 221 

a22 Il= I 
a23 I = I+'1 

IF(IeEQehST1 GO TO 224 
IF (PE(Il*NEeME# I+1)1 GO TO 223 

224 NSP * 1+1 -I1 
C SPLINE CURVE TECHNIQUE 
230 CALL S P L I N E I S t I l I ~ U E ( I ~ ) r N S P , D U D S f I 1 1 9 S D E R 1 1 1 ~ )  

CALL 3PLINE(S(Il~~Mf~Il),NSP,DMDS(Il)rSDER(I1~~ 
IF ( IeNEeNST) GO TO 221 

240 00 250 InlrNST 
250 BMCL #I)= ARCL*DMDS I I 1 

C 
C PRINB CTHER CALCULATED PARAMETERS 
C 

fF(KPRE*hEel) GO TO 260 
HRITE(6,1050) ( I , & € (  IIrTSE ( I ) r T W A L f I ) ~ T A W L ( I ~ ~ T A W T ~ I f t T B A R ~ I l ~  

I I=l,#ST 1 
HRITEC6*1060) 4 IeRW( I)rSW( IIrSUTHL(1 )tRHSW(IBpRHSE1IlrHEAOW4IIr 

I H B A C E ~ ~ ) ~ N U W ( I ) C M U B A R ~ I : ) Q I = ~ ~ N S T )  
280 IF(KGRACsNEe11 GO TO 270 

WRITE46r1070) 
WRITEC6,1080) ~ I t D U D S ~ l ) ~ D M D S 1 I ) r D M D t ( I ~ p I * l ~ N S T 9  

C 
C CVECK FOR IPPROPER INPUT 
G 

290 DC 280 132rNST 
IF 1UE(I)eNEsOeI GO TO 280 
ERROR3 e1RUEe 
WRITEfbg1090) 
RETURN 

280 CCKTIAUE 
RETURN 

290 ERPCRt eTRtJEe 
WRITEt6rlICO) 
RETURN 



C  
C F C R V A T  S T A T E M E N T S  
C  

1CUIC F O R W 4 T ( l k l / / / 4 X v 2 4 H P R E L I M I N A R Y  C A L C U L A T I O N S / / / )  
1010 F O R I A T ( S X , l O H P S Z  = F 1 2 e 5 / 5 X p l O H T S Z  = F l O o 4 / 5 X t  l O H U Z  r 

1 F l l e 5 / / 5 X , l O H A S Z  = F l l o 4 / 5 X t  1 O H A T Z  = F l l o 4 / / 5 X v l O H R H S Z  
27 G 1 5 r 7 / 5 X t l O H R H T Z  = G 1 5 e 7 / / 5 X t l O H M U S Z  G 1 5 0 7 / 5 X l 1 0 H M U T Z  
3 = G 1 5 * 7 / / 5 X t l O H N U S Z  = G 1 5 o 7 / 5 X v l O H N U T Z  G 1 5 . 7 / / 5 X t 1 0 H C P  
4  F 1 1 e 4 / 5 X t l O H P R  F 9 o 5 / 5 X t  l O H T C  = G l S e 7 / 5 X ~ l O H A R C L  
5 1 P 8 o 4 1 / / )  

k 6 2 0  FORMAT(/lXt7HSTATION~7Xq4HPRESt13X~2HUE~l2X~2HME~l1X~5HPOPTZ~9X~5H 
1 V Q V C R / ( 2 X ~ I 3 ~ 5 X ~ F 1 2 ~ 5 ~ 3 X q F 1 2 ~ 5 ~ 4 X ~ F 1 O ~ b ~ 4 X ~ F l O ~ b ~ 4 X ~ F l O ~ b ~ ~  

ED30 F O R ~ A T ( / / / ~ X ~ ~ H S T A T ~ O N ~ ~ X ~ ~ H X ~ ~ ~ X ~ ~ H Y , ~ ~ X ~ ~ H S ~ ~ ~ X ~ ~ H X O M ~ ~ X ~ ~ H Y O M ~  
1 9 X r 3 H S O L / I 2 X t I 3 r 3 X v F 1 2 o 5 t 1 X ~ F 1 2 o 5 v 1 X t F 1 2 ~ 5 ~ 4 X ~ F 9 . 5 ~ 3 X , F 9 e 5 ~ 3 X ~ F 9 ~ 5  
2 1 1  

I050 P O R P P T ( / / / 1 X t 7 H S T A T I O N 1 5 X 1 2 H A E ~ l O X t 3 H T S E ~ 9 X v 4 H T W A L ~ 8 X ~ 4 H T A H L ~ 8 X ~ 4 H  
l T , A W T * B X v 4 H T B A R / 4 2 X v  1 3 v 4 X v F 9 o 3 9 5 ( 4 X , F B o 3 ) ) )  

la60 F O R C A T ( / / I ~ X ~ ~ H S T A T I O N ~ ~ ~ X , ~ H R W ~ ~ X , ~ H S H ~ ~ X ~ ~ H S U T H L ~ ~ X ~ ~ H R H S W ~ ~ ~ X ~ ~  
I M R H S E t 8 X t 5 H H E A D W v 4 X 1 S H H E A D E I 9 X 1 3 H N U W , 1 2 X v 5 H M U B A R / t 2 X t I 3 t 3 X ~ F l b o l v 2  
2 X ~ F 4 o l r  l X ~ F 7 ~ 3 r 2 X + G 1 4 o 6 t 2 X t G 1 4 o b t 1 X t F 8 . 3 ~ l X t F 8 o 3 ~ 2 X t G l 4 o b t 2 X ~ G l 4 e 6  
3 )  ) 

LOTO FORCAT(lF1///21Xt17HSURFACE G R A D I E N T S / / / )  
1 0 8 C  FURCAT(1Xt7HSTATIONt13Xv4HDUDSt15X~4HDMDS~l5Xt4HDMDL/~2Xt13~4XvFl8 

1 0 6 r l X + F 1 8 0 6 p  l X p F 1 8 . b )  
1 0 9 C  FORCbT( / / / . / / lOX ,83HTHERE I S  A  S T A G N A T I O N  P O I N T  A T  A S T A T I O N  OTHER 

I T H A N  S T A T I O N  l o  T H I S  I S  N O T  ALLOWED)  
I E O C  F O R P P T ( / / / / / l O X ~ l l l H P N  I N P U T  P R E S S U R E T V E L O C I T Y t  OR MACH NUMBER I S  

l E I T h E R  L E S S  T H A N  ZERO OR GREATER T H A N  I T S  M A X I M U M  A L L O W A B L E  V A L U E )  
ENC 

SUeRCUT I h E  LAMNAR 
G O P M C N / C ~ / G A M ~ R ~ P ~ T Z ~ T T Z ~ U P M A C H , N S T ~ N V P ~ N T U R B ~ K P V M ~ K E M ~ K S M T H ~  

I K S P L ~ ~ K L E ~ K A T C H ~ C T H E T ~ D L A M ~ T L A M ~ D T U R B ~ T T U R B ~ K P R E ~ K G R A D ~ K S D E ~ K L A M ~  
~ K ~ A ~ K ~ K P R Q F ~ X S ~ ~ ~ ~ ~ Y ~ ~ O O ~ ~ P R E S I ~ O O ~ ~ U E ( ~ O O ~ ~ M E ~ ~ O O ~ ~ P O P T Z ~ ~ O O ~ ~  
3 V O V C R C l O C  1 t T W A L 4  100) 
C@CWCN/Ci/PSZITSZ,UZ,ASZtATZ~RHSZtRHTZtMUSZvMUTZvNbSZ,NUTZtCP~ 

1 P R v T C s A R C L  
C ~ W Y C N / C ~ / X O M ~ ~ ~ ~ ~ ~ Y O M ( ~ O O ~ ~ S ~ ~ O O ~ ~ S O L ( ~ O O ~ ~ A E ~ ~ O O ~ ~ T S E ~ ~ O O ~ ~  

~ T A W L ( ~ ~ ~ I ~ T A W T ( ~ ~ ~ ) ~ T B A R ( ~ ~ ~ ) ~ R W ~ ~ O O ~ ~ S M ~ ~ C O ~ ~ S U T H L ~ ~ O O ~ ~  
~ R H S ~ ( ~ ~ ~ ~ ~ R ~ S E ~ ~ ~ ~ ~ ~ H E A D W I ~ O O ) T H E A D E ~ ~ O O ~ ~ N U W ~ ~ O O ~ ~ M U B A R ~ ~ O O ~ ~  
3AA(1CO)reB(100)rFF(lOOt~DUDSt1OO~vDMDS(lOO~vDMDL(lOO~ 
C O Y P O N / C 4 / T H E T ( 1 0 0 ~ ~ D E L S R I 1 O O ~ ~ D E L T A ( 1 0 0 ~ ~ F O R H ~ l O O ~ ~  

1 F O R C I I 1 O C ) ~ F O R M T R ( 1 O O ~ ~ R T H ( 1 C O ~ ~ R T H I ~ l O O ~ ~ C F t l O O ~ ~  
~ T A U k ~ 1 0 0 ~ ~ N U S S ( 1 0 0 ~ ~ O T D Y ~ l O O ~ ~ H T R A N 1 1 0 0 ~ ~ C R N ~ l O O ~  
CCPPCN/CS/SHAPL(LOO)rSHAPK(lOO)vBtNS 
CGPCON/CE/FTRAN,FORMS 
6 0 V P C N / C l /  I N S T *  I T R A N v  I S E P  
COPMON/CS?ERRORITRANSISEPRN 
D I P E N S I O h  CORLN4l00~~CORML(100)~SHEAR~lOOfvDTH(100l 
D I C E N S I O h  CCN~20)~CRCR~20)~CDIF(20)rCSHR42O~tCCRNQ2OlvCDTH~20) 
O I C E K S I O h  S T A B 4 5 0 5  1 p C T A B l (  5 0 5 )  ~ C T A B 2 ( 5 0 5 1  
R E A L  M U S Z ~ N U S Z ~ M U T Z ~ N U T Z ~ M E ~ N U W I M U B A R T N U S S ~ N U R W ~ K B ~ R ~ I N T ~ S I N T ~  
L C G I C A L  E R R O R + T R A N S v S E P R N  
E X T E R N A L  F U N C T t I N T l r I N T 2  



R E d D  CATA FCR C O R L N t l ) r  R C R I T  D I F F ,  SHEAR, CRN, AND OTH CURVE F I T S  

I U S T  = 0 
ITRAN = C 
ISEP r 0 
CF411= 0. 
TAUW41)=  0. 
N U S S 1 1 ) =  0.  
D T C Y ( l ) =  Oe 
W T R A k ( l l =  0. 
CRKtII= Ce 
RTRPNq Oe 
K L E  F 0 

CPECK C C N S I f T E N C Y  O F  I N I T I A L  VALUES 

IF ( C L A M ~ G E ~ O ~ ~ A N O ~ T L A M ~ G E ~ O ~ e A N O ~ O T U R B ~ G E ~ O ~ ~ A N D ~ T T U R 6 e G E ~ O e ~  
IG13 TO 10 

ERRGR = .TRUE. 
W R I T E i 6 ~ 1 0 0 0 )  
RETURN 

I0 I F  ( hTURt? .NE* l )  GO TO 30 
I T P A N  = 1 
I F  ( C T U R E ~ G T . O ~ . A N D ~ T T U R B ~ G T ~ O ~ ~  GO TO 20 
ERROR = .TRUE. 
W R I T E C 6 , 1 0 1 0 )  
RETURN 

2 0  I F  (bE( 1) .GT*O*)  GO TO 2 4 0  
ERRGR + .TRUE. 
W R I T E / 6 , 1 0 2 0 )  
RETURN 

B E O I W  C A L C U L A T I O N  I N  L A M I N A R  R E G I O N  - CHECK FOR I N I T I A L  VALUES 
GbLCULATE I h l T I A L  CORRELAT ION NUMBER 

30 I? 1CLAP.EC.O*.AND*TLAM*EQ*O.)  GO TO 70 
I F  (UE(lI.GT.O.3 GO TO 40 
ERRGR = *TRUE* 
W R I T E C 6 r  1 0 3 0 )  
RETURN 

40 I F  (TLAM.EC.0.) GQ TO 5 0  



C B A I T I A L  NOMENTUM T H I C K N E S S  WAS G I V E N  
T 6 C 1 =  l e * m 5 * I G A M - l e  !*ME( 1 1 * * 2  
C O R P L f B l *  -ATZ*TLAM**2 /NUTZ/SUTHLt l )PARCL/TEB9I * *4 (3e -GAMl i  

1 ( 2 e * G A M - 2 * 9 1  
C O R L R 4 1 I  = C O R M L ( B ) * O M D L ( l I  
GU BC 90 

C I K I T I B L  Q I S F L A C E M E N T  T H I C K N E S S  WAS G I V E N  
56 I F  ( 6 8 S ( c M C L 4 1 ) 3 a G E m * o O O l #  66 T O  60 

C O R L H Q l  I =  C *  
T f f C l *  l * + e 5 * ( G A M - l e ) * M E i  1)**2 
F Q R P 1 1 ) =  2e38411*1le+42~79-1.?8*PR**~5)*~~1~~SWfl)l*T€Ml~l*~~+~4a6 

E5*PR**11eJ3e)-3e65*PR*05)*PR**oS*dfEMI-le) 
T W E T 1 1 ) -  D L A H / F O R N ( l I  
C O R C L l l l =  - A T Z * T H E T ( 1 ) * * 2 / N U T Z / S U T H L O / A R C L P T E M 1 * * ~ # 3 e - G A M ) / ( 2 a * G  

1 A N - 2 a  1 )  
oe rc 90 

60 I F  ( C P D L ( l ) a G T e O * $  C A L L  R O O T I - ~ ~ ~ O ~ T ~ L A M ~ F U M C T V ~ ~ E - ~ ~ C O R L N ~ ~ ~ ~ S L ~  
I F  ( C Y D L ( 1 ) e L T a O a E  C A L L  ROOT( O ~ V O ~ T ~ L A M ~ F U N C T V ~ S E - ~ T C O R L N ~ I ~ O S L ~  
C O R P L ( 1 )  9 C O R L N ( 1 1 / D M D L I l )  
00 TC 90 

C 
C NC I N I T I A L  L A P I N A R  V A L U E S  G I V E N  
C E P L C U L A T E  I h l T I A L  C O R R E L A T I O N  NUMBER 
e 
C St-6RP L E P D I A E  EDGE 

7C I F I K L E a M E ~ 1 ~ A N D a ~ B S 4 D M D L ~ l I ~ o G E ~ ~ O O O l ~  GO TO 80 
C G R L R ( l I *  00 
C O R Y t ( 1 ) ~  Oa 
00 T E  90 

C S T 4 G N b T I O N  F O I N T  
8 C  C A L L  C U R ~ F T B C C N S C O R L N I ~ ~ O S W ~ P ~ P O V ~ V O )  

C O R P L t  l C O R L N f  1 3 / D M D L #  l) 
f F  I C O R M L ( 1 ) * L T e O a )  GO T O  90 
ERRCR? e I R U E e  
W R I T E ( 6 v l 0 4 0 )  
R E T U R N  

C 
C S C P V e  L A K I N b R  D I F F E R E N T I A L  EQUATION 
C 8 P L C U L A T E  C E R R E L A T I O M  NUMBERS A L O N G  T H E  S U R F A C E  
C 

9C T E P l 5  l e 4 e 5 * ( G A M - l m l * M E ( l l * * 2  
T E C 2 z  (3a*GAM-1 .  ) / I  2 * * G A H - 2 . )  
E B L m  O a O C 2 S A R C L  
$5.. - E E L  
N T B @ = 1  
C T A @ l C l l =  C O R L N I  1% 
C T A E 2  (.I I =  C O R M L t  1 t 
S T D @ ( 1 1 =  0 ,  

I430 8 3 s  SS+OEL 
S S C E L  = S 3 + 0 E L  
C A L L  L G R ~ O E ~ S T S W I N S T ~ S S I A N S ~ )  
C A L L  L G R ~ G E ( S , M E , N S T I S S T A N S ~ ~  
C A L L  LGRhGE(SrME?NST,SSDEL?ANS3)  
C A L L  LGRhGE(S+DMOLvNST?SSDELvANS4) 
A l =  0~43631-0~00367*ANSl+O~OO481*ANSL**2+0~0065l*ANSl**3 
A 2 t  5e43220+2m25400*ANSl-0100672*ANSl**2-0.20637*ANSl**3 
A3n 4~51903-10~49775*ANSl-12a71732*ANSl**2-2o9527O*ANSl**3 
A 4 z  19m01831+62~7B597*ANS1+115eO0986*ANS1**2+62e531~3*ANSl**3 
A s  A l - A 3 * C T A B l ~ N T A B l * * 2 - 2 ~ * A 4 * C T A 0 1 ( N T A B ~ * * 3  
8~ A2+2e*A3*CTABl(NTAB)+3e*A4*CTABlINTABi**2 



C 
C ROR Sk = COO 

I F  t CTAk!l4NTAB).GE--.l) GO TO 1 0 1  
A=. 3 9  5 3  
Bk4.739 

M1 K 1  = 0 
S 0 L 1  =6 SE/ARCL 
SOL2 ? SSDEL/ARCL 
THC3 3 S IMPSlCSOLl,SOL2, I N T 1 , K l )  
I F  (TEM3.ECoOo.ORoKloEQ-0) GO TO 110 
E R R G R q  .TRUE- 
WRITEt6 ,1050)  
RBTURN 

f I C  I F  (KTAB.GT.1) TEM4= ANS2**(-BI*TEMk**TEMZ 
T B M l s  1.+.5*(GAM-11 )*ANS3**2 
TEW5= ANS3**(-B)*TEMl**TEMZ 
TEVb* -A*TEC5*TEM3 
I F  (NTABeEC-1)  TEM7=C. 
I P  i N T A B . G T * l )  TE?47= TEM5/TEM4*CTAB2(NTAB) 
NTAB* NTP8+1 
CTPe2(NTbB)=  TEH6+TEM7 
CTDB1 (NTPB ) =  CTAB2(NTAB 1 *ANS4 
S?AB(NTAP ) =  SSDEL 

C 
O NWGK SW I S  NOT EQUAL TO 0.0 (CURVE F I T  RANGE ON CORLN 
C I S  FRCN - a 3 2  TO 16 
C 

I+ ( C T A B l ( N T A 8 ) o G T o  016)  GO TO 1 2 0  
I f?  (SSoLToLRCL) GO TO 100 

WO I P  ( I fSDEoNEo11 GO TO 1 3 0  
WRITE 66 9 l C 6 0  1 
H R I T E ( 6 r l 0 7 0 1  ( S T A B (  I l , C T A B l ( I ) r I = l ~ N T A B )  

C 
C CPtCULATE LPMINAR BOUNDARY LAYER PARAMETERS AT EACH STATION 
C 

130 IF ( K L A M * N E * l I  GO TO 1 4 0  
W R I T E t 6 , l U 8 0 )  

r40 I= 0 
150 I= I c l  

I F  4 I.EC.NTURB1 ITRAN=-1 
I F  (Sf I ) .LE.STAB(NTAB))  GO TO 1 6 0  
ERRORS .TRUE. 
WRITE16r  1090) 
RBTURN 

PbO CbLL LGRhGEf STABtCTABl tNTAB,  S t  I 1  ,CORLN( I 1  1 
ChLL.LGRhGE(STAB,CTA82rNTABISII),CORML(Il1 

C G B f A I N  SHEAR* CRN, AND DTH FROM CURVE F I T S  V S  CORLN AND SW 
CALL CURVPT(CSHR,SHEAR(II1CORLN(I1,SUtI)*3t3) 
CALL C U R V F T ( C C R N , C R N ( I l , C O R L N ( I ) & ( I ) r 3 r 3 )  
CALL C U R V f i T ( C D T H t D T H t I ) t C O R L N ( I l ~ S W ( I ~ t 3 ~ 3 1  

c 
C FOR SW = COO 

IR(CORLNII1mGE- -01) GO TO 1 6 1  
SHEAR([ )  - 1 * 2 2 2 2 * C O R t N ( I ) + - 2 6  
C R N t I )  -58.824 * C O R L N ( I ) - 0 6 7 6 5  
D T H ( I 1  = -22.222*CORLN(1)+7.1112 

C CALCULATE OTHER LAMINAR BOUNDARY LAYER PARAMETERS 



151 TEVlz 1.+-5*( GAM-Pa )*ME4 I1**2 
THET(I)= SQRT(-CORML(I)*NUTZ*SUTHL1IB*ARCL/ATZ*TEPl**~(3~-GAM)/ 
E(Zo*GAH-5, 1 1 )  
FQRCtI)= 4-1.1138*CORLN(I)+2.3841f)*t1~+f2e79-1,/8*PR**e5)*4fle+ 

~SW(I1)*?EM1-1~)f+(4m65*PR**(1eI3o5-3,65*PR**e5)*PR**e5*4TEMl-1e~ 
DELSR( 113 TbETf I )*FORM4 I )  
RTV(I)= LE(I)*THET(I)/NUWfI) 
FCRCI(1)t (FORM(1)-SQRT(PR)*fTEM1-bsf)/(tB*+SWIIl)*TEMP) 
!FORPTR( 1 1 3  FORMI I I )*( 1o+SW( I )  1 
DELTA[I)= T H E T ~ I ) * ~ D T H ( I ~ + ~ T E M ~ - ~ I ~ * ~ F O R R T R ~ I ~ + ~ ~ ~ ~  
SHAPLkI)= CELTA6II**2/NUHII)*DUDSIIl 
IF IIeECe1) GO TO 180 
CFRWq 2.*S~EAR(I1*SQRT(-SOL~I)/ME~Il/CORCL(I)~ 
Cff(I)q CFRW/SQRTIRWiIl) 
TBUW(I)= CF(IS*HEADW(I) 
NURho CFPW*PR**o3/CRNi 1 )  
NUSS(I)= NURW*SQRF(RWIEl) 
QBCYII)= NUSSlI1*tTAWL41)-TWALtI)~/Siil 
HPRAh(I)= TC*DTDYII) 
IF tTAUW1I)aGTeOol GO TO 180 
IF (KATCkmNEeO) GO TO 170 
ISEPir I 
SBPRh= *TRUE. 
RBTURN 

I10 ITRAN= -2 
GO TC 2 7 0  

180 IF ~ I ~ E Q ~ l ~ A M D ~ U E f l l m E Q . 0 0 )  GO TO 190 
SHAPK(I)* N U T Z * R ? H ~ I ~ * * 2 * S U T H L ~ I ~ * * 2 * ~ 1 e + S W ~ I ~ ) * * 4 / A T Z / M € ~ ~ ~ * * 2 /  

IFF iI)/ARCL*DMDLI Il*TEHl**11eiIGAM~1~fl 
GO TO 20C 

E90 SHAPK I I I =  0.07 
200 RTHI(I)= RTH(I9*SUTHC(I)*(l~+SW~I))**2/FF41l/SQRT~TEMf~ 

c 
C CALCULATE RCRIT TO CHECK FOR INSTABILITY AND TRAMSITIGN 
C 

CALL C U R V F T ( C R C R I R C R I T J S H A P K ~ I ~ I O ~ ~ , ~ )  
IF (SHAPKCI) eGT* a071 RCRIT = 8,3163 
RCRIT= EXP IRCRIT 1 
IFIIh'STohEeO) GO TO 210 

C 
C CHECK FCR IhSTABILITY 
C 

I F ( R T ~ I ( I ~ ~ L T e R C R I T 1  GO TO 270 
RINS= RTI- I ( I 1 
INST3 I 
GO TC 270 

C 
C CVBCK FCR TRANSITION 
C 

21G Kl- C 
NS= I 
TECx SIMPSl(SOL( I N S T ~ I S O L I I ) ~  INT2,Kll 
IF 6TEM-EQ.O*eDRoKlmEQeW GO TO 220 
ERRPRs TRUE. 
WRITE(!bt1100) 
RETURN 



2 2 0  KBARq  T E P /  SOL1 I )-SOL I I N S T  1 1  
C A L L  C U R V F T ~ C D I F I D I F F ~ K B A R ~ O ~ ~ ~ O I  
I f f  f K B A R  eGTe 0 0 3 9  D I F F  44COOe*KBAR+700 rO  
RTRAfV i  R I N S + D I F F  
I f f l R T H f  4 I OeLTeRTRANf  GO TO 2 7 0  
1F ( I o L T * N T U R B )  GO TO 270 
I T R A N 3  -1 
GO Tt! 27C 

230 I F R A R =  I 
c 
C  GCPPUTE I N I T I A L  VALUES FOR TURBULENT SOLUT ION 
C  

246 FRbNS= o I R U E e  
I F  ( C T U R e e E Q e O e o A N D m T T U R B o E Q e O e )  GO TO 2 6 0  
I F  f C T U R P . G T a O e e A N D * T B U R B e G T m O o I  GO TO 2 5 0  
ERRCR = r T R U E e  
W R I T E 4 6 , 1 1 1 0 )  
RETURN 

2 5 0  T H E T t  i T R L N ) =  TTURB 
FORY ( I T R L N  ) =  DTURB/TTURB 
T E P L s  l e + e 5 * ( G A M - l .  ) *ME( I T R A N ) * -  
F C R M I J I T R A N I t  ( F O R H ~ I T R A N ) - P R * * ( 1 e / 3 o l * ~ T E M l - l o ) ) / ~ ( l ~ + S W ~ I T R A N ~ )  

1*TEY  11 
260 I F  ( C T H E T e G T e O e * A N D o D T U R B e E Q - O e e A N D , T T U R B e E Q O  T H E T ( I T R A N ) =  

l C T H E T * T H E T  ( I T R A N  ) 
T H E T T R z  THET(ITRAN)*(TSE(ITRANl/TTZ)**fiGAM+lm~/~2a*GAM-2ol) 
FTRAN+ (CEtITRAN)*ATZ*THETTR/NUTZ)**1.268 
I F  (RTRAheLEeO.1  R T R A N = 1 0 0 0 -  
FORCSs FCR~ItITRAN~-0~59389-0~06591*ALOGIRTRAN)+OeOO1272*4ALOG~RTR 

I A M I  1*+2 
rP t CTUREeGTeOee ANDeTTURBoGTeOm 1 FORMSaFORMI ( I T R A N )  
RBTUPN 

C  
C  R R I N f  OUTPUT 
C  

2 7 0  I F  ( K L A N e N E o 1 )  GO TO 280 
I E t I N S T e E Q e O  eORe I N S T e E Q e I J  W R I T E ( 6 , 1 1 2 0 )  I r C O R L N ( I l r S H E A R ( I ) ,  

~ D P P ~ I ~ ~ F C R F T R ~ I ~ ~ S H A P L ~ i ~ ~ R T P I ~ I ) ~ S H A P K ( I ~  p R C R I T  
I P 1 I N S T e h E . O  *AND*  I N S T o N E a I )  W R I T E 1 6 ~ 1 1 3 0 )  I r C O R L N 4 I ~ r S H E A R ( I l r  

~OTH(I)~FCRMTR#I)~SHAPLII~,RTI-I(I),KBAR~DIFFTRTRAN 
I F  I I T R A h o E C e - 2 )  W R I T E 4 6 1 1 1 4 0 )  

28G IF(  ITRAN.EQ~-l.OR*ITRAN,EQ.-2) GO TO 230 
I f i  ( I e E O . N S I )  RETURN 
OG TC 1 5 C  

C  
C  TCRMRT STATEMENTS 
C 

&OOO F O R M A T ( / / F / / o 1 0 X ~ 6 0 H A  N E G A T I V E  I N I T I A L  VALUE HAS BEEN G IVEN.  T H f S  
115 NCT ALkOWEO) 

10x0 FDRMAT(/////r10X~75HINITIAL VALUES WERE NOT G I V E N  FOR THE TURBULEN 
I T  BOUNDARY LAYER AT S T A T I O N  11 

I020 FORYAT(/////qlOX,BOHINITIAL VALUES WERE G I V E N  FOR THE TURBULENT BO 
IUNCARY L b Y E R  AT A STAGNATION P O I N T )  

I030 FORPATI/////qlOX~94HINITIAL VALUES OTHER THAN ZERO WERE G I V E N  FOR 
l T H E  L A M I K A R  BOUNDARY LAYER AT A  STAGNATION P O I N T )  



1 0 4 0  FORHAT(/////rlOX?106HFOR T H I S  INPUT DATA STATION 1 I S  ASSUMED TO B 
EE b STAGhATION POINT? SINCE NO I N I T I A L  THICKNESSES ARE GIVEN./ 
E l @ X ? 1 1 8 H I N  THIS CASE PRESSURE SHOULD DECREASE I N I T I A L L Y .  EITHER G 
31YE AN I h I T I A L  VALUE FOR DISPLACEMENT OR MOMENTUM THICKNESS,/ 
410X?QOHOR BEGIN WITH A SHORT REGION OF FAVORABLE PRESSURE GRADIENT 
5. L 

1 0 5 0  F O R C P T ( / / X / / r l O X ~ 3 1 H E R R O R  I N  COMPUTING INTEGRAL FOR CORLN) 
LC60 F O R C A T ( l F l / / / 7 X v 5 O H L A M I N A R  DIFFERENTIAL EQUATION - SOLUTION FOR CO 

ERLN/ / /5 (24H S CORLN 1 / /  1 
1070  FCiRYATt ( 5 ( F 1 2 - 5 ? 2 X ? F 7 * 4 , 3 X )  1 f 
1080  F O R M A T ( l P l / / / l X p 5 9 H L A M f N A R  CALCULATION OF I N S T A B I L I T Y  AND TRANSIT1 

10N L C C A T I O N S / / / L X , ~ H S T A T I O N T ~ X ~ ~ H C O R L N ~ ~ X ~ ~ H S H E A R ~ ~ X ~ ~ H D T H ~ ~ X ~ ~ H F O  
~ R M T R , ~ X , ~ H S H A P L I ~ X I ~ H R T H I ? ~ X , ~ H S H A P K , ~ X ? ~ H R C R I T ? ~ X ~ ~ H K B A R ? ~ O X ? ~ H D I  
3FF99Xp5HPTRAN 

1 0 9 0  F O R C A T ( / I / / / ? l O X p 6 5 H L A M I N A R  SOLUTION HAS PROCEEDED BEYOND THE RANG 
1E WHERE I T  I S  V A L I D )  

1 1 0 0  P G R M A T ( / / / / / ? l O X ? 3 6 H E R R O R  I N  COMPUTING INTEGRAL FOR KBAR) 
1110  FQRMAT( / / / / / r lOX.64HIF  I N I T I A L  TURBULENT VALUES ARE GIVEN, THEY BO 

I T H  RUST @E NONZEROJ 
1 1 2 0  F O R W A T ~ 1 4 r l X ~ 5 F 1 0 ~ 4 ~ 1 X ~ F 1 2 ~ 1 t l X ~ F 1 0 ~ 5 ~ 1 X ~ F l 2 m l ~  
1130  F O R P A T ( 1 4 ~ 1 X ~ 5 F 1 0 ~ 4 ~ 1 X ~ F 1 2 m 1 ~ 2 4 X ~ F 1 2 ~ 5 ~ 1 X ~ F l 2 ~ l ~ l X ~ F l 2 ~ 1 ~  
1 1 4 0  F O R M A T ( / / / / / ~ l O X ~ 8 5 H L A M I N A R  SEPARATION HAS OCCURRED* ASSUMED TO BE 

1 TRANSITION TO TURBULBNT BOUNDARY LAYER) 
6NC 

SIBFTC PUREL DECK 

SUeRCUTIhE TURBLN 
CCWCCN/C~/GAMIR?PFZ?TTZ?UPMACH?NST?NVP,NTURB?KPVM?K€M?KSMTH? 

~ K S P L K , K L E ? K A T C H ~ C O H E T ~ D L A M ~ T L A M ? D T U R ~ ? T T U R B ? K P R E ? K G R A D ~ K S D E ? K L A M ?  
~ K # ~ I N ~ K P R O F ~ X ~ ~ ~ ~ ) ~ Y ~ ~ O O ) ~ P R E S ( ~ O O ~ ~ U E ~ ~ O O ~ ~ M E ~ ~ O O ~ ~ P O P T Z ~ ~ O O ~ ~  
3VOVCR(lOC) rTWAL( 1 0 0 )  
COPPCN/C2/PSZpTSZpUZ?ASZ?ATZtRHSZ?RHTZ?MUSZ?MUTZ?NUSZ?NUTZ?CP? 

lPR,TCrARCL 
C B Y C O N / C 3 f X O M ~ 1 0 0 ) ~ Y O M ~ 1 O O ~ ~ S ~ 1 O O ) ~ S O L ~ 1 O O ~ ~ A E ~ l O O ) ~ T S E ~ l O O ~ ~  

I T A U L ~ ~ ~ ~ ) ~ T A W T ~ ~ ~ ~ ) ~ ~ B A R ~ ~ O O ~ ~ R W ~ ~ O O ~ ~ S ~ ~ ~ ~ O ~ ~ S U T H L ~ ~ O O ~ ~  
2 R H S W ( 1 0 0 ) ~ R H S E ~ 1 0 0 ) ~ H E A D W ( 1 0 0 ) ~ H E A D E ( 1 0 O l ~ N U W ~ l O O ~ ~ M U B A R ~ l O O ) ~  
~ A A ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ F F ( ~ G O ~ ~ O U D S ~ ~ O O ~ ~ D M D S ( ~ O O ~ ~ D M D L ~ ~ O O ~  

C ~ P P C N / C ~ / T H E T ~ ~ ~ ~ ) ~ ~ ~ E L S R ~ ~ O O ~ ~ D E L T A ~ ~ O O ~ ~ F ~ R M ~ ~ O O ~ ~  
~ F O R P I ~ ~ ~ O C ~ ~ F O R M T R ~ ~ ~ ~ ~ ~ R T H ~ ~ ~ ~ ~ ~ R T H I ~ ~ ~ ~ C F ~ ~ ~ ~ ~ ~  
f T A U k ( 1 0 0 ) ~ N U S S ( l 0 0 ) ~ D T D Y ~ 1 O O ~ ~ H T R A N ( 1 0 0 ~ ~ C R N ~ l O O l  

CCCYON/Ct /FTRAN? FORMS 
CZIPPCN/C7/ INST, I TRAN? ISEP 
COPPGM/CE/XTAB( 5 0 5 )  , V T A B l t  5 0 5 )  rVTAB2(50Sl?NTAB 
COPMCN/C9/ERRORe T R A N S W R N  
REbL WUSZ?NUSZIMUTZ?NUTZ?ME?NUH?MU~AR,NUSS 
LOGICAL ERROR?TRANS?SEPRN 

C 
C SCLVB TURBULENT BOUNDARY LAYER DIFFERENTIAL EQUATIONS 
C U S I N G  RUNGA-KUTTA 

CALL RUNKUT 
IF (KSDEONE-1) GO TO 10 
WRITEf6?  1 0 0 0 )  
WRITE16,1010) ~ X T A B ( I l r Y T A B l f I ) ~ Y T A B 2 t I 1 t I ~ l ~ N T A B )  

40 



C  
C  CPLCULATE TLRBULENT BOUNDARY LAYER PARAMETERS AT EACH STATION 
C  

1 0  CQ 30 I= ITRANrYST  
I F  ( S t I ) o L E o X T A B ( N T A B ) )  GO TO 2 0  
ISEP = 1 -1  
bEPRN= .TRUE* 
RETURN 

20 YEP1 = 1 . + a 5 * ( G A V - 1 0 ) * M E ( I W 2  
CALL L G R h G E ( X T A B , Y T A B l t N T A B 1 S ( I ) p F )  
THETTR= hUTZ*F**o7886 /ME( I ) /ATZ 
T H E T ( I 1 =  T H E T T R * ( T T Z / T S E ( I ) ) * ~ ( ~ G A H + ~ . ) / ( ~ . * G A M - ~ O ) )  
RTH411= L E ( I ) * T H E T ( I ) / N U W I I )  
CALL L G R h G E ( X T A B ~ Y T A B 2 t N T A B t S ( I ) F O R M I ( I ) )  
FORMTR( 117  FORM1 ( I )*(l.+SW( I) 
FCiRMtI )= F O R M T R ( I ~ * T E M ~ + P R * * ( ~ O / ~ . ) * ( ~ E M ~ - ~ ~ )  
D B L S R I I ) *  T H E T ( I ) * F O R M ( I )  
POUERq 2.O/ (FORM I ( 11-1.0 1 
I F  (FORMI I I ) oLTo1 .02 )  POHER=lOOa 
O E L T A ( I ) *  I l o+POWER) *DELSR( I )  
C F f I l z  0~246*EXP~~1o561*FORMIfI))*(UE(I)*THET(I~/NUTZ/~lE~l**~lo/~ 

E B U P - l o ~ ~ l ~ * * ( ~ a 2 6 8 ~ * T S E ( I ) * ( M U B A R ~ I ~ / M U T Z ~ * * ~ ~ 2 6 8 ~  
T A U W f I ) =  C F ( I ) * H E A D E 4 I )  
1+ IaEQ.1) GO T O  30 
M T R A N f I f =  CF(I)/2o/PR**(2./3o)*RHSE(I)*UE(I)*CP*(TAWT(1)-TWAL(I)~ 
D f C Y f  I ) =  HTRANi I I / T C  
M U S S 4 I I f  S(I)*DTDY(I)/(TAWT(I~-TWAL[I)) 
C R K t I l =  C P I I ) * R W ( I ) / N U S S ( I )  

30 CQNTINUE 
ReTURN 

1000 fiGRMAT(lk1///5X,62HTURBULENT DIFFERENTIAL EQUATIONS - SOLUTION FOR 
1 F  AN0 F O R M I / / / 4 t 3 1 H  S  F  FORHI ) / / I  

1 0 1 0  
EM0 



SLeEFTG PRCFI DECK 

SUBROUT I h  E PROF I L 
C 9 C M O N / C l / G A M p R ~ ~ T ~ , T T ~ p U P M ~ C ~ t N S T t N ~ P t N T U R B t K P ~ M t ~ E M ~ K S M T H v  

1 # S P L N , K L E I K A T C H 1 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ , T ~ ~ ~ ~ ~ T ~ ~ B t T T ~ ~ ~ r K P R € ~ ~ G R A D ~ ~ S D E t K L A M t  
~ ~ ~ A I N ~ K P R O F ~ X ~ ~ ~ ~ ) ~ Y ~ ~ O O ~ ~ P R E S ( ~ O O ~ ~ U E ( ~ O O ~ ~ M E ~ ~ O O ~ ~ P O P T Z ~ ~ O O ~ ~  
3VQVCRllOC ! rTWAL1 1 0 0 )  
C O C C O N / C ~ / X O M ~ ~ ~ ~ ~ ~ Y O M ( ~ ~ ~ ) ~ S ~ ~ O O ~ ~ S O L ~ ~ O O ~ ~ A E ~ ~ O O ~ ~ T S E ~ ~ O O ~ ~  

~ T & U L ( ~ ~ ~ ~ ~ T A W ~ ( ~ ~ ~ ) ~ T B A R ~ ~ O O ~ ~ R W ~ ~ O O ~ ~ S ~ ~ ~ O O ~ ~ S U T H L ~ ~ O O ~ ~  
2RHSWC100 1  ,RHSE( 1 0 0 )  ,HEADH( 1 0 0 )  tHEADEt 1 0 0 1  tNUWi100)  ,MUBAR( 1 0 0 )  t 
~ A A ( ~ ~ ~ ) ~ ~ B ( ~ ~ ~ ) ~ F F ( ~ ~ ~ ) ~ D U D S ~ ~ O O ~ ~ D ~ ~ ( D S ~ ~ O O ~ ~ D M D L ~ ~ O O I  

C O ~ M O N / C ~ ~ T H E T ( ~ ~ ~ ~ ~ E L S R ( ~ ~ ~ ) ~ D E L T A ( ~ ~ ~ ~ ~ F ~ R M ~ ~ O O ~ ~  
~ F ~ R ~ I ( ~ ~ ~ ) ~ F O R M T R ~ ~ ~ ~ ) , R T H ( ~ O ~ ) ~ ~ T H I ( ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
~ T A U ~ ~ ~ ~ ~ ~ ~ N U S S ~ ~ ~ ~ ) ~ O T D Y ~ ~ O O ~ ~ H T R A N ~ ~ ~ ~ ~ ~ C R N ~ ~ O O ~  
COCCCN/CS/SHAPL(lOOltSHAPK(lCO)rBtNS 
COPMCN/C7/INSl,ITRANtISEP 
REAL MEthUSS 

B R I N R  LCCATIONS OF INSTABIL ITY ,  TRANSITIONt AND SEPARATION 

If! 
UR I 
IF ( 
WR I 
GO 

EO URI 
20 I f f  

UR I 
00 

3 0  W R I  
c4C I F (  

WR I 
60 

50 WR1 

KCAIhoNEo1)  GO TO 60 
' E f 6 r l C 0 0 )  
:NSToEQoO) GO TO 1 0  
' E t 6 r l 0 1 0 )  I N S T  
'C 2 0  
'Et.6r 1 0 2 0 )  
, ITRAhoLE.1) GO TO 3 0  
'EC6p1030)  ITRAN 
'C  4 0  
' E ( 6 r  1 0 4 0  1 
[SEP.EQoO) GO TO 5 0  
' E ( 6 r 1 0 5 0 1  I S E P  
'P 6 0  
' E ( 6 t  1 0 6 0 )  

RRINT LQCATIONS @F LAMINAR AND TURBULENT BOUNDARY LAYERS 

6 C  IBKC = ITRPN-1 
I E  ( IENCoEQo-1oORo IENDoE4.0 )  IENDEISEP 
I F  IENDoECoO IEND=NST 
IF CKPAIhoNEo l )  GO TO 7 0  
I A  ( ITRALoEQo11 k R I T E ( 6 r 1 0 7 0 )  
I F  ( I T R A h r h E o l )  W R I T E ( 6 t 1 0 8 0 )  IENO 
I f  1 ITRAhoEC.0) WRITE46 r1090 )  
I F  ( I T R A h o E Q o l )  W R I T E ( b r l l 0 0 )  I TRANt IEND 

70 IF ( I T R A h o L E o l )  GO TO 8 0  
1eNc =; ISEP 
I P ( I E R D o E C o 0 )  IENO=NST 
I F  ( K Y A I h o N E o l J  GO TO 9 0  
W R I T E 1 6 v l l C O )  ITRAN*  IGND 

PRINT CALCULATED BOUNDARY LAYER PARAMETERS 



C 
C CCPPUTE EOUhOS ON VELOCITY PROFILES 
C  

90 I F  (KPROfeNEo l )  RETURN 
WRITE t6 .1150)  
IF ( ITRANeMEo0 )  GO TO 100 
I L ~ P  2  
IL2= IENC 
I P l *  0 
I f 2 3  0 
00 TC 1 1 C  

100 14.1- 2 
IL2= ITRCN-1 
I F l *  ITRCN 
I P Z T  IENC 
I P  ( IT l eEQ.11  1 1 1 ~ 2  

C 
G CALCULATE Ah0 PRINT LAMINAR BOUNDARY LAYER VELOCITY PROFILES 
C 

1 I C  RVP1- NVP+1 
I F  ( I L 2 . l T e I L 1 1  GO TO 1 4 0  
DO 130 I = I L l , I L 2  
WRITECb,11601 I 
AAAr P.+SHAPL(I)/&e 
$88- *oS*SFAPLl I 
CCC* -2m+05*SHAPL( I )  
CEC= l o - S H A P L ( I J / b e  
DKL= D E L T A ~ I ) / F L O A T ( N V P I  
WP= -EEL 
DO 1 2 0  J t 1 ,NVP I  
YP= YP+DEL 
ETA= Y P / C E L T A ( I I  
YXCAX= YP/XtNST1 
MU€= AAA*ETA+BBB*fiTA**2+CCC*ETA**3+DOO*ETA**4 
U t  UeE*UEC 1)  

f2O W R I T E ( 6 r l l 8 0 )  ETA,YPIYXMAX,U~UUE 
I30 OOKT INUE 

C 
C  CPLCULATE AN0 PRINT TURBULENT BOUNOARY LAYER VELOCITY PROFILES 
C  

14G TS(1T leECoO)  RETURN 
09 1 6 0  I f I T l q I T 2  
POWER= D E L T A ( I ) / O E L S R I I ) - 1 -  
W R I T E 1 6 r l 1 7 0 1  IrPOWER 
OEL= DELTA l I ) / FLOAT(NVP)  
YP= -CEL 
DO 1 5 0  J t l r N V P l  
YP= YP+DEL 
ETA=  TP/CELTA( I I 
YXFAX= YF/X(NST) 
UUE= ETA**( 1elPOWER) 
\It UUE*UE I 1) 

LSO W R I T E ( b t 1 1 8 0 )  ETA+YP,YXMAXIUIUUE 
1'60 COKTINUE 

R6TURN 



C 
C FCRMAT STATEMENTS 
c 

lOOC FORCATilkl///lXt36HPRINCIPAL BOUNDARY LAYER INFORMATION///)  
OOIO FORPAT ( / l o x ?  31H INSTABIL  I T Y  OCCURS AT STATION ,131 
102C FORPAT 4 / 1 O X ~ 2 6 H I N S T A B I L I T Y  DOES NOT OCCUR) 
1030  FCRCPT ( / lOXg30HTRANSITION OCCURS AT STATION * I 3 1  
104C FGRPAT ( / lOX?25HTRANSIT ION DOES NOT OCCUR) 
1 0 5 0  00'RCAT ( /~OXI~OHSEPARATION OCCURS AT STATION ? I 3 1  
IV6C FORCAT I / ~ O X T ~ ~ H S E P A R A T I O N  DOES NOT OCCUR) 
1 0 7 0  FORPAT ( / l o x ?  37HLAMINAR BOUNDARY LAYER DOES NOT OCCUR) 
E030 FCRPAT [ / lOX?42HLAMINAR BOUNDARY LAYER - STATIONS 1 TO ? I 3 1  
1 0 9 0  FORPPT I/ lOXv39HTURBULENf BOUNDARY LAYER DOES NOT CCCUR///) 
1 1 0 0  FCRCAT [/ lOX935HTURBULENT BOUNDARY LAYER - STATIONS12X9 

113?6C TC ~ 1 3 / / / 1  
1 1 1 0  F G R C I T ( / l X ~ 7 H S T A T I O N ~ 8 X ~ l H X q 1 2 X ~ 1 H S ~ 1 2 X ~ 5 H D E L S R ~ l O X ~ 4 H T H E T ~ l l X 9  

15HCELTAq1lX~4HFORM~1OX~5HFORXI) 
1 1 2 0  F O R P ~ T ~ 2 X ~ I 3 r 3 X s 2 F 1 3 o 6 ~ F 1 4 o 6 ~ 1 X ~ F l 4 o 6 9 l X ~ F l 4 o 6 ~ l X ~ 2 F l 4 o 4 ~  
1130  A ~ R C P T ( / / / ~ X I ~ H S T A T I O N , ~ X I ~ H C F ~ ~ ~ X T ~ H T A U U ~ ~ ~ X ~ ~ H R T H ~ ~ ~ X ~ ~ H D T D Y ~  

113X?4HNUSS? lOX?5HHTRAN9 12Xt3HCRNl  
114C F O R C ~ T ~ I S ~ F 1 4 ~ 5 q 2 X ~ F 1 4 o 5 ~ 1 X ~ F 1 2 ~ 1 ~ 5 X v F 1 4 e 2 ~ 2 X 9 F l 4 ~ 2 ~ l X T  

f F14-4,2X?E13.3) 
1150  FGRMAT( 1 b 1 / / /  1x1 17HVELOC ITY PROFILES/ / / )  
EE'bO FORMAT ( / ~ X , ~ H S T A T I O N ~ ~ X I I ~ ~ ~ X T ~ H P R O F I L E / ~ X , ~ H Y / D E L T A ~ ~ X ~  

l l H V ~ 1 2 X ~ E H Y / X M A X ~ 1 O X ~ l H U ~ 1 2 X ~ 4 H U / U E )  
1 1 7 0  FORCAT ( / ~ X I ~ H S T A T I O N ~ ~ X ~ I S ~ ~ X ~ ~ H P R O F I L E ~ ~ ~ X ~ ~ H N = ~ ~ X ~ F ~ ~ ~ / ~ X ~ ~ H Y / D  

l E L T A ~ 9 X ~ l H Y ~ l 2 X ~ 6 H Y / X M A X ~ l O X ~ l H U ~ l 2 X ~ 4 H U / U E ~  
1180  FORPhT( 1X1F8.4r2X,2G15o6?2X?F9o2?6XqF8o4) 

Ei Flc 

SlWTG RUWKU DECK 

SUBRCUT I h E  RUNKUT 
C 
C RUNKUT SOLVES SIMULTANEOUS FIRST ORDER I N I T I A L  VALUE 
C CRDINARY DIFFERENTIAL EQUATIONS 
C 

CQYYCN/C~/GAM?R?P~Z?TTZ?UPMACH~NST?NVP~NTURB?KPVM?KEM~KSMTHT 
IKSPLN?KLE?KATCH,CTHET?DLAM~TLAM?DTURB?TTURB~KPRE?KGRAD?KSDE?KLAM? 
~ K N A ~ N ~ K P P O F ~ X ~ ~ ~ ~ ~ ~ Y ~ ~ O O ~ ~ P R E S ~ ~ O O ~ ~ U E ( ~ O O ~ ~ M E ~ ~ O O ~ ~ P O P T Z ~ ~ O O ~ ~  
3VOVCR110C ?TWAL( 1 0 0 )  
C O P ~ C N / C ~ / X O M ~ ~ ~ ~ ~ ~ Y O M I ~ O O ~ ~ S ~ ~ O O ~ ~ S O L ~ ~ O O ~ ~ A E ~ ~ O O ~ ~ T S E ~ ~ O O ~ ~  

~ T A W L ~ ~ ~ ~ ~ ~ T A W T ~ ~ ~ ~ ) ~ T & A R ( ~ O O ~ ~ R W ~ ~ O O ~ ~ S W ~ ~ O O ~ ~ S U T H L ~ ~ O O ~ ~  
~ R H S W ( ~ ~ ~ ~ ~ R H S ~ ( ~ ~ ~ ) ~ H E A D W ~ ~ O O ~ ~ H E A D E ( ~ ~ O ~ ~ N U W ~ ~ O O ~ ~ M U B A R ~ ~ O O ~ ~  
~ A A ( ~ C O ~ ~ @ B ~ ~ ~ ~ ) ~ F F ~ ~ O O ) ~ O U D S ~ ~ O O ~ ~ D M D S ~ ~ O O ~ ~ D M D L ~ ~ O O ~  

COCPCN/CC/FTRAN, FORMS 
COPPCN/C7/1NST?ITRAN?ISEP 
C O C C C N / C 8 / X T A B ~ 5 0 S ) ~ Y T A B 1 ( 5 0 5 l ~ Y T A B 2 ( 5 0 5 ~ ~ N T A B  
D I I E N S I O h  Y Y t 2 ) q R Y ( 2 ) ? Y I N C ( 2 ) , D O T ( 2 ) ? R U K t 2 , 4 )  
DfUBLE PR%CISION X X ? R X ? Y Y ? R Y ? R U K ? D E L ? D O T p  

1 T E F l  rTEP f  TEM39TEM49 TEM59TEMb 
R E I L  VEthUWpMUBAR 



C  
C  SET  OEL S P A C I N G  AND STORE I N I T I A L  VALUES 
C  

DEL=  O.OCZ*S(NST 1 
I0 Y Y  4 1 I = F T P A N  

Y Y t 2 2 s  FCRMS 
X X =  S O I T P A N )  
NV=2 
N T 4 e  = 1 
Y T A € ? l i l  Y Y (  1) 
Y T A E ! 2 t l ) =  Y Y ( 2 )  
X T & B i l ) =  XX 

C  
C  SCLVE FCR Y V t l )  AND Y Y 1 2 )  A T  NEXT XX INCREMENT 
C  
C 3 A V E  P R E V I O t J  Y Y t l I  AND Y Y 1 2 )  

2 0  00 3 0  J l l p h V  
3C R Y ( J l =  Y Y I J )  

RX= XX 
C  
C CPLCULATE NEW Y Y t l D  BND Y Y ( 2 )  
C  

DO 90 L = l r 4  
C  PUT D I F F E K E h T I A L  EQUAT IONS I N  THE  FORM OF 
C F I R S T  C E R I V d T I V E  = REMAINDER OF EQUATION 

C A L L  LGRhGE(S,ME sNST,XX, A W )  
C A L L  LGRhGE(S,SW?NST?XX,ANS2) 
C A L L  LGRNGE4S,AA,NST?XXtANS3)  
C A L L  LGRhCEIS,BB?NST?XX,ANS4)  
C B L L  LGRNGEIS+DMOS?NST? XX? ANSS)  
C A L L  LGRhGE(SpTBAR?NST?XX,ANS6)  
T E P l -  1 - 4 4  l m + A N S 2 ) * Y Y ( 2 1  
TEC2=  .li3*EXP(-1.561*YYt211*AMS3 
0 0 T (  1)- 1 2 6 8 * ( - Y Y  ( 1) / A N S l * A N S S * T E W T E M 2 )  
T E W 3 t  YY12)*tYY12J+lo)**2*(YY(2)-1ol 
TfP4= lmiANS2*~YY42)*YY(2~+4o*YY(2~-lo)/((YY(2)+loI*(YY~2)+3o~) 
TBPS* ~ Y Y I 2 ) * Y Y ( 2 ~ - 1 ~ ) * Y Y ~ 2 l / Y Y ~ 1 ~ * ~ ~ 1 2 3 * E X P ( - l ~ 5 6 1 * Y Y ~ 2 ~ ~ * A N S 3 ~  
T E P 6 t  ( Y Y ~ 2 ) * Y Y ( 2 ~ - 1 ~ ) / Y Y 1 1 ) * * ( , 7 8 8 6 ) * ( ~ 0 1 1 * ( Y Y ( 2 1 + 1 ~ ~ * 1 Y Y ( 2 ) - 1 - )  

1 * *2 /YY(21* *2*TTZ /ANSb)*ANS4 
0 8 T ( 2 3 =  - A N 5 5 * - 5 / A N S l * T E M 3 * T E M 4 + T E W T E M 6  

C  A F P L Y  TkE RLNG6-KUTTA SCHEME 
QO 40 J = l ? h V  

40 R U K t J e L )  = O E L * 0 0 T ( J 1  
GO T C  ( 5 C ? 5 0 ? 7 0 s 9 0 ) r  L  

SO 00 60 J t l r h V  
'6C Y Y ( J ) =  R V ( J ) + R U K ( J r L l / Z *  

XX=  RX+OEt /Z .  
GO TC 90 

70 DO 8 0  J z l r h V  
8 C  M Y f J l s  R Y ( J ) + R U K ( J r L )  

XX= RX+DEL 
9 0  C U h T I N U E  

C IKGRERENT T k R  DEPENOBNT V A R I A B L E S  TO O B T A I N  NEW Y Y ( 1 )  AND Y Y ( 2 )  
00 1CO J f l p N V  
Y I M C ( J )  * (RUKlJ?l)+Zm*RUK(Jr2)+2.*RUK(Jp31+RUKfJt4J)/6o 

1.00 Y Y ( J ) =  R Y ( J ) + Y I N C I J )  
I F  I V Y (  2 )  mGTm2.8) RETURN 



C 
C % T O R 0  NEW CCMPUTED VALUES I N  A TABLE 
C 

NTAB 3 NTAB+l  
Y T P B l t N T b B ) =  Y Y I  1) 
YTA82dNTbB)= YY( 21 
XTbEfNTAE)= XX 
I f f  I X X * L T a S ( N S T I )  GO TO 20 
R f  TURN 
ENC 

SLBFTC FUNC DECK 

SUBROUTIhE FUNCT(XX*FXIDFXI INF)  
C O C Y C N / C ~ / G A M + R , P T Z ~ T ~ Z ~ U P M A C H ~ N S T ~ N V P ~ N T U R B ~ K P V M ~ K E M ~ K $ M T H ~  

~ K S P L N ~ K L E ~ K A T C H , C T H E T ~ D L A M J L A M , D T U R R ~ T T U R B ~ K P R E ~ K G R A O ~ K S D E ~ K L A M ~  
~ K M A I N ~ K P R O F ~ X ~ ~ O O ) ~ Y ~ ~ O O ~ ~ P R E S ~ ~ ~ ~ ) ~ U E ( ~ O O ~ ~ M E ~ ~ O O ~ ~ P O P T Z ~ ~ O O ~ ~  
3VOVCRIlOC) rTWAL1100t  
C O K M C N / C ~ / P S Z ~ T S Z ~ U Z ~ A S Z ~ A T Z ~ R H S Z ~ R H T Z ~ M U S Z ~ M U T Z ~ N G S Z ~ N U T Z ~ C P ~  

lRR,TCtARCL 
C ~ Y P O N / C ~ / X O M ( ~ O O ~ ~ Y O M ( ~ O O ~ ~ S ~ ~ O O ~ ~ S O L ~ ~ O O ~ ~ A E ~ ~ O O ) ~ T S E ~ ~ O O ~ ~  
l T A U L ~ l O O ) + T A W T ~ 1 0 0 ) q T ~ A R ( 1 0 0 ~ ~ R W ~ 1 O O ~ ~ S W ~ l ~ O ~ ~ S U T H L ~ l O O ~ t  
2 R H S W ( 1 0 0 ) ~ R ~ S E ( 1 0 0 ) ~ H E A O W ~ 1 O O ~ ~ H E A O E ~ 1 O O ~ ~ N U W ~ l O O ~ ~ P U B A R ~ ~ O O ~ ~  
3 A A ( l C O ) ~ ~ B ~ 1 0 0 ~ ~ F F f 1 O O ~ ~ O U D S ~ l O O I ~ O M D S ( l O O ~ ~ D M D L ~ l O C )  

REAL N U S Z I M U S Z ~ M U T Z ~ N U T Z , M E ~ N U W ~ M U B A R  
I N F  s 0  
BE= 1 0 + . 5 * ( G A M - l m l * M E ( l ) * 8 2  
82s l o + ( i e 7 9 - 1 . 7 8 * P R * * , 5 ) * (  ( l e + S W I  1) ) * e l - 1 . 1  
8 3 s  -NUTZ*SUTHL(lI*ARCL/ATZ/DMDL(l)*Bl**It3e-GAM)/(2.*GAM-2e)) 
84a -1 .1138*B2 
8 5 ~  2o38411*82+L4o65*PR**~lo/3e)-3.65*PR**.5)*PR**~5*(0l-le) 
FXx tB3*XX1**.5* (84*XX+B5)  
I F  (XXoECoOm) GO TO 10 
OFXz . 5 * ( B 3 * X X ) * * ( - . 5 ) * B 3 * ( B 4 * X X + B S ) + B 4 * ( B 3 * X X ) * * e 5  
RETURN 

t l C  I K F  = 1 
DFX = l o E 1 0  
RETURN 
EWC 



b l W T E  I h T G 1  OECK 

REAL FUNCTION I N T l { X X )  
C O K P C N / C I / G A M ~ R * P T Z , T T Z , U P M A C H ~ N S T ~ N V P ~ N T U R ~ ~ K P W M * K E M ~ K S M T H ~  

~ K S P L ~ ~ K L E ~ K A T C H ~ C ~ H E T ~ D L A M ~ T L A M * D T U R B ~ T T U R B ~ K P R E ~ K G R A D * K S O € ~ K L & M *  
~ ~ ~ A I ~ ~ K P R O F ~ X ~ ~ O O ) ~ Y ~ ~ O O ~ ~ P R E S ~ ~ ~ ~ ) ~ U E ( ~ O O ~ ~ M E ~ ~ O O ~ ~ P O P T Z ~ ~ O O ~ ~  
3 V O V C R 1 1 0 C  1 rTWAL4 100) 
C O P P O M / C ~ / X O M ( ~ ~ ~ ~ ~ Y O M ~ ~ ~ ~ ) ~ S ~ ~ O O ~ ~ S O ~ I ~ O O ~ ~ A E ~ ~ G O ~ T T S E ~ ~ O O ~ ~  

~ T A H L ~ ~ ~ ~ ) ~ T A W T ~ ~ O ~ ) ~ T B A R ~ ~ O O ~ ~ R W ~ ~ O O ~ ~ S W ~ ~ O O ~ ~ S U T H L ~ ~ O O ~ ~  
Z R H S W 1 1 0 0 ) ~ R H S E ( 1 0 0 ) ~ ~ E A D W f l O O ~ ~ H E A D E ~ l O O ~ ~ N U ~ ~ l O O ~ ~ ~ U B A R ~ l O O ~ ~  
3AA(1O0)TPB4100)rFF(100~,OUDSI1OOftDYOStlOO~~DMDL(lOO~ 
C O C P C K / C ~ / S H A P L ( ~ O O ) ~ S H A P K ( ~ C O ) ~ B T N S  
REdL VE*hUk*MURAR,INTl 
CALL L G R ~ G E ( S O L T M E * N S T , X X , A N S )  
1,N11= ANS**(B-1. I / (  ( 1.+.5*(GAM-1.)*ANS**2)** 

1 4 1 3 e + G A P - l e ) / ( 2 e * G A M - 2 e  1 ) )  
RfJTURN 
ENC 

$LBFTC I k t G 2  OECK 

REbL FUNCTION I N T 2 (  X X  1 
C ~ P P C N / C ~ / G A M ~ R ~ P T Z , T T T Z ~ U P M A C H T N S T , N V P ~ N T U R B T K P V M * K E M * K S M T H *  

~ K S P L ~ ~ K L E ~ K A T C H * C T H E T * D L A M ~ T L A M * D T U R B ~ T T U R B ~ K P R E * K G R A D ~ K S D E * K L A M *  
~ K Y A I ~ ~ K P P O F ~ X ( ~ ~ ~ ) ~ Y ~ ~ O O ) , P R E S ~ ~ ~ ~ ) , U E ~ ~ O O ~ ~ M E ~ ~ O O ~ ~ P O P T Z ~ ~ O O ~ ~  
3 V O V C R I  1CC 3 qTWAL4 100) 
C O P I O N / C ~ / X O M ~ ~ ~ ~ ) ~ Y O M I ~ O O ~ T S ~ ~ O O ~ ~ S O L ( ~ O O I ~ A E ( ~ O O ~ ~ T S E ~ ~ O O ~ ~  

~ T A ~ L ( ~ ~ ~ ) ~ T A W T ~ ~ ~ ~ ~ ~ T B A R ( ~ O O ~ T R W ~ ~ O O ~ ~ S W ~ ~ ~ O ~ ~ S U T H L ~ ~ ~ ~ ~ T  
~ R H S ~ ~ ~ ~ ~ ) ~ R H S E ~ ~ ~ ~ ~ E A O W ~ ~ O O ~ T H E A D E ~ ~ ~ O ! ~ N U W ( ~ O O ~ ~ V U B A R ~ ~ O O ~ ~  
3 A A ( 1 C O ) 9 E 8 ( 1 0 0 ) r F F I 1 O O ~ ~ D U D S ~ l O O ~ ~ D M D S 1 l O O ~ ~ ~ M D L ( l C O ~  

COt+CCN/C5/SHAPL( 1 0 0 )  tSHAPK( 1CO) r BtNS 
REdL PE,hUW*MUBARs I N T 2  
I F  INS.LT.41 GO TO 1 0  
CALL LGR~GE(SOL~SHAPK,NSTXX~INTZI 
RETURR 

1 0  00 2 C  J=Z*NS 
I F  ( S C L ( J ) e L T a X X )  GO TO 2 0  
I N T 2 a  S H ~ P K ( J - ~ ~ + ( S H A P K ( J ~ - S F ~ A P K ( J - ~ ) ) * ~ X X - ~ O L ( J - ~ ) ) / ( ~ O L ( J ) - ~ O L ~ J  

1-11 1 
RETGPN 

YC COhTIhUE 
RETURN 
ENC 



SfBFTO S P L I N  DECK 

S U e R C U T I h E  SPLINEtX,Y,.N,DYDX,D2YOX2) 
C  
C  S P L I N E  F I T S  A S P L I N E  CURVE TO X  AND Y 
C A h 0  CALCULATES F I R S T  AND SECOND D E R I V A T I V E S  A T  THE S P L I N E  P O I N T S  
C EhC  P C I N T  SECOND D E R I V A T I V E S  EQUAL THOSE AT ADJACENT P O I N T S  
C 

D I P E h S I O h  X(N),Y(N)rDYDX(N),D2YDX2(N) 
O I P E & S I O h  G (  100) ,H( 100) 
G Q 1 1 9  -1. 
H . ( l ) =  0 .  
Nl= R - 1  
I R  ( h E - L T . 2 1  GO TQ 20 
BC 1C  I = E , N l  
&= ( X ( 1  I - X (  1 - 1 1  116 .  
B=i ( X t I + l ) - X (  1 ) ) / 6 ,  
C= 2.*( A + B I - A * G t  1 -11  
Q= ~ Y 6 I + I ) - Y 1 I I ~ / ( X ( I + 1 ) - X ( I ) ~ - ( Y ~ I I - Y ~ I - l ) ~ / ~ X ~ I ~ - X ~ I - l ~ 1  
6'1 I)= B/C 

'10 Hi I I =  (C -A*H(  1-1 I I/C 
2C D 2 Y G X 2 ( N ) =  H ( N l ) / ( l . + G ( N l ) )  

140 3C I=L',N 
K= h i e l - I  

30  D 2 Y C X Z ( K I r  H ( K ) - G ( K ) * D 2 Y D X 2 ( K + l )  
D V C X ( l ) =  (Xll)-X(2)1/6.*(2,*02YDX2(1)+D2YDX2(2))+(Y(2)-Y(lI)/~X42) 

I - X ( 1 ) )  
00 4C I = i , N  

40 D V C X t I ) =  I X ~ I ) - X I i - 1 I ~ / 6 ~ * ~ 2 ~ * D 2 Y O X 2 ( I ) + D 2 Y D X 2 ~ I - l ~ ~ + ~ Y ~ I ~ - Y ~ I - l ) ~  
l / t X ( I ~ - X ( I - l ) )  

RETURN 
EN C 



S I B F T C  RCC D E C K  

C RCOT F INES  L ROOT FOR (FUNCT-Y) I N  THE INTERVAL (A,B)  
C 

X I =  b 
x2= e 
esLL R U N C V ~ X L ~ F X I ~ D F X ~ I N F ~  

PC 80 3 0  I t 1 9 2 0  
X= ( X B + X 2 ) / 2 a  
CALL FUNCTIX,FXeOFX,INF) 
I F  ~ ( P X a - Y l * ( F X - V ) * G T * O . )  GO TO 2 0  
X2= X 
Gt TC 3 0  

2 0  X I =  X 
PX1- FX 

3C COhTINUE 
I P  I ABS (V-FX 1 .LT aTOLERY 1 RETURN 
WRITE(6 ,  I C Q O )  AIBPY 
STCP 

kOOC FORNAT(/ / l /4%,49HROOT HAS FAILED TO CONVERGE I N  THE GIVEN INTERVAL 
1 /4Xr3HA = r G 1 4 a 6 , 1 O X ~ 3 H B  = , G 1 4 r 6 r l O X r 3 H Y  =,G14.6) 

ENC 



S I E M T C  LGRNG DECK 

SUERCUT I h E  L G R N G E t X p Y  e N 1  ARGt  A N S I  
C 
C LGRNGE P E R F C R P S  4 P O I N T  L A G R A N G I A N  I N T E R P O L A T I O N  
C 

B I C E N S I O h  X 1 N ) r Y  I N )  r X X ( 4 ) , Y Y ( 4 )  
I F  ( A R G - X t 2 ) )  1 0 9 1 0 1 2 0  

I0 vn * 1 
GO TO 70 

90 I F  ( A R G - X B N - 1 1 )  4 0 t 4 0 ~ 3 0  
30 FP 7 N-3 

GG TC! 70 
*C N l  = N - 1  

DO 60 I = Z , N 1  
I F  ( P R G - X f I ) )  5 0 r 5 0 r 6 0  

SO knw = 1 - 2  
GI3 TC 70 

6 0  C O N T I N U E  
70 DO 80 1 = 1 , 4  

PYP = M M t I - 1  
X X ( 1 )  = X 4 C K M )  

80  Y Y ( I 1  = Y 1 C C M )  
C 1  * t I  ARG-XXP23 l*f A R G - X X O * ( A R G - X X I 4 )  1 3  / 

~ I X X ~ ~ ~ - X X ~ ~ ~ ~ / ~ X X ~ ~ ~ - X X ~ ~ ~  ) / ( X X ( I ) - X X I ~ ) ~  
C2 = t ( A R G - X X t 1 ! 1 * ( A R G - X X ( 3 t ) * ( A R G - X X ( 4 I ) 1 /  

1 ~ X X ( 2 ~ - X X i 1 ) ~ / ~ X X ~ 2 P X X ~ 3 ) ) / ~ X X ( 2 ~ - X X ~ 4 ~ ~  
C 3  = B ( A R G - X X 1 1 3 ) * ( A R G - X X ( 2 M * ( A R G - X X ( 4 ) ) ) /  

~ I X X ~ 3 F X X I l ) ) / ~ X X ( 3 b - X X f 2 ) ) / 1 X X ( 3 ) - X X 1 4 1 J  
C4 ( (  A R G - X X t 1 3  ) * t A R G - X X o ) * (  ARG-XX( 3 )  ) 1 / 

l t X X ( 4 1 - X X ~ l ~ ) / ~ X X ~ 4 ) - X X ( 2 ) ~ / ~ X X ~ 4 ~ - x x ~ 3 ~ ~  
ANS C l * Y Y ( l ) + C 2 * Y Y ( 2 ) + C 3 * Y Y 4 3 3 ) + C 4 * Y Y ( 4 )  
RETURN 
EN C 



SIKFTO CURVP DECK 

c 
C EV lLULTE THE POLYNOMIAL FUNCTION, ANS=F(X#Y I?  USING COEFFICIENTS, COEF 
C 

DIPEMSIOA COEF(2O) 
N X I  = N X i l  
NY1 = N Y t l  
ANS s COEF(1)  
LF (XaEQooOeANDoYoEQ,oO) RETURN 
16 4Y.EQoaC) GO TO 10  
I R  (XmEC.mO1 GO TO 30  
80 TC 5 0  

I 0  DC 2 0  I = f r h X l  
20 AKS ANSUCOEFI I I *X* * f  1-11 

RETURN 
30 00 40 I = 2 r N Y 1  

K * t I - l l * h X 1 + 1  
4C ANS = ANS+COEFIK )*Y**4 1-11 

RE TURN 
5 C  ANS = - 0  

60 60 I = I , N Y l  
CC 60 J = l , N X l  
# = ( I - l I I f Y X I + J  

60 ANS s ANS+COEF(Kl*Y**(I-l)*X**(J-1) 
RETURF( 
EMC 

SLBFTC SIYP  0 ECK 

FUNCTION S I M P I l i  X L V X ~ ~ F U N C I K S I G I  
DIPERSIOh 
LOGICAL S P I L L  
ocuem PRECISION ANS,Q 
ObTA T W O ~ T P R E E ~ F O U R ~ T H I R T Y / 2 e O , 3 . 0 ~ 4 . 0 ~ 3 0 . 0 /  
DATA T , N P A X ? N S I G / 3 o O E - 5 ? 2 0 0 r l l  

C I h I T I b t ! Z E  F IRST ELEMENTS OF ARRAYS, 
V t X 1  
H t ( X 2 - V  ) / T W O  
A=!FUhC( V 1 
B=FUh'C(V+kt) 
CtFUNCI XZ J 
P=H*(A+FCUR*B+C) 
E= P 
AhS= P 
N= 1 
PRPC-T 
SPILL?. FPLSE. 

1 C  TEST'ABS 1 FRAC*ANS 1 
K=N 
Dl3 3 0  I = l r K  

C TEST PAGMITLOE OF 4TH ORDER ERROR I N  TH IS  INTERVAL, 
I F  ( I B S ( E I I ) ) . L E a T E S T )  GO TO 3 0  
I F  (N.LT.NCPX) GO TO 2 0  



C G C  70  F I N I S F  I F  STORAGE I S  F I L L E D  UP, 
6P ILL=.TPUEm 
KSIG=KSIE+NSIG 
00 TC 40 

C S L B D I V I E E  IhTERVAL AGAIN TO REDUCE 4 f H  ORDER ERROR, 
2 C  N=N+ l  

Y t K I = V (  I l + R (  I )  
H1K)=t4( I )hTWO 
A ( l \ ' ) * B (  I I 
B l h l i f i U N C ( V ( N 1 + H ( N ) )  
C(K)=C( I I 
P ( N ) = H ( N ) * t A ( N ) + F O U R * B ( N W )  
H( I I )=H(N)  
B t I l = F U N C I V ( I I + H #  111  
CI.1 I o A ( N 1  
Q=P( 1 1  
P t  I)IH( I ) * t A (  I)+FOUR*&f I ) + C (  1 1  1 
Q*P( I I + P ( N  1-8 
ANS-ANS +C 
Ed 1 ) - C  
E B K )  =Q 

3C CQkTINUE 
C T E S T  PLL INTERVALS AGAIN I F  ANY WERE SUBDIVIDED THE &&ST TIME.  

I F  INmGToK) GO T O  10 
140 Q30.C 

OC 5 C  I= l ,N  
50 Q=C+E(I )  

C  T IGHTEN ERRCR L I M I T  I F  TOTAL ACCUMULATED ERROR 800 LARGEo 
fF (ABS[C/TImLEeABS(ANSIeORmSPfLL) GO TO 60 
FRdCrFRACETWO 
GI2 TC 10 

C F I N I S H  CALCtLPTION. 
'60 SIPPSl=lPNS+Q/THIRTY)rTHREE 

RETURN 
ENC 



SbEGFTC A F T C I X  DECK 

S U E R C U T I h E  A F M I X  ( A L P H l r T E r S P r X M F S 1 1 N P )  
C I P E N S I O h  X X X ~ 1 0 0 l ~ Y Y Y ( 1 0 0 ) ~ S S S ( 1 0 0 ~  
CQCCEN/Cl /GAM~RtPTZrTTZrUPMACH~NST,NVPrNTURBeKPVM~KEf l rKSMTH,  

lKSPLhpKLE,KATCHtCTHETtDLAM~TLAM~OTURBpTTUR8~KPRE~KGRADrKSDE~KLAMr 
2 W M b I k ~ K P R O F ~ X ~ 1 0 0 ~ ~ Y ~ ~ o o ) , P R E S I 1 ~ o ~ ~ U E ~ l ~ ~ ~ r ~ ~ ~ l ~ ~ ~ r ~ ~ ~ ~ ~ ~ l ~ ~ ~ r  
3WQVCR I l C C  1 r T W A L I  100 
C O C P Q N / C ? / X O M t 1 0 0 ~ 1 Y O M ~ 1 O O ~ ~ S ~ l O O ~ t S O L ~ 1 O O ~ ~ A E ~ l O O ~ ~ T S E ~ l O O ~ ~  

l T A k L i 1 0 0 ~ ~ T A W T ~ 1 0 0 ) , T B A R ( 1 0 0 ) , R W t 1 O O ~ ~ S ~ i l C O ~ ~ S U T H L ~ l O O ~ r  
2 R H ~ ~ ( 1 0 0 3 r R H S E ( 1 0 0 ) ~ H E A O W ( 1 O O ) r H E A D E ~ 1 O O ~ r N U W ~ l O O ~ ~ M U B ~ R ~ l O O ~ r  
3 A A ~ 1 0 0 ~ r ~ B 1 1 0 0 1 e F F ( 1 0 0 ) ~ Q U D S ~ 1 O O ~ ~ O M D S ( l O O ~ ~ O M D L ~ l O O ~  

C C P l C N / C 4 / T H E T (  100) ,DELSR(  100) s D E L T A f 1 0 0 )  * F O R M (  100) 1 

1 F O P ~ I ~ 1 O C J ~ F O R M T R I 1 O O ~ ~ R T H f l O O ~ r R T H I ~ l O O ~ ~ C F ~ l O O ~ ~  
~ T ~ U W I ~ ~ ~ ) ~ ~ U S S ~ ~ ~ ~ ~ ~ C T D Y ~ ~ O O ~ ~ H T R A N ( ~ ~ ~ ~ T C R N ~ ~ O O ~  

E C U I V A L E h C E  ( X , X X X ) r  ( Y t  Y Y Y  ) r  ( S r S S S ) r  ( N S T r N )  
R E A L  RE 
KGCE = 0 
O B L S  = O E L S R ( N 1  
C E L P  O E L S R I N P )  
T H E T S  = T H E T ( N 1  
f H E T P  = I H E T ( N P I  
W R I T E / 6 , 5 )  

5 F O R C A T (  l k l  r 2 0 X r 2 2 H A F T E R M I X I N G  P R O P E R T I E S )  
W R I T E ( 6 1 1 3  

1 FORWAT11kO110X140HNOZZLE W I T H  N O  BOUNDARY L A Y E R  C O R R E C T I O N )  
2 V V C R 1 ~ S Q R T ~ ~ ~ G A M + 1 ~ 0 ) / 2 ~ 0 * X M F S P * * 2 ) / ~ l ~ O t ( G A M ~ l o O ~ / 2 ~ O * X M F S l * * 2 ~ ~  

X X = S P * C O S I  A L P H 1 )  
D E L S R T -  ( D E L S + D E L P ) / X X  
THETb=i ( T H E T S + T H E T P ) / X X  
D T E  = T E / X X  
A F S l  ( E A F f - l . O ) / C G A M + l . O ) * V V C R 1 * * 2  
A = 1.0-CELSRT-OTS-THETA 
A l =  1 . o - C e t s R F - D T E  
I F  ( A  OLE. 0.0) G O  T O  16 
C~((l~O-bFSl)*(GAM+1~0)/(2~0*GAM)+(COS~ALPHl))**2* 

I A + V V C R 1 * * 2  ) / ( C O S  ( A L P H l ) * A l * V V C R l )  
D = ~ V C R I * S I N ( A L P H l ) * A / A l  

V X V C R 2  = G ~ M * C / ( G A M + ~ ~ O ) - S Q R T ( ( G A M * C / ( G A M + ~ O O ) ) * $ ~  
1-1.CtCGAC-1.0 )/I G A M + l m O ) * D * * 2 1  

BC T C  4 
3 K O C E q 2  

W R I T E 6 6  r 10 
10 F O R C A T (  1 k O r  10x9 1 9 H S U P 6 R S O N I C  S O L U T I O N )  

V X V C R 2  * G A M * C / ( G A H ~ ~ . O ) + S Q R T ( ( G A M * C / ( G A M + ~ O O ) ) * * ~  
l - l o O + O G A P - 1 , 0 ) / 4  G A M + l e O  )*D**2) 

4 QENCk I (GAP-l.O)/(GAM+loO)*(D**2+VXVCR2**2) 
i F  ( C E N C k o G E .  1.0) R E T U R N  
D B N S R 2 =  f leO-(GAM-lo01/(GAM+lmO)*(D**2+VXVCR2**2) 1 

l * * ( l . O / ( C A C - 1 . 0 1 1  
O E h S R l  1 e O / ~ ( 1 o O + ~ G A M - 1 ~ 0 ) / 2 ~ O * X M f S 1 * * 2 ) * * ~ 1 ~ 0 / ~  

IOAC-1.0 ) 1 3  
P R 2  a D E h S R L * * G A V  
P T 2 P T O =  ( C E h S R l * V V C R l * C O S  ( A L P H l l * A L ) / ( O E N S R 2 * V X V C R 2 )  
P P C P 2  = 1 m O / I  P T 2 P T O * P R 2  1 
€ B A R 2  = ( ( P T 2 P T O ) * * ( ~ l . O - G A M ) / G A M ) - l , O ) / ( P T O P 2 * *  

1 9 C G A C - 1  .C ) / G A M ) - 1 . 0 )  
ETbK = 1.0-€BAR2 
V V C R 2  = S Q R T (  D * * 2 + V X V C R 2 * * 2 )  
XP2 S P P T ~ ~ ~ 2 ~ 0 / i G A M + 1 ~ 0 ) ) * V V C R 2 * * 2 ) / ( 1 , 0 - [ ( G A M ~ l ~ O ~ / ~ G A M + l ~ O ~ ~  



I *VVCR2**2) )  
TZTTC = 1.0 - (GAM-loj/(GAM+Po)*VVCR2**2 
ALPHE = #TAN! D/VXUCRZ? 
XCXl  = XPPSl*COS (ALPH1) 
XYXZ 5 XC2*COS4 ALPH2 1 
ALPI-2 = bLPH2*5?=2958 
ALPHl  bLPH1*57-2958  
WRITE t696 )  XMFSlvSP9TE~XM2rVVCRlrXMXltXMX2 
FORWAT( lkO9IHXMFSl  = lF6o4,2Xr9HSPACING =?F7.b92X94HTE ~ o F 7 . 5 r 2 X o  

15HXY2 =,F6o492X98HV/VCRl  =tF6.392Xv6HXMX1 =pF6*392X96HXNXi! =9F6.3) 
W R I T E t b ~ 7 f A L P H l r A L P H 2 9 P T Z P T O 9 P T O P 2 ~ T 2 f T O r V V C R 2 ~ E B A R 2 ~ E T A N  
F O R P A T ( ~ ~ O ~ ~ H A L P H ~ = ~ F ~ ~ ~ ~ ~ X ~ ~ H A L P H ~ = ~ F ~ ~ ~ ~ ~ X ~ ~ H P T ~ ~ P T O = ~ F ~ O ~ ~ ~ X ~  

~ ~ H P T O / P ~ S ~ F ~ . ~ , ~ X , ? H T ~ / T T O = ~ F ~ ~ ~ ~ ~ X , ~ H V / V C R ~ = ~ F ~ ~ ~ ~ ~ X P ~ H E ~ A R ~ = ~  
2 f 7 . 5 9 2 X r t H E T A - N ~ r F 6 o 4 1  

I F  (KCDE oEQe 2 RETURN 
I F  (KCDEoEC.1 1 W R l f E 1 6 q l S )  DELSR(N+l)rOELSR~N+2)~THET4N+l)r 

ETNET1N*21 
FORYATtltOqL2HDELSR(N+l) = ~ F ~ ~ ~ ~ ~ X I ~ Z H D E L S R ( N + ~ )  =9F8,692Xs 

11IXTHET I h + 1 )  = tF8 .6 r2X t  11HTHETlN+2)  *9FB06)  
I F  (KODE oEQo 1 .AND* XMXl  .LTo l o 0 0 0 0  1 RETURN 
ALPk1  = CtPF l * .017453  
I F 1  KCDEaECol i GO TO 3 
SPz 2~0*1YYY(NPJ+OELP)/COS~ALPHl) 

QISPLACENENT THICKNESS HAS BEEN ADDED TO THE NOZZLE E X I T  

INCREPSINC THE STRAIGP? SECTION 
P P Z.O* tYYY(NP)+D€LP)*TANfALPHl )  
DELL 9 Z-#XXX[NI -XXX(NPl1  
X X X ( N + l )  * CELZ+XXX(NI 
Y Y Y I N t l )  = YYYQN) 

RURTHER IFCREASING OF THE STRAIGHT SECTION DUE TO INCREASING 
BOUNCbRY LAYER 

h O f Z L E  ANCLE I S  CONSTANT 
FA s ATAh( (DELSR (NI-DELSRdN-21) t (SSS4N)-SSS(N-2)  1 1  
DCLSR(N+IS = DELSR[N)+DELZ*?AN(FA) 
FACT = A T A N ( ( T H E T ~ N ) - T H E T ( N - 2 ) 1 / I S S S ( N - 2 ) 1 ~  
JHET 4 N+ 1 1  = THET (N 1 +DELZ*TAN t FAMT 1 
ALPW 3.14159 ALPH l  - (3,14159/2oO +FA1 
DS + SIN43~14159/2~O+FA)*(DELSR(N+l~-DELSR(NP?)/SIN~ALPW) 
8F = SIN4ALPHl1*(DELSR(N+l)-DELSR(NP1)ISINIALPW! 
OBLZF = ' t F * C O S ( F A l  
OELSRfN+EJ = DELSR(N t1 )  + DELZF*TANtFAI  
BHETIN+2)  = T H E T ( N t 1 )  + DELZF*TAN(FAMT) 
XXX t#+2 )  9 X X X ( N + l )  + OELZF 
Y V Y ( h t 2 )  3 YYYtN)  
SP 7 SP +os 
bELS = OELSRIN+2) 
THETS = THET(N+P) 
WRITE16920 1 
FY2RPAT(lk091OX937HNOZZLE WITH BOUNDARY LAYER CORRECTION) 
KOCE = 1 
GO TC 2 
ENC 



SLBFTC HCZkC DECK 

SUBROUTIRE M O Z Z L G ~ N S P B A L P H ~ ~ N C P )  
DICEN9BOk Y Y C 1 1 0 0 ~ q Y Y C L ? 1 0 0 ~ ~ X X T ~ 1 O O ~ q Y Y T ~ I I O O I q X X T L ~ l O O ~ ~ Y Y T L ~ l O O ~  
DIPERSHOR XXX(POO)sYYY( 1001 
COPCCN/CB/GAM~RoPBZpTTZoUPMAC)JoNSToNVP~NTURB~KPVM~KEM~KSMTHo 

~ K S P L N ~ K L E ? K A T C H ~ C B H E T ~ D L A M ~ T L A ~ ~ ~ ~ D T U R ~ ~ T T U R B Q K P R E ~ K G R A D ~ K S D E B K L A M ~  
2 # F A I k ~ K P R O F ~ X I ~ 0 0 ) ~ Y d 1 O O ~ q P R E S I 1 O O ~ ~ U E ~ l O O ~ ~ M E f l O O ~ ~ P O P T Z ~ l O O ~ ~  
3Y0VCR f 1QC 1 rTWAL4 100 1 
C O C C C N / C 4 / T W E T I L O B ~ ~ C E L S R I P O O ~ ~ D E L T A 4 l i O O ~ ~ F O R ~ I 1 O O ~ ~  

P I O R I I ~ 1 O C ~ p F O R M T R ~ 1 O O ~ ~ R T H ~ 1 O Q ~ ~ R T H P ~ B O O ~ ~ C F ~ l O O ~ ~  
~ 7 A U # ~ ~ O 0 3 ~ N U S S ~ 1 0 0 ~ ~ C T D Y i I O O ~ ~ H T R A M t l O O ~ ~ C R N ~ % O O ~  

GCCBVALEhCE 4 X9XXX)o (Y9YYYlo f N S W  
R11 F N92  
xs,ue 3 xrxaNsPj 
68 %O I t NSPoNl 
X X X Q I B  = r x x t I J  -XSUB 
VYC411 = YYY4I)+DELSR(I) 
I f  ( IeGBeNCPO GO PO 10 
YYCk t 1 )  = -YYC4 I 1 

18 C0NT BNLJE 
dGPHl  = PLPHf *,017453 
DO f f  I=hfPpNl 
XXT(I) = XXX[II+COS(ALPHfB- YYC(II*SIN4ALPH1) 
YYP(I1 = YYC(II*COS1ALPHl) +XXX(I)*SIN(AtPHL1 
I$ 4ImGTmNCP) G 8  TO % I  
X X T L ( H ) =  XXX(I)*COSIALPH1)-YYCL4Il*SIN(ALPH1t 
VVTL%I)=VYCL#II *COS(ALPH11 +XXXfI)*SIN(ALPHTl 

18 EQhT BNUE 
WRIfEtSo I )  

1 FCRMBftlbLp20X918HNOZLLE COORDINATES?lX?t$HSUPERSONIC SECTION) 
WRITEf6oZI 

2 FORPAT(lkOplOXp37HNOZZLE WITH BOUNDARY LAYER CORRECTION) 
W R I T E k 6 q 3 3  

3 F O R W A T ( 1 k 0 ~ 9 X ~ l H X ~ l l X ~ l H Y ~ 1 O X ~ 3 H X T U ~ 9 X ~ 3 H Y T U ~ 8 X ~ 3 H X T k ~ l O X ~ 3 H Y T L l  
DO 12 P=RSPoNB 

% 2 W R I T E ~ ~ ~ ~ ) X X X ( I ) ~ V Y C ~ I ~ P X X T ( I ~ ~ Y Y T ~ I ~ ~ X X T L ~ I ) ~ Y Y T L ~ I )  
4 BGRCBT4 1) r6F12a 6) 

RBTURN 
Ebl6 

Lewis Research Center, 
National Aeronautics and Space Administration, 

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



APPENDIX A 

PROGRAM CHANGES FOR A GAS OTHER THAN AIR 

The program gas properties a r e  s e t  up for air. This program can be easily 
changed so  that it applies to gases other than air. The changes a re  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: 

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 a re  

used. If the properties a r e  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 ksU (SUTHL(1)) 
will have to be changed. A temperature-viscosity law of the following form was used: 

where for air  

with TCON being Sutherland's constant for air. 
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APPENDIX B 

ADBlTllONAh OUTPUT 

This output is obtained when MPRE, MGRAD, KSDE, KLAM, and KPROF a re  set  
equal to 1. 

The output corresponding to KPRE a r e  the geometric variables 

X X-coordinate, m (ft) 

Y Y-coordinate, m (ft) 

S surface length, x, rn (ft) 

XOM ratio of X to maximum X-coordinate 

YOM ratio of Y to maximum X-coordinate 

SOL ratio of surface length to total a r c  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 (OR) 

TWAL wall temperature, K (OR) 

TAWL laminar recovery temperature, K (OR) 

TAWT turbulent recovery temperature, K (OR) 

TBAR reference temperature, K (OR) 

The final part of this output gives 

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

SW temperature function a t  wall 

SUTHk value of coefficient in Sutherland's viscosity temperature formula 

3 3 RHSW static density based on wall temperature, kg/m (slug/ft ) 

3 3 RHSE static density based on free-stream temperature, kg/m (slug/ft ) 

HEADW velocity head based on density at wall, ~ / m ~  (lbf/ft2) 

HEADE velocity head based on free-stream density, N/m2 (lbf/ft2) 
2 2 NUW kinematic viscosity a t  wall, m /sec (ft  /sec) 

2 2 MUBAR dynamic viscosity based on reference temperature, . (~)(sec)/rn ((lbf )(sec)/ft ) 



Output corresponding to KGMD contains the three gradients of velocity and Mach 
number along the surface computed by the spline curve-fit method: 

DUDS ~ u E / ~ x ,  set-l 
DMDS ~ M E / ~ x ,  m - l  ( f t - l )  

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 (I?) of the momentum thickness. These solutions 
a re  printed with respect to the surface length (S). 

Output corresponding to KLAM 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, a r e  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 a r e  

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 nymber 

SHAPK dimensionless shape factor based on momentum thickness 

RCRIT . critical incompressible momentum-thickness Reynolds number 

KBAR mean shape factor based on momentum thickness 

DIF F 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 



Y distance normal to surface in y-direction in boundary-layer profile, m (ft) 

ratio of Y to maximum X-coordinate 

U velocity within boundary layer, m/sec (ft/sec) 

U/UE ratio of U to free-stream velocity 
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