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A COMPUTER PROGRAM FOR CALCULATING INVISCID, ADIABATIC FLOW 

ABOUT BLUNT BODIES TRAVELING AT SUPERSONIC AND 

HYPERSONIC SPEEDS AT ANGLE OF ATTACK 

By Richard W. Barnwell and Ruby M. Davis 
Langley Research Center 

SUMMARY 

This paper is a user's manual for a computer program which calculates inviscid 
plane, axisymmetric, and three-dimensional flow about blunt bodies traveling at super- 
sonic and hypersonic speeds in a uniform free stream. An exact time-dependent finite- 
difference method of second-order accuracy which is described in NASA TN D-6283 is 
used. The bodies which can be treated include plane and axisymmetric bodies with sharp 
shoulders and smooth nonaxisymmetric bodies. Equilibrium-air and perfect-gas thermo- 
dynamic models can be used. A procedure for approximating equilibrium gases with the 
perfect-gas model is described. The results of the program include the shock-wave loca- 
tion and the flow properties a t  a number of grid points on the body surface, on the shock 
wave, and in the region between the 'body and shock. The paper contains descriptions of 
the input and output, a Fortran IV program listing, and an input and output for a sample 
case. 

INTRODUCTION 

This paper is a userss  manual for a computer program which calculates inviscid 
plane, axisymmetric, and three-dimensional flow about blunt bodies traveling at super- 
sonic and hypersonic speeds in a uniform free stream. The bodies which can be treated 
include plane and axisymmetric bodies with sharp shoulders and smooth nonaxisymmetric 
bodies. Equilibrium-air and perfect-gas thermodynamic models can be used. A curve 
fit is used in connection with the equilibrium-air model. A procedure for approximating 
equilibrium gases with the perfect-gas model is described. The results of the program 
include shock-wave location and the flow properties at a number of grid points on the body 
surface, on the shock wave, and in the region between the shock and body. 

The numerical method which is employed is an exact time-dependent finite- 
difference method of second-order accuracy and is described in detail in references'l 
and 2. Results for steady flow a r e  obtained with time-dependent methods by applying 
them to the solution of initial-value problems. An approximate method is employedto 



determine a starting solution at the initial time. The time-dependent method is used to 
calculate the solution at subsequent time steps. Results for steady flow are  obtained 
after many time steps when the difference in the solutions at consecutive time steps is 
sufficiently small. 

A Fortran IV program listing is given in appendix A, and a sample input and output 
a r e  given in appendixes B and C, respectively. The minimum number of computer stor- 
age locations required to execute the program on the CDC 6600 computer is 70 0008. 

SYMBOLS 

a speed of sound 

Bs bluntness of initial shock shape 

c~ time-step coefficient 

d length characteristic of subsonic region of blunt-body flow field 

e internal energy (heat of formation chosen so  that e = 0 at T = o0 K) 

f(€/emaX) function plotted in figure 9 

g function which accounts for nonorthogonal nature of computational coordinate 
system 

h static enthalpy (heat of formation chosen so that h = 0 at T = 00 K) 

I index which indicates method of solution at points of curvature discontinuity 
on body 

j number: j = 0 for plane and axisymmetric flow fields; j = 1 for three- 
dimensional flow fields 

Ki curvatur'e of ith segment of reference-surface generator 

kl,k2 ,k3 $4 values of 2 where curvature of reference surface changes 

hm,n grid indices for X-, Y-, and @-coordinates 



Mach number 

number of mesh spacings AX on ith reference-surface segment 

static pressure 

perpendicular distance from axis of initial shock shape 

radius of curvature of ith body segment 

nose radius of initial shock shape 

perpendicular distance from axis of reference surface 

a r c  length of ith body segment 

absolute temperature 

velocity components 

magnitude of total velocity 

distance along reference-surface generator from axis 

x distance along axis of reference surface from intersection with body surface 

xo distance shown in figure 7 

x1,x2,x3 Cartesian coordinates 

Y quantity proportional to distance from body along lines perpendicular to ref- 
erence surface: Y = 0 at body; Y = 1 at shock 

Yb distance from reference surface to body along normals to reference surface 

Ybo constant value of yb 

CY angle of attack 



Y ratio of specific heats 

- 
Y ratio of static enthalpy h to internal energy e (heat of formation chosen 

so that h = e = 0 at T = 0' K) 

AX,AY ,A+ mesh spacings for X-, Y-, and +-coordinates 

AT mesh spacing for time given by equation (8) 

6 * distances between shock and body along normal to reference surface 

E .  damping coefficient 

- < reference length used to normalize distance 

e angle between normal to reference surface and axis of reference surface 

X scale factor for X-coordinate 

P density 

T time 

+ azimuthal angle 

X distance along axis of initial shock from intersection with shock 

Xo distance shown in figure 7 

w distance from origin of xl,x2,x3 coordinate system 

Subscripts : 

f largest value of grid indices Z,m,n 

max maximum value 

min " minimum value 

s quantity evaluated immediately behind normal shock 

4 



quantity evaluated at stagnation point 

quantity evaluated in free stream 

Barred quantities a r e  dimensional, and unbarred quantities a r e  nondimensional. 

DISCUSSION 

Type of Bodies Treated 

supersonic flow fields about two classes of two- and three-dimensional bodies can 
be calculated with this program. Class I bodies a re  symmetric about an axis and can 
have discontinuities in both slope and curvature. Class 11 bodies must have continuous 
slope and curvature. Two-dimensional class 11 bodies a r e  not required to be symmetric, 
but three-dimensional class 11 bodies must be symmetric with respect to a plane. 

The generator of a class I body surface can have a maximum of four points of dis- 
continuity in curvature o r  three points of discontinuity in curvature and one point of dis- 
continuity in slope. The portion of the generator of a class I body immediately upstream 
of a discontinuity in slope where the flow becomes sonic (point A in fig. l(a)) must be a 
segment of constant curvature (circular a rc  o r  straight-line segment). Also, the portions 
of the generator on either side of a discontinuity in curvature where the flow-property dis- 
tributions have discontinuities in slope (point B in  fig. l(a)) must be segments of constant 
curvature. These requirements occur because of the way in which the program is for- 
mulated. The curvature of other portions of the surface generator of a class I body can 
vary continuously. 

It is required that the flow fields about three-dimensional class 11 bodies have one 
plane of symmetry. Therefore, the free-stream velocity vector must be parallel to the 

(a) Class I. (b) Class IT. 

Figure 1. - Types of bodies treated. 



plane of symmetry of the body. It should be noted that three-dimensional class I bodies 
a r e  axisymmetric so that the flow fields about them always have one plane of symmetry. 

Nondimensional Quantities 

In this computer program, all lengths a r e  normalized with some reference length 
which is chosen by the user. The velocity components a r e  made nondimensional with the 

magnitude of the free-stream velocity y,; the density, with the free-stream density 5,; - 2 
and the pressure, with the product P,V, . The speed of sound is made nondimensional - - 2 with V,, the enthalpy and internal energy a re  normalized with V, , and the time is non- 

dimensionalized with the quantity < 7,. It should be noted that the nondimensional free- -1 
stream pressure is 

where y, is the free-stream ratio of specific heats, and M, is the free-stream Mach 
number. 

Basic Geometry 

Coordinate system.- A nonorthogonal computational coordinate system is used. 
This coordinate system is oriented with respect to a reference surface which is sym- 
metric about an axis and which has a generator composed of segments of constant curva- 
ture (circular arcs  and straight-line segments). The computer program is set  up to use 
a maximum of five segments. An example of the computational grid for a three- 
dimensional flow field is shown in figure 2. 

The region on one side of the symmetry plane is divided with a number of evenly 
spaced half-planes which pass through the axis. The angle ch, which is used to identify 
the various half-planes, is measured from the leeward side of the symmetry plane. Each 
of the half-planes is subdivided with lines of constant X and Y. The coordinate X is 
the distance from the axis along the reference-surface generator. The grid lines of con- 
stant X a r e  straight lines which a r e  perpendicular to the reference surface and which 
a re  spaced so that the distance along the reference-surface generator between adjacent 
lines is the constant AX. The line X = Xm, must be located so that it is downstream 
of the sonic line in each half-plane of constant ch. The quantity Y is a normalized 
variable which is measured along the lines normal to the reference surface and has the 
value 0 at  the body surface and 1 at  the shock wave. 

As shown in figure 3, the distance from the body to the shock wave along the lines of 
constarlt X in each plane of constant cP is designated as 6, and the distance from the 



Windward 

Figure 2. - Computational grid for sharp-shouldered axisymmetric body. . 



reference surface to the body surface along these lines is called yb. The shock-layer 
thickness 6 is a function of time r as well as of X and @ because the position of 
the shock wave adjusts with time during the course of the computation. In general, the 
distance yb is a function of X and @. The velocity components which a r e  used a r e  

oriented with respect to the reference surface rather than the body surface. The com- 
ponent u lies in the plane of constant @ and is perpendicular to the normal to the ref- 
erence surface; the component v is in the direction of the normal to the reference sur-  
face; and the component w is perpendicular to the plane of constant @. 

Reference 

Reference-surface axis 

Figure 3. - Velocity components, auxiliary coordinates, and geometric parameters. 

An auxiliary coordinate system x,r is used to locate points in the planes of con- 
stant @. In this system, which is shown in figure 3, the coordinate r is the perpen- 
dicular distance from the axis of the reference surface, and the coordinate x is the dis- 

tance from the body along the axis in the upstream direction. The angle between the 
normal to the reference surface and the direction of the axis is denoted by 8. 

The points of discontinuity in curvature and slope on the body-surface generator of 
class I bodies must lie on normals to the reference surface which pass through the points 
of discontinuity on the reference-surface generator. Because of the way in which the 

computer program is se t  up, the distance yb(X,@) from the reference surface to the 
body surface along normals to the reference surface must have a constant value ybo for 
the segment of the body surface located immediately upstream of a sharp sonic corner 
(point A in fig. l(a)) and for the segments on either side of a point of discontinuity in cur- 
vature on the body-surface generator where the flow-property distributions have discon- 
tinuities in slope (point B in fig. l(a)). It should be noted that when yb(X,@) = ybo, 
straight-line segments on the reference-surface generator a r e  paired with parallel 
straight-line segments on the body-surface generator, circular a rcs  on the reference- 
surface generator a r e  paired with concentric circular a rcs  on the body-surface generator, 



and a circular a rc  on the reference-surface generator with a radius of ybo subtends a 
sharp corner on the body-surface generator. Also, when yb(X,+) = ybo, the velocity 
components a r e  oriented with respect to the body surface as well a s  the reference surface. 

Grid indices.- The grid indices which a r e  used for the X-, Y-, and +-coordinates 
a re  I, m, and n, respectively. The following grid indices a re  used for the boundary 
locations : 

AXis(X=O) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  z = 1  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Line X = Xma Z = Zf 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Body m = . 1  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Shock m = m f  

Leeward side of symmetry plane (+ = 0) . . . . . . . . . . . . . . . . . . . . . .  n = 1 
Windward side of symmetry plane (+ = 180°) . . . . . . . . . . . . . . . . . . . .  n = nf 

The curvature of the reference-surface generator can be discontinuous a t  four 
points. The indices of these points a r e  Z = k l ,  k2, kg, and kq where k l  < k2 < kg < k4. 
The grid indices for the body shown in figure 2 a r e  given in figure 4. 

Half-plane of constant  @ 

F r o n t  view 

Leeward  
Z = k l  X n = l  Y 

n = 2  F-, . . Z 
/ '. 

z = 2  77 ybo$ny 
t 

Axis 
z = 1 1 -  

n = n  f 

Windward 

Figure 4.- Grid indices f o r  sharp-shouldered axisymmetric body. 

The values of the indices If, mf, nf, kl, k2, kg, and k4 must be supplied by 
the user. Because of the way in which the program is set  up, the value of mf cannot be 
less than 3. For axisymmetric flow o r  symmetric two-dimensional flow, only one plane 
of constant + is needed; therefore, nf can be se t  equal to 1. For nonsymmetric two- 
dimensional flow nf must have a value of 2. The program is written so that each 



segment of the reference-surface generator except the first must have a length of not 
less than 3 AX. The first  segment must have a length of at least 2 AX. Therefore, 
the indices of the points of discontinuity must satisfy the relations 

The unused indices ki should be set equal to some number greater than Zf. 

Geometry Input for Class I Bodies 

. Consider class I bodies for which yb(X,+) = ybo. Let Si and Rb (i = 1,. . .,5) 
7 

be the a r c  lengths and radii of curvature of the segments of the body-surface generator. 
The curvature of each of the corresponding segments of the reference surface is deter- 
mined with the equation 

The body shown in figure 4 is a class I body with a generator which, for the purposes of 
this program, is considered to be composed of three segments. The second segment is 
associated with the corner and has an a r c  length S2 and a radius of curvature R b72 
of zero. However, the ratio sZ/Rb 2 is a finite number equal to the angle between the 
lines normal to the upstream and downstream surfaces at the corner. In this program, 
the curvatures of convex and concave a rcs  a re  positive and negative, respectively. The 
radius of curvature of an a r c  has the same sign as the curvature of that arc. For exam- 
ple, the a rcs  on the generators of the reference surface and body surface shown in fig- 
ure 4 a r e  convex and hence have positive curvatures and radii of curvature. All a rc  
lengths a r e  considered to be positive. 

All arcs  of the reference-surface generator must be integral multiples of AX. If 
the body surface is located a constant distance ybo from the reference surface, the mesh 
spacing AX is related to the quantities Si, Rb,i, and ybo by the equation 

where , Ni is the number of mesh spacings associated with the ith segment of the body 
surface. If the body-surface generator has only one segment with a radius of curvature 
Rb, 1, the values for the quantities S1, N1, and ybo can be chosen independently. If 



the body-surface generator has two segments with radii of curvature Rb, 1 and Rb72, 
the values of the quantities S1, S2, N1, and N2 can be chosen independently, but the 
value of ybo must satisfy the equation 

If the body-surface generator has more than two segments of constant curvature, all of 
the quantities RbYi, Si, and Ni (i = 1,2,etc.) cannot be chosen independently i f  

yb(X,di) = ybo for all the segments. The index ki is related to the number Ni of 

mesh spacings AX on the ith a r c  by the equations 

Spherical cap-cylinder.- Consider the spherical cap-cylinder shown in figure 4. - 
Let the scaling length be the radius of the cylinder rb so  that the nondimensional radius 

of the cylinder is 1, and assume that yb(X7@) = ybo a s  shown. Let the nose radius have 
the value \IZ. It  follows that the a r c  length S1 has the value (71/4)@. The radius Rb,2 
and a r c  length S2 of the corner a r e  both zero, but the r a t io  s ~ / R ~  2 is 71/4. The 

radius of the segment of the body-surface generator for the cylinder Rb,3 is m, and 
the a r c  length SQ is unspecified. From figure 4 it is seen that k l  = 7 and k2 = 10. 

It follows from equations (5) and (4), respectively, that ybo = fi and AX = fi71/12. 

From equation (3) it is found that the curvature for the segments of the reference-surface 

generator a r e  K1=@/4,  K2 = f i b , a n d  K3 = O .  

Spherically blunted cone-cylinder. - Consider a spherically blunted cone-cylinder 
with a sharp corner at the junction of the cone and cylinder, a cone semiapex angle of 60°, 
and a ratio of nose radius to base radius equal to 0.5 as shown in figure 5. The scaling 
length is chosen to be the cylinder radius rb. The indices k l ,  k2, and k3 a r e  chosen 

to have values of 4, 10, and 13, respectively. Also, S1 = 71/12; Rb,2 = S2 = p / 2 ;  

Rb,3 = 0; S3 = 0; and Rb74 = m. From equations (5) and (4), the values of the quantities 

ybo and AX a r e  found to be 



Figure 5.- Reference surface for spherically blunted 
cone-cylinder with cone semiapex angle of 60° and 
ratio of nose radius to, base radius equal to 0.5. 

and 

From equation (3) i t  is found that 

It should be noted that the product K3ybo must not differ from 1 by more than 1 X 10-6 

i f  the sharp-corner option is to be activated. The angle subtended by the third segment is 

A O = =  AX l 2  n 1.3242248 rad 75.872493O 
Ybo 3 p  - 7r 



The function yb(X,@) is equal to the constant ybo for values of X not greater than 
12 AX (in other words, 1 S kg = 13). For values of X greater than 12 AX, the equa- 

tion for yb(X,+) is 

Geometry Input for Class I1 Bodies 

For class I1 bodies i t  is recommended that a one-segment reference-surface gen- 
erator be used so that curvature discontinuities do not occur on the reference surface. 
However, it should be noted that this is a recommendation and not a requirement. The 
expression for yb(X,@) must be derived for each body and reference surface. It should 
be noted that yb is defined as the distance from the reference surface to the body sur- 
face along normals to the reference surface and is positive when the reference surface 
lies outside the body as i t  does in figures 2, 3, 4, and 5. 

A prolate spheroid is an example of a class 11 body. This shape is generated by 
rotating an ellipse about its major axis. The body which is considered here has semi- 
major and semiminor axes of 1 and 2/3, respectively, and is alined so that the major axis 
is normal to the free-stream direction. This body is shown in figure 6. 

n c e  

v i e w  S i d e  v i e w  

Figure 6. - Prolate spheroid with axis r a t i o  of 2/3.  



The coordinates x l ,  x2, and xg a r e  related to the angles 8 and cP and the distance 
from the origin w by the equations 

XI = w cos 8 

x2 = w sin 8 sin + 
x3 = w sin 8 cos cP 

The equation for the prolate spheroid is 

It follows that the distance from the origin to a point on the surface is 2 

\j9 - 5 sin28 sin2+ 

The reference surface is chosen to be a sphere with the curvature K1 = 1. Therefore, 
the distance yb from the reference surface to the body along lines normal to the refer- 
ence surface is 

Initial Values 

The shape of the initial shock wave which is used in this computer program is a 
conic section of revolution with the axis of symmetry alined with the free-stream direc- 
tion. The plane of symmetry of a typical flow field is shown in figure 7. 

Figure 7. - Coordinate system f o r  i n i t i a l  shock shape. 



The quantity a is the angle of attack. The x , r  coordinate system has already been 
introduced. The x,R coordinate system is oriented with respect to the initial shock as 
shown in the figure, The initial shock shape is specified by the equation 

where Rs is the nose radius of curvature and Bs is the bluntness. The bluntness val- 
ues a re  -1 for a hyperbola, 0 for a parabola, 1/2 for a prolate ellipse, 1 for a circle, and 
2 for an oblate ellipse. It should be noted that the major axis of a prolate ellipse and the 
minor axis of an oblate ellipse a r e  alined with the x-axis. The initial shock shape for a 
given angle of attack a is specified by the parameters xo, xo, Rs, and Bs. These 
quantities must be supplied by the user. An approximate location for the shock wave can 
be determined from experimental o r  theoretical results for similar bodies and flight con- 
ditions or  from empirical formulas such as  those of Kaattari (refs. 3 and 4). 

It is assumed that the shock is not moving initially. Therefore, the flow properties 
at the initial shock wave can be determined from the assumed shape and the Rankine- 
Hugoniot equations, The initial surface-pressure distribution is assumed to be Newtonian. 
There a re  several exceptions. At sharp shoulders where the flow would otherwise be sub- 
sonic the pressure is adjusted to a sonic value. If stagnation pressure is not achieved 
anywhere on the surface, the pressures a re  scaled up so that the largest pressure is the 
stagvation pressure. This situation arises for a flat-face cylinder at angle of attack. In 
shielded or  wind-shadow regions the surface pressure is assumed to be equal to that at 
the last unshielded point in the same plane of constant ch. There is a provision for spec- 
ifying a minimum surface pressure pmin for the initial solution. The density a t  the 
surface is determined with the normal-shock entropy, and the surface velocity components 
a r e  determined from the total enthalpy and the Newtonian streamlines. The flow proper- 
ties a t  points between the shock and surface a r e  determined by interpolation. 

It is the opinion of the authors that the most important part of establishing the ini- 

tial solution is positioning the shock wave as accurately as possible. In many cases, a 
considerable amount of computer time is required to move the shock wave a long distance. 
It is not of particular importance to determine the flow properties at the grid points with 
great accuracy. If the shock wave is accurately positioned, i t  will require about the same 
amount of computer time to obtain a converged solution from very good initial data for the 
flow properties as from fair data. As an illustration of this feature, consider a converged 
solution. Now, let this solution be altered at one grid point in the subsonic region. If the 
time-dependent calculation is continued, this disturbance will travel outward from the 
grid point, in the form of acoustic waves a s  shown in figure 8. If d is a characteristic 
length for the subsonic portion of the flow field and at is the speed of sound at the 



disturbance 

Figure 8. - Acoustic waves propagating 
from point of disturbance. 

stagnation point, the time required to reestablish steady flow is of the order of 1 to 

10 times the characteristic time d/af. 

Thermodynamic Models 

The flow of perfect gases and equilibrium air can be calculated with this computer 
program. The task of the thermodynamic routine, which is contained in a subroutine of 
the program, is to determine the speed of sound a and 7, the ratio of static enthalpy 
per unit mass h to internal energy per unit mass e, for given values of e and the 

density p. It should be noted that the heat of formation of the gas must be chosen so 
that h = e = 0 for T = O0 K. 

Perfect gas.- For a perfect gas, 7 is a constant which is supplied by the user, 
and the speed of sound is simply 

The program is formulated so that 7 can be given one value in the free stream and 
another value in the shock layer between the shock wave and the body surface. This pro- 
vision permits the approximation of real-gas phenomena with a perfect-gas model. It  
should be noted that i f  the free stream is cold, the free-stream value of 7 is the same 
as the free-stream ratio of specific heats ym. A value of 7 which is suggested for use 
in the shock layer is the normal-shock value ys. This quantity is related to the normal- 
shock density ratio F,, the free-stream Mach number M,, and y, by the equation 



This equation is obtained by solving equations (23) in reference 5. 

Equilibrium air.- The ratio 7 = h/e and the speed of sound for equilibrium air a re  
determined with a curve fit which is discussed in references 2 and 5. This curve fit is 

valid for the following ranges of the density p and internal energy per unit mass e: 

and 

where the reference quantities have the values 

The user must supply values of the free-stream density in kilograms per cubic meter and 
the free-stream velocity in meters per second. The user must also supply the value 
(1.405) for the free-stream ratio of specific heats y, and an approximate value for 7 
in the shock layer. This value of 7, which is used to calculate the initial solution, can 
be obtained from equation (7). The density ratio ijs/p, in  equation (7) can be obtained 
from tables of the equilibrium normal-shock properties of air for various velocities and 
altitudes, such as those in references 6 and 7. 

It should be noted that the gas-model subroutine is written so that other equilibrium- 
gas models can be added to the program. - 



'/' max 

Figure 9.- Function which gives influence of damping coefficient on time-step coefficient. 

Computational Parameters 

The stability of the numerical calculation is governed by the time-step coefficient 
C, and the damping coefficient E ,  which a r e  specified by the user. The equation for 
the time step is 

where V is the magnitude of the velocity, a is the speed of sound, g is a function of 

the independent variables and the shock-layer thickness which accounts for the nonorthog- 
onal nature of the coordinate system, and h is the scale factor for the X-coordinate. 
The function g, which is determined within the program, is obtained in appendix B of ref- 
erence 2. The time step is calculated in subroutine DELTAT for each cycle. 

Let the parameter j have values of 0 for plane o r  axisymmetric flow and 1 for 
three-dimensional flow. The damping coefficient must satisfy the inequalities 



The time-step coefficient C, must satisfy the inequality 

The function f@/emax), which is derived in  reference 2, is plotted in figure 9. As a gen- 

eral  rule, the coefficient CT should be as large as possible. It has been found that a 
practical value of the damping coefficient is €/emax = 0.75. 

There a r e  two options for calculating the flow at points on the body surface where 
the curvature changes discontinuously and where the flow is subsonic. These options 
involve the manner in which the scale factor in the governing equations is treated. In 
general, the f irst  option (I = 1) should be used. However, i f  the flow-property distribu- 
tions have severe discontinuities in slope a t  surface points where the flow is subsonic and 
where the curvature changes discontinuously, the second option (I = 0) must be chosen. 

PROGRAM INPUT 

The computer program has 16 fixed-point and 24 floating-point input parameters. 
The symbolic program name, the symbol used in the discussion section, and a brief 
description for each parameter a re  as follows: 

Program name Symbol Description 

LF, MF, NF 

DX 

KURVE 1, KURVE 2, 
KURVE3, KURVE4 

CURVE1, CURVE2, 
CURVE3, CURVE4, 
CURVE 5 

Geometry index: 0, two dimensions; 
1, three dimensions 

Largest values of grid indices for 
X-, Y-, and +-coordinates (see 
fig. 4) 

Mesh spacing for X-coordinate 

kl 9% ,k3 ,k4 Values of X index where reference- 
surface generator changes curva- 
ture discontinuously (see inequali- 
ties (2)) 

Curvature of segments of reference- 
surface generator (see eq. (3)) 



Program name 

Y R E F ~  

IGAS 

DENS& V E L ~  

GAMMA 

GAMM 

PINF 

Symbol 

Ybo Perpendicular distance from reference 
surface to body surface (see figs. 2 
and 4) 

Unused floating-point parameters 

Unused fixed-point parameters 

Nose radius of initial shock-wave shape 

Bluntness of initial shock-wave shape 

Distance along axis of reference sur- 
face from body surface to intersec- 
tion with axis of initial shock-wave 
shape (see fig. 7) 

Distance along axis of. initial shock- 
wave shape from shock surface to 
intersection with axis of reference 
surface (see fig. 7) 

Gas-model index: 0, perfect gas; 1, 
equilibrium air 

Free-stream density, and magnitude of 
velocity in kg/m3 and m/sec, respec- 
tively, which a r e  used in equilibrium- 
air thermodynamic model 

Free-stream ratio of specific heats 

Ratio of static enthalpy h to internal 
energy e in region between shock 
and, body (see section entitled 
''Thermodynamic Models ") 

Nondimensional free-stream pressure 

(see eq. (1)) 

Angle of attack in deg 

First  time cycle at which output is 
printed 



Program name 

KPP 

E PSI 

PMIN 

Symbol Description 

Number of time steps between successive 
printing cycles 

Index for final time step 

Index governing computation of body points 
where curvature is discontinuous (see 
section entitled "Computational 
Parameters ") 

C~ Time-step coefficient (see inequality (10)) 

E Damping coefficient (see inequality (9))' 

Pmin Minimum nondimensional surface pressure 
for initial solution 

The program is set  up to use reference-surface generators with a maximum of five 
segments of constant curvature and four points of curvature discontinuity. If i t  is desired 
to use fewer than the maximum number of segments, the unused indices KURVE4, 
KURVE3, and so forth should be set  equal to some number greater than LF. Some value 
should be given to all unused parameters such as the curvature CURVE5, CURVE4, and 
so forth of the unused segments of the reference-surface generator and the quantities 
VEL$ and DENS$ when a perfect gas is being treated. 

The distance yb(X,@) from the reference surface to the body surface along lines 
normal to the reference surface is specified in subroutine START. The equation for yb 
which is used in this program is 

Thus, class I bodies which a r e  located a constant distance from the reference surface 
along lines normal to the reference surface can be treated without any changes to the 
computer program. The symbolic program statement for equation (11) is 
YREF(L,N) = YREF$. This statement immediately precedes statement number 4 in 
subroutine START. 

In order to treat class 11 bodies and class I bodies which a r e  not located a constant 
distance from the reference surface, it is necessary to replace the statement for 
YREF(L,N) i n  the program. It should be noted that the angles B(X) and @ are  known 
at this point in  the program and have the program names THETA(L) and PHI. several 
unused fixed-point and floating-point parameters have been provided for use as the need 
arises. It is suggested that these parameters can be used in the new program statement 



for YREF(L,N). It is emphasized that the parameter Y R E F ~  should not be used in any 
statement other than the one discussed above. 

The program treats class I bodies with corners. The curvature of the a r c  of the 
reference-surface generator subtending the corner is lIybo (~./YREF@). In order to 
actuate the sharp-corner option of the program, the product of the value of the curvature 
of the a r c  subtending the corner and the value of YREFg can differ from 1 by no more 
than 1 X 

PROGRAM OUTPUT 

. The first  quantities to be output a r e  the geometry parameters for the reference and 
body surfaces. These a r e  

Program name Notation Description 

THETA(L) Angle between normal to reference surface 
and free-stream direction (see fig. 3) 

CURV2 (L) K Curvature of reference surface 

XRE F (L) , RRE F (L) Coordinates x and r of points on reference 
surface 

YREF(L,N) yb(X,@) Distance from reference surface to body 
surface along normals to reference 
surface 

PYBPX(L,N) a ~ b / a ~  Partial derivative 

PYBPPH(L,N) a ~ b / 8 b  Partial derivative 

The complete solution at each grid point is output for the initial cycle (K = 0) and the 
regular printing cycles (K = KPg, KPg + KPP, KPO + BKPP, . . .). The output for each 
grid point is composed of four fixed-point numbers and 12 floating-point numbers. Four 
additional floating-point numbers a r e  output for points on the shock wave. For each 
printing cycle the nondimensional time which has elapsed since the calculation started is 

" - 
printed. The unit time is v The program name for this quantity is TIME. 

Program name Notation 

K Time index 

Description 

Index for X-coordinate (L = 1 at X = 0 

and L = LF at X = xmax) 



Notation Program name 

M 

UN, VN, WN 

PHI 

w-, XAD 

GAMM 

Index for Y-coordinate (M = 1 at body 

and M = MF at  shock) 

Index for +-coordinate (N = 1 at  + = 0' 
and N = NF at  + = 180°) 

X-, Y-, and +-components of velocity 
made nondimensional with 

Density made nondimensional with E ,  
Pressure made nondimensional with 

Total enthalpy made nondimensional with 
- 2 v, 

Azimuthal angle 

Perpendicular distance from axis of ref- 
erence surface and distance along axis 
from body surface in upstream direc- 
tion (see fig. 7) 

Ratio of static enthalpy h to internal 

energy e 

Function of entropy for perfect gas 

Mach number 

Distance between shock and body along 
normal to reference surface 

Component of shock velocity in direction 
normal to reference surface 

Partial derivative 

Partial derivative 

PROGRAM DETAILS 

Arrays Used in Program 

A number of arrays a r e  used in the program. Many of these arrays a r e  functions 
of L,M, and N, the indices for the X-, Y-, and +-coordinates. The arrays which depend 

on L,M, and N a re  



The arrays a r e  dimensioned for maximum values of L,M, and N of 17, 6, and 9, 
respectively. These maximum values can be changed by the user i f  necessary. The 
maximum values of the indices 11, 12, and I3 a r e  3, 4, and 2, respectively, and should not 
be changed. 

Er ror  Statements 

The program contains five e r ror  statements which a r e  located in  three of the sub- 
routines. The triggering of any of these statements results in the termination of the 
calculation. 

Subroutine DELTAT.- The e r ror  statement in this subroutine is triggered when the 
nondimensional quantity V + a in  equation (8) is less than 1 X 10"12. When this occurs, 
the calculation is clearly unstable. The quantities which a re  printed in the e r ror  state- 
ment a r e  the time index, the position indices of the point where the instability occurs, and 

ytj -yb ,  A, 6, r ,  a, AY, am, ~ m ,  ram, min(Afl ,aAY,rA+) 

The error  statement is followed by the complete output at the previous time step. The 

suggested remedy for avoiding the instability is to decrease the coefficient C,. If the 
instability occurs repeatedly for smaller and smaller values of CT, a more fundamental 
problem which is peculiar to the particular case may be present. 

Subroutine SHOCK.- There a r e  two e r ror  statements in this subroutine, both of 
which indicate a breakdown in the solution of a cubic equation at the shock wave. Let 
CSSHK be the cosine of the angle between the outward normal to the shock and the free- 
stream direction, and let CSBX, CSBY, and CSBP be the direction cosines of the shock 
normal. The breakdown of the solution generally occurs because the shock wave develops 
a kink, the magnitude of CSSHK becomes so small that the discontinuity can no longer be 
interpreted as a shock wave, or the flow at the downstream boundary has become sub- 
sonic. The suggested remedy is to change the location of the initial shock wave. 

BLK(1): The quantities which a re  printed a r e  the time index K, the position indices 
L,M, and N of the point of instability, and the quantities F4, F5, CSSHK, CSBX, CSBY, 
CSBP, F9, and F10, where F4, F5, F9, and F10 a r e  functions of the flow properties. The 
error  statement is followed by the full output for the time cycle at which the e r ror  occurs. 



The quantity F9 should always be positive. The e r ror  statement is triggered when the 
value of F9 becomes less than 1 X 10-6. 

BLK(2): The quantities which a r e  printed a r e  those listed for the previous e r ror  
statement and the quantity 3'11, which should never be greater than 1 in magnitude. The 
error  statement is triggered when the magnitude of F11 exceeds 1. 

Subroutine START.- There a r e  two e r ror  statements in this subroutine, both of 
which indicate that the shape which was input for the initial shock wave cannot, in fact, be 
interpreted as a shock wave. If one of these e r rors  occurs, the user should change the 
shape of the initial shock wave. 

ER(1): The quantities which a r e  printed a re  the time index K = 0, the position 
indices L,M, and N of the point where the e r ror  occurs, and CSSHK, the cosine of the 
angle between the normal to the initial shock shape and the free-stream direction. It 
should be noted that CSSHK should always be negative. The error  statement is triggered 
when CSSHK becomes greater than -1.0 X 10-6. 

ER(2): The quantities which a r e  printed a re  the time index K = 0, the position 
indices L,M, and N of the point where the e r ror  occurs, and the shock density ratio. The 
error  statement is triggered when the density ratio becomes less than 1. 

Conservation of Total Enthalpy 

One application of the present method is the generation of an initial data line for a 
method-of-characteristics calculation of the supersonic flow on the afterbody. For such 
a calculation, i t  is necessary that the total enthalpy be conserved, and even small excur- 
sions can jeopardize the characteristics calculation. In the present program the total 
enthalpy is a computed rather than a constrained quantity. The ability of the method to 
conserve this quantity is considered to be an indication of the accuracy and proximity to 
convergence of the solution. In general, the total enthalpy is conserved to within a per- 
cent or  so for a converged solution. However, at points on the body surface downstream 
of a sharp shoulder, the e r ror  in the total enthalpy is much larger. This is probably due 
to the fact that. the flow there is highly expanded, and the entropy layer lies between the 
surface (m = 1) and the f irst  line of grid points in the shock layer (m = 2) and hence is not 
resolved. This discrepancy in the results for the total enthalpy is of concern from the 
point of view of establishing an initial data line for a characteristics calculation, but it is 
not so important from a purely physical point of view since the flow at the surface down- 
stream of a sharp corner is viscous dominated and probably separated so that the inviscid 
solution in this region does not represent reality. 

The total enthalpy at grid points on the surface and in the region between the shock 
and surface can be constrained to a constant value with relatively simple changes to sub- 
routine PDE. These changes a re  given in terms of Fortran IV statements: 



(1) At the beginning of the subroutine define the total enthalpy a s  

(2) If the equilibrium-air gas model is being used, place the following statements 
immediately after statement 26 in order to estimate the value of the ratio 7 = h/e at 
the grid location 

Omit these statements if  the perfect-gas model is being used. 

(3) Replace the statement following statement 30 with the statement 

(4) Replace the statement following statement 31 with the statement 

It is not recommended that the total enthalpy be constrained in this manner unless 
it  is absolutely necessary since the effect is to ignore the corrective influence of the 
differential-energy equation and hence retard convergence. No attempt should be made 
to constrain the total enthalpy at the shock since this could interfere with the solution of 
a cubic equation for the shock speed. 

It has been found that in highly expanded regions of flow the pressure can assume 
small negative values. In particular, this has been found to be true at grid points on the 
surface downstream of a sharp corner, starting several mesh spacings from the corner. 
Requiring that the total enthalpy be constant does not prevent the negative pressures. 
Constraining the surface entropy to be constant does not help since the effect is to 
decrease the value of the density and hence cause instabilities rather than increase the 
value of the pressure. It is recommended that characteristic initial data lines for bodies 
with sharp corners be located just downstream of the corner in order to avoid the nega- 
tive pressure values. 

Alternate Expressions for Shock Slopes 

Under certain conditions the converged results of many time-dependent, blunt-body 
methods for the shock-layer thickness (distance between the shock and body) do not vary 
smoothly with distance along the body but contain oscillations. The wavelength of these 
oscillations is usually two mesh spacings. Although no oscillations of this type a r e  



exhibited by the results computed by the present method and reported in references 1 
and 2, it is possible that they may occur in other cases. 

In some instances the oscillations a r e  due to the type of finite-difference expres- 
sions which a r e  used to represent the derivatives of the shock-layer thickness with 
respect to the coordinates. Under such circumstances, improved results can sometinles 
be obtained by substituting other finite-difference expressions for these derivatives. 
Unfortunately, the expressions which a r e  less  likely to produce oscillations a r e  also gen- 
erally of a lower order of formal accuracy. 

In the present program three-point central-difference formulas a r e  used to evaliate 
the derivatives a 6 / a ~  and a6/a+ if the velocity components tangent to the shock and 
in the X- and +-directions, respectively, a r e  less  than the local speed of sound. Thes'e 
formulas a r e  of second-order accuracy. Two-point upwind-difference formulas a r e  used 
if the velocity components a r e  greater than o r  equal to the local sonic speed. Although 
these formulas a r e  only of first-order accuracy, they correctly prevent the influence of 
downstream points on the shock-layer-thickness derivatives in supersonic regions. 

In the event that central-difference formulas permit the development of oscillations 
in the shock-layer-thickness distribution with respect to the X- o r  +-coordinate, it is 

suggested that upwind-difference procedures be employed for that coordinate in the sub- 
sonic as well as the supersonic regions to calculate the shock-layer-thickness derivatives, 
These changes in the differencing procedure can be effected by modifying subroutine 
SLgPE. In order to obtain windward difference expressions for the derivative a6/aX 
at all points, remove the second statement after statement 6 in subroutine SLgPE and 
replace the next statement with the statement 

Statement 8 should also be removed. In order to obtain upwind-difference expres- 
sions for the derivative a6/a+ at all points, remove the third '!IF" statement following 
statement 9 and replace the next statement with the statement 

Langley Research Center, 
National Aeronautics and Space Administration, 

Hampton, Va., July 2, 1971. 



PROGRAM LISTING 

The computational program is listed in this appendix in the Fortran IV computer 
language. This program consists of the main executive program and 11 subroutines. 

PRCGRAH EXECllNPUT=2OlrOUTPUT~TAPE5=INPUT~TAPE6=OUlPUTl  
C**** CAVIS-OLD-A2636-APPLIED MECHANICS 
C**+* C l C K  EAPNWELL 
C**** T I M E  DEPENDENT METHOD FOR COMPUTING FLOW dBCUT BLUNT BODIES 
C**** T R A V E L I N G  AT SUPERSONIC SPEEDS AT ANGLE OF ATTACK 

CCCNCN I G A S ~ I S N G ~ J ~ K ~ K K I K U R V E ~ ~ K U R V E ~ ~ K U R V E ~ ~ K U R V E ~ ~ L F ~ U ' ~ U F ~ U U ~ N ~ N  
~ F ~ L L O ~ O E N S O I V E L O I K P ~ K P P I K F ~ L H I ~ L C O R N  

CCPlMOh ~ L P H A I B S I C S A L P . C U R V E ~ ~ C U R V E ~ ~ C U R V E ~ ~ C V R H I ,  
' I O T ~ O X ~ D Y v E I N F ~ E N E R S ~ E P S I t G A N M ~ G A V P A ~ P I N F ~ P N I N ~ R H O v R S ~  SNALP,SNO,XO, 

i Y R E F O t Y R E F l r l R E F 2 r Y R E F 3 t Y R E F 4  
CCMPON A 1 1 1 7 ~ 6 ~ 9 1 r A 2 1 1 7 ~ 6 ~ 9 1 ~ A 3 1 1 7 ~ 6 1 9 ) . A 4 ~ 1 7 ~ 6 ~ 9 l ~ A 5 1 1 7 ~ 6 ~ 9 1 , H l 1 7  
l~6~9l~Pll7r6r91~R117~6t91 t U l l 7 ~ 6 ~ 9 l ~ V l 1 7 ~ 6 ~ 9 l ~ W l l 7 ~ 6 ~ 9 l ~ C l A l l 7 ~ 3 ~ 9  
2l~CZAl17r3r9lrC3Al17~3~9l~C4Al17~3~9l~C5All7~3~9l~ClAOl4~3~9l,C2AO 

CCMNON 0 1 A 1 1 7 r 3 1 ~ 0 2 A 1 1 7 ~ 3 ~ ~ 0 3 A 1 1 7 ~ 3 1 ~ 0 4 A 1 1 7 t 3 1 ~ 0 5 A l 1 7 ~ 3 1 ~ C U R V 2 1 1 7 1  
1 ~ T C E T A 1 1 7 1 ~ R R E F l 1 7 l ~ X R E F l  l 7 l r Y R E F I 1 7 t 9 l ~ P Y B P X l l 7 ~ 9 l ~ P Y B P P H l  17.91 ~0 
iELTA~2~l7r9lrPCPT~Z~11t9~tPDPX~2t17~9)rPCPPWl27l7~9l 

CCPVON A A A l 5 r 5 1 ~ A A B l 5 l r B l A ( 3 l ~ B 2 A l ? l ~ B 3 A l 3 ) r s 4 A l 3 l ~ B 5 A l 3 l ~ R R X F l 5 l ~  
I X R X F l 5 l r C T ~ T I M E ~ I Y R E F G ~ I Y R E F l r I Y * E F 2 ~ I Y R E F 3 ~ I Y R E F 4  
CCMMCN/ERROR/ERI12ItBLKl121 
C C P M C h l e L C C K l l K F O  

8 0 1  FOPMATI*  D I C K  BARNWELL *I 
8 0 2  FORHATI*  T I M E  OEPENDEhT HETHCO FOR CCCPUTIhE FLOW ABOUT BLUNT BOD1 

1ES T R A V E L I N G  AT SUPERSONIC SPEEDS AT ANGLE OF ATTACK* / / )  
8 0 3  F C R M A T l 1 H l I I l  
8 0 4  F C R M A T I 2 A l O )  
8 0 5  FCRMATI*  P 2 6 3 6  COMPLETED AT CENTER AT *.2A101 

CALL C A Y T I H I  I C d T E l  
P R I N T  @ C 4 r I O A T E $  P R I h T  8 0 3 1  P R I N T  e 0 4 r I D A T E  
P R I N T  8 0 0 4  P R I N T  8 0 1 1  P R I N T  8 0 2  

1 F E b C l 5 . h A M E l  
I F l E O F . 5 ) 5 9 9 9 ~ 9 9 9 0  

b ~ ~ ~ ~ = ~ ~ ~ ~ ~ 0 / 5 7 . 2 5 5 7 7 9 5 1  
Y R I T E l 6 r N A H E l  
CALL START 
CALL RESULT 

2 ,  K K = l  
K = K + l  
TFlK.GT.KFIG0 TC 1 
CPLL DELTAT 
CALL A 

3 P=MF 
CO 4 5-1.3 
CP=M+J-3 
CALL C 

4 CCNTINUE 
CALL SHCCK 

CALL TRbNSC 
5 CONTIUUE 

.J= l  
PP=M-1 
CALL C 

6 CALL POE 
1 CONTINUE 

IFlKK.EQ.2lGO TG 8 
KK=2 
EC TC ? 

8 1FiK.hE.KFlGO TO 2 
CALL RESULT 
CP=KP+KPP 
GO TO 2 

9 9 9 9  CALL. CAYT I M l  I C b T E l S  P R I N T  eO5. I O A T E  
STCP C l C l  



CCCMON b L P H A v B S v C S A L P v C U R V E l ~ C U R V E 2 t C U R V F 3 t C U R V E 4 ~ C U R V E 5 ~ C X O ~ O P H I ~  
1 C T ~ O X ~ C ~ r E I N F v E h E R S v E P S I t G A P F ~ G A p l P A v P I N F v F ~ l N ~ R H ~ ~ R S ~ S N A L P ~ S N O ~ X O ~  
2 Y R E F O v Y R E F l , V R E F Z v Y R E F 3 , Y R E F 4  

CCCMCN b1l17rb~9l~A2(17v6r9~~A3l17~6~9Itb4~17v6v9l~A5ll7v6~9l~Hll7 
l~b~9l~Pl17v6~9lvRl17vbt9IrUl17r6r91~V(17r6~9l~Yl17v6t9I~C1AI17t3~9 
i ~ r C 2 A ( 1 7 ~ 3 r 9 l r C 3 A ( 1 7 1 3 r 9 ~ ~ C 4 A ~ 1 7 ~ ? ~ 9 ~ ~ C 5 & l l 7 ~ 3 , 9 ~ ~ C l A O ~ 4 , 3 ~ 9 l , C 2 A O  
~l4~3~9lrC3A0(4~3r9~~C4AOI4t3v9ltC5A0(4r3v9l 

CCPPCN C l P ( 1 7 ~ 3 l ~ C 2 P 1 1 7 v 3 1 r D 3 A ( 1 7 ~ 3 I ~ O 4 A ~ 1 7 ~ 3 l ~ O 5 A l l 7 t 3 l ~ C U R V 2 l l 7 l  
lrTHETA(171~RREFl17lvXREF(17~vYREFl17~9lvPY8PXll7v9l~PVBPPHll7~9l~O 
2 E L T A ( 2 ~ 1 7 v 9 l r P O P T l 2 ~ 1 7 t 9 )  ~POPXl2~17v9l~POPPHl2vl7v9~ 

CCCMON A A A ( 5 ~ 5 l ~ A A ~ ( 5 1 ~ 8 1 ~ ( 3 I 1 R 2 A ~ ? ~ ~ 8 4 4 l 3 l ~ 8 5 A l 3 l ~ R R X F l 5 l ~  

I I M l = I I - 1  
I I M Z = I I - 2  
A A A l J J ~ I I l ~ 2 ~ * A A A l J J v I I M 1 l - ~ ~ A l J J t I I M Z l  

1 CONTINUE 
CO TC 7 

2 IF(L.EQ.LLO.CR.II.EQo5IGO TO 4 
IF(M.EQ.leANC.LeEQ.LH1 )GO TO 4 
CO 3 J J = l v 5  
I I P 1 =  1 I+l 
~ A A ~ J J ~ I I I = ~ A A I J J I I I P ~ I  

3 CCNTINUE 
EC TO 7 

4 IF(LL.LT.1)GC TO 5 

L L L s L L  
hk=N 
F l = l .  
C-C TO 6 

5 L L L = 2 - L L  
h h = N F + l - N  
F1=-1. 

6 b A A l 1 7 1 1 1 = R l L L L v M , N N 1  
P~AI~IIII=F~*U(LLL.~.NNI 
& d A ( 3 r I I ) = V l L L L , M l N N l  
D A A 1 4 r I I ~ = U l L L L ~ M ~ N N l  
b A A ~ 5 ~ I I l = R l L L L ~ M , k N ) * H ( L L L ~ M t N N l - P ~ L L L ~ P ~ ~ h l  

7 CCNTIhUE 
IF (F .hEe1 IGO TC 70 
L P l = L + l  
I F I K U R V E 1 e N E . L P 1 . A N O D K U R V E 2 . N E V L P 1 ~ A N O . K U R ~ E 3 ~ N E ~ L P l ~ A N O ~ K U R V E 4 ~ N E  

1.LPl.AND.IKZ.EQ.O)GO TO 70 
I F ( I K Z . E P e 1 I G O  Tfl 74 
I F (  IKZ.EP.2)GO TO 75 
IF( IKZ.EP.3 lGO TO 7 2  
t = L + l  
PHC=RILIMINI 
E N E R S = ~ t L v M ~ N I - l P l L ~ M ~ N l + ~ 5 * ~ U l L t M v N l * * 2 + V ~ L ~ M ~ N ~ * * 2 + U ~ L v ~ v N ~ * * 2 l /  

I R l L ~ P v h ) l / R ( L v C v N I  
CALL G A S  
CFECK9=U(L,M,N) /1R(LvP,  N I *SNOI  
L =L- 1 
IFILPl .NE.LCOANIG0 TO 69 
1KZ=1 

IF(CHEEK9.GE.l..AN0.CHECK8.GT.CclIKZ=1 
IF (CHECK9.LE . -~ . .ANODCFECK~.LT .O .~  I K Z = 2  
I F (  IKZ.EQ.01 I K Z = 1  
GC TO 7 3  

7 2  CO 80 J J = l r 5  
E A ~ l J J ~ = A A A ( J J ~ 3 ~ - E P S I * l 6 b * A A A l J J I ? I - 4 ~ * ~ A A A l J J ~ 2 ~ + A A b l J J ~ 4 l l + ~ A A ~  

l J J 1 1 1 + 4 A A ( J J ~ 5 1 1  
9'3 CCNTIhUE 

C-C TO 8 
7 2  I K Z = r l  
7 3  CC 8 3  J J = l v 5  



~ A ~ ( J J ) = A A ~ ~ J J ~ ~ ~ + E P S I * ~ ~ ~ P ~ J J ~ ~ ~ - ~ ~ * P ~ A ~ J J ~ ~ ~ + A A A ~ J J ~ ~ ~ ~  
8 3  CCNTINUE 

1FIL.NE.LCCRh)GC TO 7 6  
IF(CWECK9.LT.lrlClA(L~M~Nl=O~ 
FO TO 7 6  

7 5  I J 1 = 4  
1  J2=5 

7 6  CC 8 6  JJ=1.5 
IFlL.FQ.LCORh.PNO.CPECK9.LT.1.)GO TO e 6 0  
A A R l J J l = A A A ~ J J v 3 l - E P S I * l A b 4 l J J 1 3 1 - 2 ~ * P P P l J J ~ I J l ~ + A P A l J J ~ I J 2 ~ l  
GO TO 8.5 

860 A A e l J J l = A A A l J J , 3 )  
8 6  CCNTINUE 

IKZ=3  
8  A l I L , P , N ) = A P B I 1 I  

P ~ I L I M I N I = A P B I ~ )  
P 3 l L ~ P ~ L ) = A A ~ l 3 l  
b 4 1 L r P r N l = A A B 1 4 1  
b5 IL1M.N)=PABl51  

9 CONTINUE 
LLO=2 

1 3  CChTIhUE 
1 1  CCFITINUE 

IFIRF.LE.21GC TO 2 2 0  
GO 2 2  P= l rMFML 
AUP=1 

P P P ~ J J I I I  ) = F 3 * P A A I J J , I I P l l  
1 4  CChTINUE 

b A A I 4 . I  I I = F ~ * W E L . M I N ~ N )  
P ~ P I ~ , I I I = R I L ~ P S N N N ) * H ( L ~ P ~ N ~ N I - P ( L ~ M ~ N N N I  

1 8  CCNTINUE 
CC 1 9  JJ51 .5  
~ A R ( J J ) = - E P S I * ~ ~ ~ * A ~ ~ ~ J J ~ ~ ~ - ~ ~ * ~ A A ~ ~ J J ~ ~ ~ + A A A ~ J J ~ ~ ~ ~ + A A P ~ J J ~ ~ ~ + A A A  

l I J J . 5 1 )  
1 9  CChTINUE 

F5=1. 
I F I M . E Q . l ) F 5 = C l P I L . M ~ N )  
P 1 1 L , P l h l = P I l L , M 1 N ) + F 5 * A A e l l )  
& ~ I L ~ M , ~ I = A ~ I L I M I N ) + F ~ * A A ~ I ~ I  
b 3 1 L , P ~ N l = A 3 1 L 1 P , N ) + A A B 1 3 1  
A 4 l L ~ P r N ) - A 4 l L ~ P , N l + A A R l 4 I  
P 5 l L ~ P . h l = A 5 l L . M v N l + F 5 * A A e ( 5 1  

2 3  CCNTILUE 
hUP=YF 

2 1  CChTIhUE 
7 2  CChTINUE 

2 2 7  IFIMF.LE.31GO TO 3 9  
hUP=1 
CO 3 4  L = l r L F  
PLC=1 



IFlM.EC.MLO.CR.II.EQp51G0 TO 24 
11Pl=II+l 
CO 23 JJ=115 
bAAlJJ~III=AAAlJJ~IIPl~ 

23 CCNTINUE 
CC TO 25 

24 CP=M+II-3 
APM=PM 
P L A M B = 1 . + C U R V 2 l L M l l * l l A M Y - 1 ~ ~ * D Y * O E L T A ~ l v L ~ N ~ - Y R E F ~ L ~ N ~ ~  
AA A l l r I I l = R I L ~ P Y r h ) * A L A N B  
P A A l 2 ~ I I l = U l L ~ M M ~ N ) * A L A M B  
~ ~ A I ~ ~ I I ) = V I L ~ Y M I N ~ * A L A M B  
A A A ( 4 r I I l = U I L , M C , h l * A L A M B  
P A A l S ~ I I ~ = l R l L ~ M M ~ N l * H l L ~ P M ~ N ~ - P l L v M M ~ N l l * A L A M B  

25 CCNTIhUE 
P L A M B = 1 ~ + C U R V 2 l L M 1 l * ( l A M - 1 ~ ~ * O Y * C E L T A l l ~ L ~ ~ ~ - Y R E F l L ~ N l l  
IFIM.EP.1IGO TO 27 
IFlM.EQ.2IGO TC 31 
IFIM.EQ.MFM1)GC TO 32 
CO 26 JJml.5 
A A B ( J J ~ = - E P S I * l 6 . * A A P l J J r 3 ) - 4 ~ * l A A b l J J ~ 2 A A l J J 4 l ) + A A A ~ J J ~ l ~ + A A A  
11JJ15))/ALAPB 

26 CCNTIhLE 
CO TO 35 

27 12=4 
I3=5 

29 CO 30 JJ=1,5 
A A B l J J ) = - E P S I * l A A A l J J 1 3 ) - 2 ~ * 4 A A l J J ~ I 2 l + A ~ A ~ J J ~ I 3 l l  

30 CONTINUE 
CC TC 35 

31 I1=2 
12=3 
I3=4 
I4=5 
GO TO 33 

32 11=4 
I2=3 
I3=2 

I4=1 
33 00'34 JJzl.5 

P A B I J J ) = - E P S I * ( A A A ~ J J ~ I ~ ) - O A A A ~ J J ~ I ~ ~ - ~ . * ~ A P A ~ J J ~ I ~ ~ - A A A ~ J J ~ I ~ ~ ~ ~ / A  
1LAMB 

34 CCNTINUE 
35 F5=1. 

IFlM.EC.1 lFS=ClAIL,V~Nl 
P11L~Prhl=AllL,M,NI+F5*AAElll 
A ~ ~ L I C ~ ~ I = A ~ I L ~ M I N I + F ~ * A A E I ~ ~  
P31L ,M,N)=A31L1P1Nl+AAB131  
A41L ,PrN l=A41L ,M.N)+bAB141  
A 5 ( L , M 9 h l = A 5 1 L , M , N I + F 5 * A A ~ 1 5 )  

36 CCNTIhrUE 
37 CChTIhUE 

hUP=NF 
38 CCNTIhUE 
39 RETURN 

E NO 



SUBROUTINE C 
CCMMON I G A S , I S N O I J ~ K , K K v K U R V E 1 , K U R V E 2 v K U R V E 3 , K U R V E 4 9 L F ~ M w M F ~ M M v N p N  
~ F I L L O I O E N S O , V E L O ~ K P ~ K P P ~ K F ~ L H X  tLCCRN 

CCPMOh ~ L P H A I B S I C S A L P I C U R V E I ~ C C R V E ~ ~ C U R V E ~ ~ C U R V E ~ ~ C U R V E ~ ~ C X O ~ D P H I  9 

~ C T I O X I D Y ~ E I ~ F I E ~ E R S I E P S I ~ G A P C ~ ~ A C Y A ~ P I N F ~ P M I N ~ R H O ~ R S ~ S N A L P ~ S N O ~ X O ~  
~ Y R E F O I Y R E F ~ . Y R E F ~ , Y R E F ~ ~ Y R E F ~  

CCPMCN A1f17r6r91~A2~l7r6~9)~A3~17t6t~I~P4~l7e6~9~vA5fl7v6v9l~Hfl7 
1 . 6 t 9 )  r P ( 1 7 r 6 , 9 ) . R ( 1 7 t 6 ~ 9 I  t U f 1 7 + 6 t 9 I  v V ( 1 7 . 6 ~ 9 1  v U f I 7 , 6 v 9 ) ~ C l A ( l ? v 3 v 9  
2 l r C 2 A f 1 7 ~ 3 v 9 1 r C 3 A ~ l ? ~ 3 t 9 l ~ C 4 A f 1 7 ~ 3 ~ 9 l t C 5 P ~ l 7 v 3 ~ 9 l ~ C l A O ~ 4 v 3 v 9 ~ ~ C 2 A O  
?f4~3~9lrC3A@f4~3~9lvC4AO(4~3~9l~C5PO(4v3v~l 
COMMON OlA(l?v31rC2A(l7r3)vD3AfI7~3~ v D 4 A t 1 7 9 3 )  r E 5 A l l 7 . 3 )  ,CURVZf171  
IrTkETAf17lrRREFf1?)1XREF(17)rYREF(171S)vPYBPXfl7v9l~PYBPPH~l?~9l~D 
2ELTAf2v17v9)rPCPT(2~17t9ltPDPXf2v17~9lvP~PP~f2vl?v9l 

COPMON AAA~5v5)vAAB15).BlA(3lv02A(31rB3Af3IvB4Af3lvB5A~3l vRRXFf5 l  9 

lXRXFf5l.CT.TIME~IYREFO~IYREF1.lYREF2~IYREF3~IYREF4 

2 I F f L . E Q . K U R V E l l J J J = l  
IF fL .EC.KURVE2)JJJ=2  
IF (L .EC.KURVE3lJJJ=3  
IF IL .EC.KURVE4lJJJ=4  
C ~ A O ~ J J J ~ J I N I = C ~ O  
C Z A O ~ J J J I J ~ N ~ = C ~ O  
C ~ P C ( J J J . J V N I ~ C ~ O  
C 4 A O ( J J J v J , N I = C 4 0  
C ~ ~ O ~ J J J , J I N I = C ~ O  
IF(MM.EQ.L.AKD~IYREFODEQPOIC3A~Lv2~N)=VILv2,N~/R~L~2~N) 

3 CONTINUE 
LLC=2 

4 Cf?NTINUE 
FETURh 
E NO 



S U B R O U T I N E  0 
CCMMON I G A S , I S ~ C ~ J I K . K K , K U R V E ~ ~ K U R V E ~ ~ K U R V E ~ ~ R U R V E ~ ~ L F ~ M ~ M F ~ P M ~ N ~ N  
lFILLOIOENSOtVELO~KP,KPP,KF~LHl t L C O R N  

CCYMON ~ L P H A , B S ~ C S A L P I C U R V E I , C L R V E ~ ~ C U R V E ~ ~ C L R V E ~ ~ C U R V E ~ ~ C X O ~ O P H I ~  
l C T r O X ~ C Y ~ E I N F I E h E R S t E P S I ~ G A H P ~ G A P P A t P I N F ~ F M I N v R H O ~ R S v S N A L P , S N O ~ X O ~  
~ Y R E F O ~ Y R E F ~ ~ Y R E F Z I Y R E F ~ ~ Y R E F ~  

CCPMON A1l17r6r9lrA2l17r6~9)rA3l17~6~9I~A4l17t6~9l~A5ll~~6~9~~Hll7 
l r 6 r 9 1 t P ~ 1 7 ~ 6 r 9 l 1 R ~ 1 7 ~ 6 ~ 9 I t U ~ 1 7 v b v 9 l 9 V ~ 1 7 ~ 6 ~ 9 ~ v ~ ~ l 7 ~ 6 ~ 9 ~ v ~ 1 A l 1 7 ~ 3 ~ 9  
2 ~ ~ C 2 A l 1 7 r 3 r 9 l r C 3 A ( 1 7 ~ 3 t 9 I ~ C 4 A l 1 7 t 3 ~ 9 l ~ C 5 b l l 7 ~ 3 ~ 9 l ~ C l A C l 4 ~ 3 ~ 9 l ~ C 2 A O  
3 1 4 r 3 r S l q C 3 A G 1 4 r 3 ~ 9 1 v C 4 A 0 1 4 ~ 3 ~ 9 ~ ~ C 5 A 0 ( 4 r 3 ~ ~ ~  

CCMMON O1Al17~3)~O2Al17v3lrD3A(17r3)~O4A~17~3I~O5All7~3l~CURV2ll7l 
~ ~ T H E T A ~ ~ ~ ~ ~ R R E F ~ ~ ~ ) ~ X R E F ~ ~ ~ ) ~ Y R E F ~ ~ ~ ~ S ) ~ P Y B P X ~ ~ ~ ~ ¶ ~ ~ P Y B P P H ~ ~ ~ ~ ~ ~ ~ ~  
iFLTAl2~l7~9lqPDPTl211719lrPDPXl2rl7r¶l~POPF~~2~17~9l 

COMMON A A A l 5 ~ 5 l ~ A A 8 l 5 ~ ~ B 1 A l 3 l ~ B 2 A l ~ l ~ E 3 A l 3 l ~ B 4 A l 3 ~ ~ R 5 A l 3 ~ ~ R R X F l 5 l ~  
I . X R X F 1 5 1 v C T , T I C E , I Y R E F C , I Y R E F ~ R E F ? , I Y R E F 4  
CGMMONIERRORIERllZlvBLKl12l 
AP=P 
CO 1 0  I J = 1 1 3  
IFlN.EQ.NF.ANO.IJ.EPp3IGO TO b 
IFlN.GT.l.AhO.lJ.LT.3lGO TC 7 
IFIN.EQ.l.AND.IJ.EO~3IGO TC 6 
IFIN.EC.1.ANC.IJ.EO.l)GO T C  1 
C N = N + I  J - 2  
G l = l .  
CC T O  2 

1 h N = 2  
C1=-1. 

2 DO 5 L=LLO,LF 
IFIM.EC.~.ANO.L.GT.LCORN.ANO.L~LTTLHIIGO 7C 5 
1FINF.LE.Z lGC T O  4 0  
I F I L . E P . 1 I G O  TO 3 
Y = l A M - l . I * O Y  
ALAMB=~.+CURV?IL)*IY*DELT~IKK~LI~~I-YREFILvhNl) 

C ~ A ( L . I J I = G ~ * I P I L ~ P ~ ~ N I + W I L ~ C ~ ~ N I * * ~ / R ~ L T M ~ ~ N ~  I 
~ 5 A ~ 1 L , I J l = 0 1 A l L ~ I J l * H 1 L t M ~ h N l  
CC T O  5 

4 3  C l A l L ~ I J l = O .  
C Z A ( L , I J l = O .  
C 3 A l L T I J l = O e  
C 4 A I L 1 I J I = 0 .  
O S A I L . I J I = O .  

5 C C N T I h U E  
GO T O  1 0  

6 IJJ=1 
GI=-1 .  
GO TO 8 

7 I J J = I J + l  
G l = l *  

8 CO 9 L = L L O v L F  
C ~ A I L ~ I J I = G ~ * C ~ A I L I I J J I  
C 2 A l L , I J I = G l * C 2 A l L , I J J I  
C 3 A l L , I J l = G 1 * C 3 A l L 1 1 J J I  
C 4 A l L 1 1 J ~ = 0 4 A l L 1 1 J J l  
C 5 A l L ~ T J I = G l * O 5 A l L v I J J I  

9 C C N T I  h U E  
1 0  C O N T I N U E  

RETURN 
END 



SUPROUTINE DELTAT  
CCMMON I G A S I I S ~ D I J I K ~ K K ~ K U R V E ~ ~ K U R V E ~ ~ K U P V E ~ ~ K V R V E ~ ~ L F ~ M ~ V F ~ M ~ ~ N ~ N  

I F I L L C ~ D E N S O ~ V E L O ~ K P ~ K P P ~ K F ~ L H I ~ L C O R N  
CCPMON P L P H A ~ B S ~ C S P L P . C U R V E I I C U R V E ~ , C U R V E ~ ~ C U R V E ~ ~ C U R V E ~ ~ C X O ~ O P H I ~  

lCTlOX,CY,EINF~ENERS~EPSI~GAMPtGAHPAtP1NFtPMINvRHC~RS~SNALP~SNDvXO, 
~ Y R E F O ~ V R E F ~ ~ V R F F Z I Y R E F ~ , Y P E F ~  

CCMMCN A 1 ( 1 7 ~ 6 r 4 1 r A 2 ~ 1 7 r 6 ~ 9 l ~ A 3 ~ 1 7 ~ b t S l t P 4 ( 1 7 v 6 v 9 ~ ~ A 5 ~ 1 7 ~ 6 ~ 9 1 ~ H ~ 1 7  
1 ~ 6 ~ 9 l r P ( 1 7 r 6 r 9 ) v R ( 1 7 ~ 6 ~ 9 I ~ U ( 1 7 ~ 6 1 9 l ~ V ~ l 7 ~ 6 v 5 l ~ ~ ~ 1 7 ~ 6 ~ 9 1 ~ C 1 A ( 1 7 ~ 3 ~ 9  
2 1 r C 2 A ~ 1 7 r 3 ~ 9 ) ~ C 3 A ( 1 7 ~ 3 1 9 1 v C 4 ~ ~ 1 7 ~ 3 v 9 1 ~ C 5 b ~ 1 7 ~ 3 v 9 ~ ~ C 1 A 0 ~ 4 ~ 3 v 9 l ~ C 2 A 0  
3(4~3r91tC?A0(4r3r9l~C4AO~4t3~9ltC5AO~4r3~Sl 

COMMON C 1 A ~ 1 7 ~ 3 1 ~ D 2 4 ~ 1 7 v 3 l ~ 0 3 A ~ 1 7 t 3 l v D 4 A ~ 1 7 ~ 3 ) r O 5 A ~ l 7 v 3 ~ v C U R V 2 ( l 7 l  
1~THETA(l7lrRRFF(17lrXREF(171~YREF(1719)~PV8PX~l7v9l~PYBPPb(L7~9)tO 
i E L T A ( Z ~ 1 7 r 9 l ~ P D P T ( Z ~ 1 7 ~ 9 ) t P D P X ~ Z ~ 1 7 ~ 9 l ~ P O P P H ~ 2 v l 7 ~ 9 ~  

COWWON A A A ( 5 , 5 ) 1 A A 8 ( 5 ) r B 1 A ( 3 l ~ B Z P ( 3 ) r 8 3 A ( 3 ) 1 8 4 d ( 3 l ~ 8 5 A ( 3 ) ~ R R X F ( 5 l ,  
~ X R X F ( ~ ) ~ C T I T I M E ~ I Y R E F O ~ I Y R E F ~ ~ I Y R E F ~ ~ I Y R E F ~ ~ I Y R E F ~  
CCMMCNIERRCR/EP(121~BLK(lZ1 

9 C P  FORMAT(*  SUBRCLT INE  OELTAT * r l A 6 r 4 1 5 / ( A E 1 6 . 8 ) 1  
I SND=I  
CT=l '?O. 
OC 7 M = l r Y F  
4P=Y 
Y=(AM- l . l *OV 
L L C = 1  
r0 6 h = l . k F  
CO 5 L = L L O * L F  
F O = Y * D E L T A ( l . L . h l - Y R E F f L l h )  
IF(M.EQ.~.AND.L.GT.LCORN.ANO.LDLT.LHIIGO TC 5 
LP=L 
IF(M.EQ.l.AWD.L.Ea.LCCRNlLP=L-1 
PLAMB=l.+CURVZ(LP ) * F a  
Fl=(Y*POPK(lrL,h)+PYePX~L,hl I I A L A W e  
CSI=ALAMB*DX 
IF(L.EC.1IGO TC 3 
R A D = R R E F ( L I + F C * S I N ( T H E T A ( L I I  
F Z = I Y * P D P P H I  l t L , N ) + P Y B P P H t L v N )  ) /RAD 
CSZ=RAO*DPHI 
CO TO 4 

3 FZ=O. 
CS2=100.  

4 C C = S C R T ( F l * * Z 4 F Z * * Z I  
F3=SQRT(4.+CC**Z) 
CT1=l./SPRT(1.+.5*CC*(CC+F3I I 

C S = D E L T A ( l ~ L I N I * D Y  
IF(OSl .LT.OS)DS=OSl  
IF(OSZ.LT.DSlDS=OSZ 
F N E R S = H ( L ~ M ~ ~ ) - ( P ( L ~ P ~ N ) + . ~ * ( U ( L I P ~ N I * * ~ ~ V ~ L P M ~ N I * * ~ + U ~ L ~ M ~ N I * * ~ I /  

I R ( L I Y I N I I / R ( L ~ P , N I  
PHC=R(L,M,NI 
CALL GAS 
D E N O M ~ S Q P T ( U ( L ~ P ~ N l * * Z + V ( L t M ~ N ) * * 2 + W ~ L ~ M ~ N l * * 2 ~ / R ~ L ~ M ~ N l + S N D  
1FIDENCM.GTe 1.E-1ZlGO TO 4 0  
F R I N T  9 0 0 r B L K ( l ) v K ~ L ~ ~ r N ~ F C ~ A L A M B t D E L 7 A ~  I t L 9 N I  ~ R A D ~ D X ~ D Y ~ D P H I  ~ 0 S l .  

ICSZtDStCC.ENERStRHC1SN3 
K = K - I  
CALL RESULT 
STOP C 5 C 1  

41 CTZ=l./DENOM 
CT I=CT*CT l *CTZ*DS 
I F ~ O T I . L T . D T I D T = D T I  

5 C C h T I h U E  
LLC=2  

6 CCNTINUE 
7 C C h T I N U E  

T IME=T IPE+DT 
PETURN 
E NO 



S L B R C L T  I N €  G P S  
CCMMON I G A S I I S N O I J I K . K K I K ~ R V E ~ ~ K U R V E ~ ~ K U P V E ~ . K U R V E ~ ~ L F ~ ~ ~ M F ~ M M ~ N ~ N  
I F ~ L L O ~ D E N S O ~ V E L O ~ K P ~ K P P ~ K F I L H I ~ L C C P N  

CCCMCN P L P H A I E S I C S A L P , C U R V E ~ ~ C U R V E ~ , C U R V E ~ ~ C U R V E ~ ~ C U R V E ~ ~ C X O ~ O P H I ~  
I C T ~ O X v O Y ~ E I N F 1 E h E R S ~ E P S I t G A C C I G A P P A ~ P I N F ~ F P I N ~ R H C ~ R S ~ S N A L P ~ ~ N O ~ X f l ~  
~ V R E F C , Y P E F ~ , Y R E F ~ ~ Y R E F ~ I Y R E F ~  

CCCMCN A 1 ~ 1 7 ~ 6 ~ S I ~ A 2 1 1 7 r 6 r 9 l r A 3 ( 1 7 r 6 r 9 I r b 4 ( 1 7 ~ 6 ~ 9 l ~ A 5 ~ 1 7 ~ 6 ~ 9 l ~ H ~ 1 7  
1 1 6 r 9 l r P ~ 1 7 ~ 6 r 9 l ~ R ( 1 7 ~ 9 ) v U ~ 1 7 ~ 6 t 9 ) r V ( 1 7 v 6 ~ 9 ~ ~ k ~ 1 7 ~ 6 ~ 9 l ~ C 1 A ~ 1 7 ~ 3 t 9  
i ) r C 2 A ~ 1 7 1 3 ~ 9 l r C 3 A l l 7 ~ 3 ~ 9 l ~ C 4 A ~ 1 7 ~ 3 ~ 9 l t C 5 P ~ l 7 ~ 3 v 9 I ~ C l A O ~ 4 ~ 3 ~ 9 l ~ C 2 A O  
3~4r3~9l1C3AO~4r3r9~1C4A0(4t3t9l~C5A014~3~9l 

CCVMCN t l A 1 1 7 r 3 l r C 2 b ~ 1 7 ~ 3 1 1 C 3 A ~ 1 7 t 3 I ~ O 4 A ~ 1 7 r 3 ) 1 O 5 A l l ? ~ 3 l ~ C U R V 2 ~ l 7 l  
I r T ~ E T A ~ 1 7 I ~ R R E F ~ 1 7 ) 1 X R E F ( 1 7 1 , Y R E F ~ 1 7 . 9 ) ~ P Y B P X ~ l ? ~ 9 l ~ P Y B P P H ~ l 7 ~ 9 ~ ~ O  
i f L T A ( 2 ~ 1 7 * 9 I r P C P T ( 2 & 9 )  tPOPX(2~17rS)rPPPPH12~17~9) 

CCMMON A A A ( 5 ~ 5 l ~ A A ~ ( 5 ) r B 1 P ( 3 ) ~ E 2 P ( 3 ) 1 ~ 3 A ~ 3 ) t B 4 A ( 3 l ~ B 5 A ~ 3 ~ ~ R R X F l 5 l ~  
1XRXF~5lrCT1TIME~IYREFO,IYREFlvIYREF2~IYRFF3~IYREF4 

C C P C C N / E R R O P / E R ~ 1 2 I 1 B L K ( 1 2 1  
I F (  1GAS.GT.OlGC T O  2  
I F ( I S h D . E Q . O I G 0  T O  1 0 1  
C-AVE=O. 
GAMR=O. 
CO TI? 1 0 0  

2  IF ( IGAS.GT.1)GC T O  7 
P H O = P B S ( R H O l  
Y Z = A L C G l O ( R H C * O E N S 0 / 1 . 2 9 2  
Z 3 = A B S (  E N E R S I  
Z 2 = A L O G 1 0  I Z 3 * V E L O * * 2 / ? 8 4 O O O  I 
I F I Z 2 . G T . . 8 C l I G O  TO 3 
CAVM=1.405 
I F ~ I S h 0 . E C . O I G C  TO 101 
GAME=O. 
CAMR=O. 
6 0  TO ICO 

3 IF (Z2 .GT.2 .3 lGO T O  5 
T E S T Y 2 = ( 3 . 2 5 5 - 2 . 2 7 R * Z Z l / ~  l . - .822*Z2I  
I F ( V Z . G T . T E S T Y Z l G 0  TO 4 
G A S l = l . t 3 7 - . 0 4 0 4 * Y 2  
CAS2=.2175- .0332*Y2 
CAS3=.1?66- .0366*Y2 
CAS4=.0833-. 0 2 4 8 * Y 2  
G A S 5 = . 3 4 0 4 - . 0 3 3 2 * 2 2  
CAS6=.0366- .0248*Z2 
CAS7=EXPI-18.3*Z2+.586*Y2+35.571 

CASll=(GAS3-GPS4*ZZl*GAS7*tAS10**2 
EPME=2.304*~-GASZ+GAS4*GASlO+GASI1*GASEl 
EAMR=2.304*(-6PS5+GAS6*GAClO+GAS11*GAS9l 
CO T O  1 0 0 .  

7 6 0  TO 1 0 1  
1 0 3  SNOSQ=ENERS*( (GAMM-l.l*(GAPC+GAMEl+GAVRl 

SNO=SQRTl  ABS(  S N O S Q I  
101 F E T U R N  

E NO 



SUBROUTINE POE 
CCMMON I G A S ~ I S N O V J ~ K V K K ~ K U R V E ~ ~ K U R V E ~ ~ K U P V E ~ ~ K U R V E ~ V L F ~ M ~ ~ F ~ ~ M ~ N ~ N  

I F v L L O . O E N S O I L E L C , K P V K P P ~ K F ' I L H I ~ L C O F N  
COMMON PLPHAIBS~CSALP~CURVE1vCURVE2tCURVE3~CURVE4,CURVE5 ,CXO,OPHI, 

1 r T r O X  ,CY.EINF~EhERS,EPSIs GAPPI E A P M A ~ P I N F v P P I N ~ R H C , R S ~ S N A L P V S N O , X O ,  
iYREF0,YREFlrYREF2~YREF3VYREF4 

CCMMCN P 1 l 1 7 ~ 6 ~ 5 l ~ A 2 l 1 7 r 6 r 5 l ~ A 3 l 1 7 t 6 ~ 5 l t A 4 l 1 7 ~ 6 ~ 5 l ~ A 5 l l 7 ~ 6 ~ 9 ~ ~ H l l 7  
l r 6 ~ 9 1 ~ P l 1 7 ~ 6 r 9 ~ ~ R l 1 7 ~ 6 ~ 9 l ~ U l 1 7 ~ 6 ~ 9 ) ~ V l l 7 ~ 6 ~ 9 l ~ ~ l l 7 ~ 6 ~ 9 l ~ C l A l l 7 ~ 3 ~ 9  
il.t2Pl17~3~9~rC3Al17~3t9l~C4Al17~3~9l~C5~ll7~3~9l~ClAOl4,3,9l,C2AO 
3 1 4 ~ 3 . 9 1  

CCUMON C 1 A l 1 7 r 3 ) r D 2 P l 1 7 ~ 3 ) t O 3 A l 1 7 ~ 3 ) ~ O 5 A l l 7 ~ 3 l ~ C U R V 2 l l 7 ~  
lrTHET4l17lrRREFl17)rXREFl 1 7 ) 1 Y R E F l 1 7 t 9 ~ ~ P V 8 P X I l 7 ~ 9 1  ~ P V B P P H l 1 7 v 9 1  9 0  
i E L T A l 2 ~ 1 7 ~ 9 l ~ P C P T l 2 ~ 1 7 ~ 9 l ~ P O P X l 2 t 1 7 ~ 9 l ~ P C P P H l 2 ~ l 7 ~ 9 ~  

COMMON A A A l 5 r 5 l r A A B l 5 l ~ B 1 A I 3 J ~ B 2 A l 3 l ~ B 3 A l 3 l ~ B 4 A l 3 ~ ~ B 5 A l 3 l ~ R R X F l 5 l ~  
1XRXF 1 5 1  ,CT,TIPEI IYREFOt  I Y R E F ~ ~ I Y R E F ~ v I V R E F ~  
CCMMGN/EPROR/ERll2l,BLKl1i~ 
PP=P 
PHI=O. 
ISNO=O 
YKK=3-KK 
L L C = l  
L 1=2 
h l = h F  
F1=-1. 
CO 33 h ' = l r N F  
CALL 0 
IKURV=O 
OC 32 L = L L O V L F  
IFIM.EQ.I.ANO.L.GT.LCORN.ANO.L.LT.LHI)GO TC 3 2  
F17=1. 
IKURVL=IKURV 
IFlL.NE.KURVEl.ANO.L.NE.KURVE2.ANO.L.NE.KURVE3.ANO~L.NE.KURVE4lGO 

I T 0  2 
I K U R V = l  
IFIM.NEa1)GO TO 1 0 2  
ISNO= 1 
FPC=R(LIMVNI 
E N E R S ~ H ~ L ~ M ~ ~ ~ - ~ P ~ L ~ P ~ N ~ + ~ ~ * ~ U ~ L V H I N I * * ~ + V ~ L ~ M ~ N ~ * * ~ + ~ ~ L ~ M V N ~ * * ~ ~ /  

~ R I L , M V N I ) I R I L ~ P V N ~  
CALL GPS 
ISNO=O 
CPECK9=UlLVM.Nl/lRlL,P~Nl*SNO~ 

IFIM.EC.1.ANC.L.EQ.LCGRNNPN0.1.EQ.31G0 TC 1 2  
4 I F ~ ~ I K U R V ~ E C ~ ~ ~ ~ N O ~ I ~ E O O ~ I I O R R I I K U R V V E Q . ~ P O I E Q ~ G O  Tfl 5  

C I A 1  I I = F l * U l L  l ~ P r N 1 1  



E 3 A l I I = 0 3 A l I G I  
P 4 A l 1 1 = B 4 A l  I G I  
C 5 A l l l = e 5 A l I G l  

P 4 A l 3 l = i . * B 4 P l 2 l - 0 4 A ( 1 )  
F 5 b ( 3 l = 2 . * B 5 A l i l - R 5 A ( 1 )  

12 C t h T I h U E  
IFlLI.NE.KURVE1.ANO.Ll.NEEKURVE2.AhDDL1.hE.KURVE3.AND.Ll.NE.KURVE4 

1 l G C  TC 1 3  
PCLD=RIL,MINI  
L C L D ~ = U I L I M I N I  
bOLO1=VIL .Mlh I  
h O L O = k l L , M ~ N l  
FCLO=P(L .P ,h l  
FCLD=HILIMINI  

1 3  F6=.5/0X 
I F 1  1KURV.GEe3lF6=2.*F6 
1FIIKURV.EQ.-1lGO TO 2 4 0  
F7=F6  
IFIL.EQ.l.AN0.1YREF1.NE.01F6=11/OX 
I H=3 
I F l I K U R V . E C . 3 l I H = 2  
I L = 1  
I F  I IKURV. EQ.4 11L=2 

1 6  CIFB1=F6*lB1AlIHl-B1AlILl I 
CIFB7=F7*lB2Alltl-B2AlILl1 
OIF83=F6*lB3AlI~l-~3AIILll 
CI F R 4 = F 7 * l R 4 A l 1 ~ l - B 4 A l I L I l  
CIFB5=F6*lB5AlItl-B5AlILll 
IFlL.NE.l.OR.NF.LE.2IGO T C  1 7  
h l l = N F - 1  
O I F B l = O I F B 1 + F 7 * l W l 2 ~ M ~ 7 l - h l 2 ~ M ~ N 1 1 I ~ / D P H I  
~ I F B 2 = D I F B 2 + F 7 * l U l 2 ~ M t 1 l * * 2 / R l 2 1 P 1 1 l - U l 2 ~ P ~ h F l * * 2 / R l 2 ~ M ~ N F l + l U l 2 ~ ~  
1 ~ 2 I * W l ~ r M ~ 2 l / R l 2 r M ~ 2 l + U I 2 ~ P ~ N l l l * W l 2 ~ M 1 N I l l / R l 2 ~ ~ ~ N l l l l / O P H I l  
C I F B 3 = O I F B 3 + F 7 * l V l 2 ~ P v 2 l * k l 2 v M v 2 l / R l 2 ~ M ~ 2 l - V l 2 ~ M ~ N l l l * W l 2 ~ M ~ N l l l / R  

l l Z ~ M 1 N 1 1 l  I I D P H I  
CIF05=DIFB5+F7*~Wl2~Ht2I*l+l2~M~2l-YlZvCvhlll*Hl2~M~Nllll/OPHI 
IFlFl7.GT..l.OR.NF.LE.2lGC TC 1 7  
LAX=L-1 
AL4X= l . -CURV2 lLAXI *YRFF(LvFc l  
R L A X = R R E F l L l - Y R E F l L ~ N l * S I h l T H E T A o I  
kLAX=WlL ,MrNl  I R I L v M v h l  
U L A X = U l L v P , N l / R I L v M , N l  
C I F W = W L A X * ~ ~ W L ~ X * ~ D ~ ~ ~ L ~ ~ ~ - D ~ A ~ L I ~ ~ ~ - C ~ A ~ L ~ ~ ~ + O ~ A ~ L ~ ~ ~ ~ / ~ ~ . * O P H I * A  

I L A X * U L A X l - W L A X * C O S l T t E T A o ) / R L A X l  
C I F R l = D I F B l * D I F k / U L A X  
C IFB?=DIFB2+2 . *O IFW 





2 7  F lS=PYBPX(L ,N I /ALAPB 
IF(L.EQe1IGO TO 2 8  
F16=PYBPPH1L1Nl/RA0 
GO TO 2 9  

2 8  Flb=O. 
2 9  V ( L I M ~ N I = F ~ ~ * U I L I M ~ ~ I + F ~ ~ * W I L ~ P , N I  
3 0  E N E R T = l P 5 0 - D T * I O I F B 5 + F 1 7 * ~ D I F C 5 + D I F D 5 + E 5 l l l ~ ~ R ~ L ~ M ~ ~ t * A L A M ~ l  

F N E P S ~ E h E R T - ~ 5 * ( U ( L ~ ~ t N l * * 2 t V l L ~ M ~ h ) * t 2 + W ~ L ~ M ~ N l * * 2 l / R ~ L ~ M ~ N l * * 2  
IF(IGAS.EQ.O.AN0. (MeNEE1.CR.L.NE.LCORhl l TO 3 1  
I SNO= 1 
RHO=R(LIMIN) 
CALL GAS 
I SNO=O 
IF(M.NE. 1.OR.L.hE.LCORNlGE TO 3 1  
CPPOC=G AMM 
PETASQ=~UIL~Pth)/lR(LtM~Nl*SNDll**2-1. 

3 1  P(L,MINI=(GAMM-I.I*ENERS*RIL,M~NI 
k ~ L q M , h I = E N E R T t P ~ L , M , h I / R ( L ~ M , N I  
IF(M.NE.1.OR.L.NE.LHI)GO TC 3 2  

L H l t ' l = L H I - 1  
F L d M B 1 = 1 ~ - C U R V 2 ( L H I M 1 l * Y R E F ( L H I M l r N )  
Fll=PYBPX~LHIP1,NI/ALAMBl 
Fl f l= l . /SQPT( l.+F17**2) 
TPETA8=ATPNI F 1 7 l  
F19=SPRT((GAMOC+1.l/~GAMOG-1.ll 
IF(BETASQ.LTe1.E-09lGO TO 2 1 0  
F2O=SQRTIEETASCI 
F21=FZO/F19 
b N U = F 1 9 * A T A N ( F 2 1 I - A T A N ~ F Z O I  
CC TO 3 1 1  

3 1 0  bNU=O. 
3 1 1  bMLHI=Z./t (GAM00-1~l*~THETA~LC@RNl-TrETA~LHIMll+THETA8+~Fl9-l~ l*l. 

157C7964-ANU))  
EXPF=l./IGACGO-1. I 
F22=2.+~GAMOO-l.)*H(LCORNIM~Nl/~2.t(GAMOC-l.l*AMLHI**2l 
F 2 3 = ( F 2 2 * R 1 L C O R h , M ~ N I / ( G A I r C O * P ~ L C C P N v V ~ N l l l * * E X P F  
R ( L H I M 1  qC,N l=R(LCORC.C,N l tF23  
F(LHICl~M~N~=P(LCORhtP~NI*F23**GdICO 
b(LHIPlrM,NI=H1LCORN.M~NI 
L(LHIMl,PrNl=F18*SQRT(F22I*APL~I*R(LHIMl~P~hl 
L(LHIMl1M~Nl=F17*U(LHIMltP~N1 
W(LHI~lrM,Nl=H(LCORhtM,Nl 1 F 2 3  

3 2  CPNTINUE 
LL0=2  
IF(N.FC.1IGC TO 3 3  
PHI=PHI+DPHI  
F ( l r M ~ N I = R t l r M ~ l l  
Lll~MrN1=U(lrM~l)*CCS(PHIl 
V ~ l ~ P v N I = V ( l ~ M t l )  
CflrYvNl=-U(lrCrll*SIh~PHIl 
P ~ l r M . N I = P ( l r M , 1 I  
b ( l r P , N l = b ( l , M , l l  

3 3  CChTIhLE 
RETURN 
=No 



S U B R O L T I N E  R E S L L T  
CCCMON I G A S ~ I S h O ~ J , K ~ K K ~ K U R V E l ~ K U R V E Z ~ K U R V E 3 ~ K U R V E 4 , L F , W , M F ~ V M ~ N ~ N  
IF.LLCIOENSOIVFLC~KP~KPPSKF~LHI.LCCFN 
COMYON ~ L P H A ~ ~ S ~ C S A L P ~ C U R V E ~ ~ C L R V E ~ ~ C U R V F ~ ~ C U R V E ~ ~ C U R V E ~ ~ C X O ~ D P H ~ ~  
1 C T , O X I D Y . E I h F I E h E R S I E P S I ~ 5 A P P I G A P P A ~ P I N F ~ P V I N ~ R H C ~ R S v S N A L P v S N D ~ X O ~  
i V R E F f l r Y R E F l t Y R E F Z t Y R E F 3 v V R E F 4  

CCVMCN A 1 ( 1 7 ~ 6 r S l ~ A 2 l 1 7 ~ 6 ~ F l ~ A 3 l 1 7 ~ 6 ~ 9 ~ ~ A 4 I 1 7 ~ 6 ~ 9 l ~ A 5 ~ 1 7 v 6 ~ 9 l ~ H ~ l 7  
l r 6 r 9 l ~ P 1 1 7 r 6 r 9 l ~ R ~ 1 7 t 6 I 9 l ~ U ~ 1 7 ~ 6 ~ 9 ~ t V 1 1 7 ~ 6 ~ 9 ~ ~ W ~ 1 7 ~ 6 ~ 9 l ~ C 1 A ~ l 7 ~ 3 ~ ~  
i ) p C 2 A ( 1 7 ~ 3 r 5 l r C 3 A l 1 7 ~ 3 ~ 9 i ~ C 4 A ( 1 7 ~ ' 1 ~ 9 l ~ C 5 ~ I l 7 ~ 3 ~ 9 l ~ C l A O ~ 4 ~ 3 ~ 9 l ~ C 2 A O  
?14.3r9)rC3AC!4.3r91tC4A0(4~319I~C5AO~4v3~5) 

CCCPCN C l A I 1 7 ~ 3 ~ ~ D 2 A ( l 7 r 3 1 1 C 3 A ( 1 7 ~ 3 I ~ C 4 A ~ 1 7 ~ 3 l ~ D 5 A l l 7 ~ 3 l ~ C U R V 2 l l 7 ~  
l.THETB(l7).RREF117)rXREF( 1 7 1  r Y R E F I  1 7 1 9 l , P Y B P X 1 1 7 , 9 )  * P V U P P H I 1 7 , 9 )  V D  
i F L T A ( 2 r l 7 r 9 l . P O P T ( 2 t 1 7 , 9 l 1 P O P X l 2 , 1 7 1 9 1 r P G P P V I 2 ~ l 7 ~ 9 l  

COCMON A A A ( ~ . ~ ~ ~ A A B ~ ~ I ~ B ~ A ( ~ ) ~ ~ ~ A I ~ I ~ B ~ A ~ ~ I ~ ~ ~ A ( ~ I ~ ~ ~ A ~ ~ I ~ R R X F I ~ ) ~  
l X R X F I 5 l  ~ C T I T I H E ~ I Y R E F O .  I Y R E F l p  I V R E F 2 ~ 1 Y R E F ? ~ I V R E F 4  
CCMMCk/ERROR/ER(lZt*BLK~12) 
C C M M O h l 8 L O C K l / K P O  

9 r 3  F C R P A T I *  G R I C I / / 4 H  LF=131ZX3PCF=13r2X3HNF=13/ /  
1 4 P  0 X = E 1 6 . 8 r 2 X 3 H 0 Y = E 1 6 . 8 ~  2 X 5 H D P H I = E 1 6 . 8 / / /  
2 *  REFFRENCE-SURFACE P R q F I L E * / /  
'FH KURVEl=I?,2X7HKURVE2=I3,2X7VKURVF3=I3fl7HKURVF4=13// 
4EH CURVEl=Elt.8r2X7kCURVE2=E16b8~2Z7HCURVEZ=E16. 8.2X7HCURVE4=El6 .8  
S r 2 X 7 H C U R V E 5 = F 1 6 . 8 / )  

9 3 1  F O R Y A T ( 3 H  L=13,2X9HTHETAILI=E16.@,2X9HCURV21LI=E16.8~2X8~XREF1Ll=E 
116.8rZX8HRREF(Ll=E16.B) 

9 3 2  F O R C A T ( / / *  BCOY S U R F b C E * / / 7 H  YFEFC=Elb.8,2XEHYREFl=E16.8~2X6HYREF2 
1=E16 .A,2X6HYREF3=EI6 .8 t2X6HYREF4=E16~8 I l  

9 9 3  F C R M b T l 3 H  L+1312X2HN=13~2X10PYREFlL~Nl=El6.8~2X11HPVRPXlL~Nl=El6.8 
Ir2X12HPYBPPHlL,Nl=E16.81 

9'74 F C P M A T I / / *  I h I T I A L  SI+OCK*// 
1 4 t i  R 5 = E  16.8,2X3HBS=E16.8t 2X3HXC=E16.8.2X4HCXO=El6.8/// 
2* GAS MODEL P A R A M E T E R S * / / 6 H  I G A S = I E / /  
?7lJ DENSC=E16.8.2X5HVELO=E l 6 . 8 / / /  
4* N C N O l M E N S I C N A L  F L I G H T  C C t i D I T I C L S * / I  
51H GAVPA=El6.B~ZX5HGPMM=El6.8~2X5hPINF=E16.~~2K6HALPHA~El6~8/// 
6 0  P R I N T I N G  A h D  C U T O F F  P A R A M E T E R S * / /  
7 E H  KPO=15,2X4HKPP=15.2X3HKF=I5/// 
e *  C C W P U T A T I O N A L  PARAMETERS*/ /+  I Y R E F O = * , I 3 / /  
5 4 H  CT=E16.8r2XS~EPSI=E1668t2X5HPCIh=E16.8////~ 

7 0 5  FCRWATI415r6E16.8 / I29XbEl6 .811  
9 0 6  F C R M A T 1 2 0 X 6 E 1 6 . 8 )  
9 0 7  F C R M A T I / )  

9 0 9  F O R M A T ( 4 X 1 H K ~ ~ 4 X 1 H L ~ 4 X 1 H M , 4 X 1 H N ~ 7 X 2 H U N ~ 1 4 X 2 H V N ~ l 4 X 2 H ~ N ~ l 3 X 3 H R H O ~ l l X  
1 R H P I L 1 M 1 N 1 ~ 8 X 8 H H ( L ~ M t N I / 2 6 X 3 H P H I 1 1 ? X 3 H R A C ~ l 3 X 3 H X A O ~ l 2 X 4 H G A M M ~ l l X 6 H  
Z E N T R O P ~ 1 1 X 5 H A M A C H / 2 2 X 1 2 H D E L T A l 1 ~ L t N l r 4 X l l H P C P T ~ l ~ L ~ N l ~ 5 X l l H P O P X l l ~  
3L,N115X12~POPPH(11L~Nl////l 

9 0 9  F C R P A T I *  T IME=* ,E16.8 / / /1  
9 1 3  F O R M A T I E H  IYREF2=13.2X7HIYREF3=13t2X7HIYREF4=13//l 
9 1 1  FORCAT I//* T Y P E  O F  F L O W * / / *  I Y R E F l = * r  I ) / / )  
9 1 2  F C R M A T I / / I  
9 1 3  F O R H A T ( l H l / / I  
9 1 4  F O P M A T ( 3 H  L = 1  5r2X2HN=15,2X13k0ELTA11~L~N l=EI6.BIZX4HRAD=El6.8,2X4H 

I Y A f l = E 1 6 . 8 )  
F R I N T  9 1 3  
ALPH4C=ALPHA*57.25577951 
1FIK.GT.OIGO TC 3  OOOOCS68 
F R l h T  9 l l . I Y R E F l  
P R I N T  9 0 0 r L F ~ M F ~ N F I D X ~ D Y ~ D P H I t K U R V E 1 t K U R V E 2 ~ K U R V E 3 ~ K U R V E 4 ~ C U R V E l ~ C  

I U R V E 2 .  CURVE3. C U R V E ~ I C U R V E ~  
L r I r l = L n I - i  
CO 1 L = l r L F  
THETAD=tHETA(L) *57 .25577951  

1 P R I N T  9 C l r L ~ T b E T ~ C ~ C ~ R V 2 1 L l  9 X R E F I L l  v R R E F ( L 1  
P R I N T  902rYREF0,YREF1,YREF2~YREF3tYREF4 
F Q I N T  9 1 0 ~ 1 Y R E F 2 r I Y R E F 3 r I V R E F 4  
r0 2 7  N = l r N F  
CC 2  L = l r L F  

2 P R I N T  903rLlh.YREFI~,NlrPY8PX1L~NltPYBPPHIL~Nl 
F R I N T  9 C 7  

7 C  C C N T I N C E  
P R I N T  9 C 4 ~ R S ~ O S 1 X O ~ C X O ~ I G A S 7 C E h S C 1 V E L O I G d C P A ~ G A M V ~ P I N F ~ A L P H A ~ ~ K P O v  

IKPPrKFrlYREFCrCTtEPSIrPNIN 
F R I N T  9 1 3  
IF(K.EQ.01GC TC 3  
CO 3 9  N = l r h l F  
L O  3 0  L = l r L F  
F l = O E L T A I  1.L v Y I - Y R E F I L I N )  
PAC=9REF(Ll+Fl*SIN(TFFTAIL)l 
~ A E = X R E F l L I + F l * C ~ 2 ( T ~ E T A ~  L I  I 

3 2  F R I N T  9 1 4 ~ L , h r O E L T A ( l r L I N I . R A C ~ X d 0  
P C T b R N  

3 F R I h T  9 0 9 , T I P E  
F R I N T  9 C 8  
CC 6 h = l r N F  
P h = N  



P H I = 5 7 . 2 9 5 7 7 9 5 1 * l A N - l e  I * D P H I  
CO 5 P = l r M F  
AM=M 
DO 4 L = l r L F  
I F I M . E P . ~ . A N D . L . G T . L C O R N ~ A N D . L T . L T T L H I P ~ ~ G C  TC 4 
F l= IAM- l . I *DY*OELTA[  1 s L t N l - Y R E F I L I N )  
P A D = R R E F l L l + F l * S I N ~ T i . E T A I L l ~  
XAO=XREFlL l+F1*COSlTHETAlL I  I 
L N = U I L ~ C I N I I R I L ~ M ~ ~ ~  
V N = V I L , P . N I / R I L 1 M , N I  
k N = W l L v P r t ~ l / P l L q H v N l  
I SND= 1  
PPO=RILIMINI 
FZ=UN**Z+VN**Z+WN**Z 
E N E R S = H I L I M ~ ~ I - P I L ~ P ~ N I / R ~ L ~ P ~ N I - . ~ * F ~  
CALL GAS 
AMACH=SPRTlFZ I I S N O  
EhTROP=PlL~H,N)/ABSlRlL,M,N~1**GAPP 
PRINT  ~ ~ ~ ~ K ~ L ~ M ~ N ~ U N ~ V N ~ W N I R H O ~ P I L ~ M ~ ~ I ~ W I L I M ~ N I ~ P H I ~ R A D ~ X A O ~ G A M M ~  

lENTPOP IAMACH 
1FlW.EQ.CFIPRINT 9 0 6 r D E L T A l l r L ~ N l ~ P D P T l 1 ~ L v N l ~ P D P X ~ 1 t L ~ N J ~ P D P P H l l ~  

I L v N l  
4 CChTINUE 

I F I P . N E . C F ) P R I h T  9 0 7  
5 CONTINUE 

F E I N T  9 1 2  
6 CONTINUE 

RETURN 
END 



SURROUTINE SkflCK 
COt'MON I G A S I I S N O I J ~ K I K K ~ K U R V E ~ ~ K U R V E ~ ~ K U R V E ~ ~ K U R V E ~ ~ L F ~ M ~ M F ~ M M ~ N ~ N  

~ F I L L ' I ~ O E N S O ~ ~ E L O ~ K P I K P P ~ K F ~ L H I ~ L C C F N  
COMMON PLPHAvBS~CSALPICURVEI  . C U R V E ~ V C U R V E ~ ~ C U R V E ~ ~ C U R V E S  vCXOvDPH1 v 

~ C T ~ O X I O Y ~ E I N F I E ~ E R S ~ E P S I ~ G A B I ~ ~ C A V M A ~ P I N F ~ P ~ I N ~ R H O ~ R S ~ S N A L P ~ S N O ~ X O ~  
2YREFOeYRFF l rVREF2 .YREF31YREF4  

COMHCN Ali17r6r91.A2i17rbr9ItA3i 1 7 ~ 6 ~ 9 l t P 4 i  1 7 ~ 6 ~ 9 1 ~ A 5 ~ 1 7 ~ 6 t 9 1  ' H i 1 7  
l r 6 r 9 l r P l 1 7 t 6 t 9 l ~ R i 1 7 ~ 6 ~ 9 l t U l 1 7 t 6 ~ 9 1 v V i 1 7 ~ 6 ~ 9 l ~ U ~ l 7 ~ 6 ~ 9 l ~ C l A ~ l 7 ~ 3 ~ 9  
2 l ~ C 2 A i 1 7 v 3 v 9 l t C 3 A l l 7 ~ 3 ~ 9 I t C 4 A i 1 7 ~ 3 ~ 9 I ~ C 5 P i l 7 ~ 3 ~ 9 l ~ C l A O i 4 v 3 v 9 l ~ C 2 A O  
314r3r9lrC3A0i4~3r9l~C44Oi4~3v9l~C5POl4~3~9l 

COMMON O1Ai17r3)rC2Ai17~3l103Ai17v3ltD4Ai17t3ltD5Ail7~3l~CURV2~l7l 
1 ~ T H E T A i 1 7 ) ~ R R E F i 1 7 l r X R E F i 1 7 I ~ Y R E F i 1 7 t S l ~ P Y B P X i l 7 ~ 9 l ~ P Y B P P H i l 7 ~ 9 l ~ O  
2ELTA(2~17r9lvPCPTi2~17~9ltPDPXi2,17r9).PCPPHi2~17~9l 

COMMON A A A i 5 ~ 5 l v A A B ~ 5 1 ~ B 1 ~ l 3 1 v B 2 A i ? ~ t R 3 A i 3 l ~ B 4 A i 3 l ~ B 5 ~ i 3 l ~ R R X F i 5 l ~  
l X R X F i 5 1  t C l t T  I B E I I Y R E F C ~  l Y R E F l r l Y R E F 2 r I Y R E F ? *  l Y R E F 4  
CCMMON/ERROR/ERi12ItBLKi12l 

903 FOPPATI *  SUBROLTIYF SHOCK * v l A 6 ~ 4 1 5 / i 8 E l t . 8 1 1  
KKK=3-KK 
I SND= 1 
C=PF 
P P l = Y - 1  
CP2=M-2 
L L O = l  
CO 6 6  N = l v N F  
C C  6 5  L=LLO.LF 
I F ~ L ~ ~ E ~ K U R V E ~ ~ A N O ~ L ~ N E E K U R V E ~ Z A ~ O D L C ~ E ~ K U R V E ~ ~ A ~ D ~ L ~ N E ~ K U R V E ~ ~ G C  

1TC 4 1  
I K U R V = l  
CFECK=iCURV2iL-11-CURV2iLll*lDEL7d(KK~L~hl-VREFiL~Nll 
1FiCHECK.LT.O.lGO TC 4 2  
IKURV=2 
GO TO 4 2  

4 1  TKURV=O 
4 2  A L A M R = l . + C U R V 2 i L I * i O E L T A ( K K , L , h 1 - Y R F F ( C , h l ~  

S N T H E = S I N i T H E T P i L l l  
C S T H E = C C S l T H E T b i L l  I 
F A C = R R E F ~ L I + ( C E L T A ~ K K . L ~ N I - Y R E F ~ L L ~ ~  l *SNTPE 

F 3 = S Q R T l  l . +F l * *Z+F2+ tZ I  
CSPX=-F2 /F3  
CSPY=l. / F ?  
CSRP=-F 1 I F 3  
IFiIKURV.hE.11GO TO 4 5  
P L A M R = l . + C U R V 2 i L - l l * i O E L T P I K K v L ~ N I - Y R E F i L ~ h ~ l  
F2=iPCPX~KKILlh)+PYRPXlL~Nl)/ALAYB 
F3=SQRT i l .+F l * *E+F2* *21  

4 5  FHO=RiLIMrN1 
E N E P S = H ~ L ~ M ~ h l - I P i L ~ C ~ N I + i U ~ L ~ M ~ N I * * Z + V I L ~ V ~ N I * * 2 + W ~ L ~ M ~ N I * * 2 ~ / R i L  

l r M ~ N l l / R i L ~ M r N l  
CPLL GAS 
VNl=iCSBX*UiL,PrNl+CSBY*ViL~M,h)+CSBP*UiLChll/RiL~M~Nl 
V N 2 = i C S 8 X * U i L , M M 1 1 N l + C S B Y * V l L ~ M M 1 ~ h i l + C S B P * h i L , ~ M l ~ N l l / R i L ~ M M l ~ N l  
V N 3 = ( C S B X * U i L ~ V C 2 ~ N l + C S B Y * V l L ~ V M 2 ~ N I + C S B P * U ( L ~ M M 2 ~ N ) l / R i L t M M 2 ~ N l  
LG=L 
I F i I K U R V . E P . l I L C = L - 1  
I F ~ K K . E Q . ~ I A ~ ~ L ~ M I N I = P ~ L ~ M ~ N I  
I F ( K K . E C . ~ I A ~ ~ L I P ~ N I = V N ~  
P I I L , C l h ) = R i L v V . ~ ~ * S h D  
A 2 i L , Y ~ N l = A 4 i L ~ M ~ N ) + A 1 i L t P t N l * A 5 i L t M t N I - C T / l D E L T P i K K ~ L ~ N l * O Y ) * i F 3 *  
l i V h l + S N ~ l - P D P T i K K ~ L 1 N ) ) * ~ 5 r ( 3 ~ * P ~ L ~ M ~ N l - 4 ~ * P i L ~ P M l ~ N l + P i L ~ M M 2 ~ N l + A  
il(L,~,N)*(3.*VNl-4.*VFcZ+Vh3ll 

P 3 i L , M ~ h l = - D T * S N D * C U R V 2 l L G ~ / A L A M B * i S N D * V i L ~ M ~ N l - U i L ~ M ~ N l / R i L v M ~ N l *  
I i C S B Y ' * U 1 L l M t N 1 - C S B X * V i L v M , N I  1 I 

1FiL.EQ.LF)GC TO 4 6  
IF i IKURV.EP.1IGC TO 4 9  
I D 1 = l  a 1  

I M ~ N l l I / R l L P 1 ~ M ~ N l  
4 6  IFiIKURV.EB.21GG TO 4 9  

IFiL.EC.1)GC TO 4 7  
L P l = L - 1  
h l = k  
f 4=1. 
CO T f l  4 8  

4 7  L M l = 2  
h l = N F  
F4=-1. 

4 e  VN4=iF4*CSBX*UiLM1~P,N1I+CSBY*\IiLP1tM~N1l+CSBP*UiLMl~MtNll1/RiLMl~ 



I F i  IKURV.EP.ZlFS=- I .  
RADB=l. /CURV2iLGl+OELTAiKKtLtNl-YREFiLvNl 
RR2=RRl -RAOB*S IN lTHETAiL l  I 
X X Z = X X l - R A O @ * C C S I T k E T A ( L )  ) 
R A O C = S Q R T ( i R R 2 - P R 3 1 * * 2 + i X X 2 - X X 3 I * * 2 l  
IFiCURV2iLGI.GT.O.lF6=1. 
IFiCURV2iLG).LT.O.IF6=-1. 
CTPETA=F5*F6*AC@SiF6*iRAOB**2+RADC**2-RACb**2l/i2~*RAOB*RAOC~l 
lbETAA=THETAiL l+DTHFTA-THFTAIL l I  
I F i  IKURV. EQ. 1 I L Z = L - 1  
I F i I K U Q V . E Q . 2 1 L Z = L + l  
F7=iTWETAiLl-TbETAiLZl)/DTHETA 
CO TO 5 1  

5 3  T t F T A A = l H E T A ( L ) - T H E T A I L 1 1  
PAPR=l .  / C U R V 2 i L Q l + C E L T A i K K , L l , N l - Y R E F i L 1  , N l  
R A C C = R P t R * A R S ( S I N i T H E T 4 A I l  
F7=OX/RADC 

5 1  I F i F 7 . G T . l .  l F 7 = 1 ,  
U N E W = U i L l r M ~ N l * C O S i T F E T A A ) - V i L l ~ M ~ N l * S I N i T k E T A A )  
L N E ~ ~ U ( L l l M r N I * S I N i T b E T A A I + V i L 1 ~ P ~ h l * C @ S i T ~ E T A ~ ~  
V N N = i C S ~ X * U N E W t C S f l Y ~ V N E W + C S B P * h i L l ~ P , h I l / R i L l ~ P ~ N )  
U T X X = ~ U N E ~ - C S B X * ~ C S R X * U N E W + C S R Y * V N E W + C S B P * U ~ L ~ ~ M V N ) I I / R ~ L ~ ~ M ~ V )  
IF I I<URV.€Q.2 )GO TO 5 2  
CN5=VNN 
l T X 5 = U T X X  
CC! TT 4 6  

5 2  Vk4=VhN 
LTX4=UTXX 

5 4  1 P l = L + l  
L M l = L - 1  
1F iL .LT .LF IGC TO 5 5  

C I F ~ = P I L . M I N I - P i L M l t M . V l + A 1 i L ~ M ~ N ) 4 ( V h l - V h 4 1  
L T X ~ = U ~ L , M I N ~ / R ~ L , M . ~ I - C S ~ ~ X * V N ~  
C I F 3 = L T X I - U T X 4  
CO,TO 5 9  

5 5  F8=.5 
IFilKURV.EQ.1.OR. IKURv.EQ.2)F8=F7/1l1tF7) 
h l = N  
IFiL.NE.11GO T F  5 6  
h l = N F  
L C l = 2  

5 6  D I F ~ = F ~ * ~ P I L P ~ ~ M ~ N I - P I L M ~ ~ P ~ N ~ ~ + A ~ ~ L ~ P V N * V N V ~ ~  
C I F 3 = F 8 * i U T X S - U T X 4 )  

5 9  A 2 i L ~ M ~ k l = A 2 i L ~ M ~ N ) - O T * D I F 2 / i A L A M B * D X l * l U i L p M ~ N ~ / R i L v M ~ N l + C S B X * S N D  



I h P l ) ~ I / R I L ~ M r N P l ) * R l L ~ P ~ N )  
U T P 6 = I H I L ~ M r h M 1 ) - C S B P * I C S B X * U I L t M ~ h M 1 ) + C S B Y * V I L ~ M ~ N M l ~ + C S B P * U I L v M ~  

~ ~ M ~ ~ I ) / P ~ L v M ~ ~ M ~ ~ * R ~ L ~ M I N ~  
C A 2 = - ~ 5 * 0 T / R A C * ( H l L ~ M ~ N ) / R 1 L 9 M t N ) + C S B P o S N C ~ / 0 P P 1 * l P l L ~ M ~ N P 1 1 - P l L ~ M  

l vNM1)  + A ~ I L I M I N I * ( V N ~ - V N ~ I  
C ~ ~ = - D T * S N O / R A D * I S N D * I U T P ~ - U T P C I * I ~ / D P H I + I S N D * V I L ~ M ~ N ~ - U I L ~ M ~ N ~ / R I  

~ L ~ M ~ N ) * I C S B Y * ~ I L ~ M ~ N ~ - C S B P * V I L ~ M I N ~ ~ ~ * S I N I T P E T A I L ~ ~ + I S N O * U I L ~ M ~ N ~ -  
2 ~ l L ~ M ~ N ) / R l L v Y ~ N l * l C S B X * W l L ~ M v N ) - C S B P * U l L v P N ) ~ * C O S l T H E T A ( L ~ ) I  

6 4  P 2 1 L ~ M ~ N l = A 2 1 L ~ P l h l + C A 2  
b 3 l L s M ~ N l = A 3 l L v U r N ) + C A 3  

6 5  CCNTINUE 
LLC=2 

6 6  CCNTINUE 
LLC=1 
r 0  4 N=l ,kF 
bN=h 
PHI= lAN- l . ) *DPHI  
S N P H I = S I N ( P H I )  
CSPHI=CCSlPWI I 
CO ? L=LLOILF 
S N T h E = S I N l T + E T b l L I  ) 

1 F1=0. 
2  F 2 = l P 0 P X l K K 7 L , h ) + P Y B P X l L ~ h 1 ~ / A L A P B  

F3=SQRTI l .+F1**2+F2**2)  
CSRX=-F2IF3 
CSRY=I. I F 3  
CSBP=-FLIF3 
C S S H K = C S A X * C S R X + C S A Y * C S B Y + C S A P * C S E P  
E S = H ( L ~ P F ~ N l - l P l L , M F t N ~ + ~ 5 * l U l L ~ M F , N ) * * 2 + V l L ~ M F ~ N ~ * * 2 + U ~ L , ~ F , N ~ * * 2  

~ I / R I L , P F I N ) ) / R I L I M F , N I  
ITERU=4 
I F (  IGAS.EC.01 I T E R U = l  
nc 3 2  ITER=I.ITERU 
PHC=R (L,MF,NI 

ENERS=F S 
CALL GPS 
IFIITER.GT.1lGC TO 30  
F4=A1IL9M.N)  
F5=A21L1M.N)+A31L1M,hl 
GC TO 31 

3 3  1FlITER.FQ.ITERU)GO TO 3 2  
3 1  F 6 = l G A M ~ A - G A P M l / I G A ~ P A - 1 ~ l * P I N F / l F 5 - l G A M P - l ~ ~ / l G A M M A - I ~ ~ * P I N F - F 4 * C  

1cSWK I 

F10= l 2 . * l  l .+F6**31-?**F6*(  L+FC) ) *F4* t2+4 .  !*I 1.-F6**2l*lGAMM+l. ) * I  
lF5-F4*CSSHK~-4.5*l15.*GAMP+1~1-6~*GACP*F6+(GA~C-le)*F6**2)*PINF 

IFlF9.GE.l.E-C61GO 10 3 1 1  
FPINT ~ ~ O ~ B L K I ~ ) ~ K . L I M ~ N I F ~ ~ F ~ ~ C S S P K ~ C S B X ~ C S B Y , C S U P ~ F ~ ~ F ~ O  
CALL RESULT 
STEP 1 1 0 1  

3 1 1  F l l = .  5*F4*FlC/F9**1.5 
I F f A B S I  F l l ) . L E . l -  )GO TO 3 1 0  ~- ~ - .  - -  - .. 
PFINT ~ ~ ~ ~ B L K ~ ~ ) ~ K I L ~ M ~ N ~ F ~ ~ F ~ ~ C S S H K ~ C S B X ~ C S B Y ~ C S B P ~ F ~ ~ F ~ O ~ F ~ ~  
CALL RESULT 
STOP l l C 2  



3C0  PDPXIKKKvL~k)=POPX(KKtL,NI 
POPPH(KKK.L,h)=POPPH(KK~L vNI 

3 CCkTINUE 
LLC=2 
IF(N.EP.1lGO TC 4 
R I ~ , M F I N I = R ( ~ ~ M F ~ ~ ~  
LI1.MF9N)=U(llPF11)*CSPHI 
V ( l t M F ~ h 1 = V I l ~ M F v 1 ~  
kllrPF~N)=-U(ltMFtll*SNPHI 
P I ~ ~ M F V N ) = P ( ~ ~ V F I ~ I  
l - l l ~ M F ~ h l = H l l ~ M F ~ 1 ~  
CELTAIKKK71rh)=DELTA(KKK.lrl) 
P O P T ( K K K ~ l r N l = P O P T I K K K ~ l i l I  
IFIKK.EC.1)GO TC 40C 
P O P X ( K K K , l , N l = P D P X I K K K t l r  11 
F O P P H ( K K K ~ ~ ~ N ) = P D P P ~ ~ K K K ~ ~ ~ ~ ~  
GO 10 4 

407 PCPX(KKKllrNI=POPX(KK~ltNI 
FOPPH(KKKllrhl=PDPPH(KKlllhl 

4 CONTINUE 
1FIKK.EC.Z)CALL SLOPE 
RETURN 
FkD 



SURROUTINE SLOPE 
CCMMON I G A S I I S N O ~ J ~ K I K K . K U R V E ~ ~ K U R V E ~ ~ K U R V E ~ , K U R V E ~ , L F ~ M ~ M F , M M , N , N  

2 ~ ~ C 2 A l 1 7 ~ 3 r 9 1 ~ C 3 A l 1 7 ~ 3 ~ 9 ~ ~ C 4 A l 1 7 1 3 ~ 9 l v C 5 A l l 7 ~ 3 ~ 9 l ~ C l A O l 4 ~ 3 ~ 9 1 ~ C 2 A O  
~l4r3~91rC3AC(4r3~9IrC4AO(4~3~9l~C5ArJ(4r3~~l 

CCMMflN C 1 A l 1 7 ~ 3 l 1 O 2 A ~ 1 7 ~ 3 l I O 3 A l l 7 ~ 3 ~ 7 C 4 A ( 1 7 r 3 ) r D 5 A ~ l 7 ~ 3 l ~ C U R V 2 l l 7 l  
l r T H E T A l 1 7 l . R R E F l 1 7 l 1 X R E F ( 1 7 l ~ Y R E F l 1 7 ~ 9 l ~ P Y B P X l l 7 ~ 9 1 ~ P Y R P P H ~ l 7 ~ 9 l ~ O  
2 E L T A l 2 ~ 1 7 ~ 9 ~ ~ P O P T ~ 2 ~ 1 7 ~ 9 l ~ P O P X l 2 t 1 7 ~ 9 I ~ P O P P H l 2 ~ l 7 ~ 9 l  

CCMHON A A A l 5 r 5 l r A A f l l 5 l ~ B 1 d l 3 l t B 2 A l 3 I ~ B 3 A l 3 1 r B 4 A ( 3 ~ ~ B 5 b l 3 l ~ R R X F l 5 l ~  
l Y R X F I 5 l  ~ C T ~ T I C E I I Y R F F C ~ I Y R E F ~ ~ I Y R E F ~ ~ ~ V R E F ? ~ I Y R F F ~  

C C M M C N / E R R O R / E R ( 1 2 l r B L K ( 1 2 1  
1FIK.EQ.OlGC TO 1 
KKK=)-KK 
GO TO 2  

1 K L K = I  
2 CC 1 3  N = l t N F  

CO 1 2  L = l r L F  
C C  6 I L C = 1 . 5  

PRXFI  I L Q l = R R X F l I L Q P l l  
XRXFI  I L O I = X R X F l I L C P 1 1  
CO TO 6 

3  IF(LLQ.CT.LFIGC T O  5 
IF(LLQ.LT.1IGO TO 4 
h l = N  
F  l o o =  1. 
GO TO 40 

4 L l = N F - N + 1  
LLQ=2-LLQ 
FlOO=-1. 

43 FRXF I I L Q I = R R E F l L L Q I + ( D E L T b  lKKK.LLQtN1  I - Y R E F L L C N l  * S I N T H E T A L L Q  . 
1 1 1  

FRXF( I L C I = F l O O * R R X F I I L Q l  
XRXFlIL9l=XREFILLQ~+IDELTblKKKrLLQ~N1~-YREFILLQrN1) )*COS I T H E T A I L L O  

1 1 )  

C C  TO 1 2  
11 h P l = N + l  

I F I N P l . ~ T . N F l N P l = N F - 1  
IF INF .LE .Z lNP l=N  
hM l=N-1  
I F ( h P I . L T . l I h M 1 = 2  
IF(NF.LE.ZINMl=N 
PCPPH1KKK.L.N 1= .5 * IOELTA lKKK,L tNP l  I - O E L T b l  K K K . L v N M l ) l  / f l P H I  

1 2  C C h T I h U E  
1 3  CCNTINUE 

FETURh 
END 



SUBROLTINE STPRT 
COMMON I G A S r I S h C 1 J , K ~ K K ~ K U R V E l ~ K U R V E 2 t K U P V E 3 ~ K U R V E 4 ~ L F , M , M F ~ ~ M ~ N ~ N  
I F ~ L L D ~ O E N S O I V E L O ~ K P ~ K P P t K F ~ L H I ~ L C O F N  
CCPMON P L P H A I B S I C S A L P I C U R V E I v C U R V E i t C U R V E 9 ~ C U R V F 4 ~ C U R V E 5 ~ C X O ~ D P H I ~  
l D T t O X ~ D Y ~ E I N F ~ E h E R S ~ E P S I t G A P P ~ C A P C A ~ P I N F ~ P C I N ~ ~ H @ ~ R S ~ S N A L P ~ S N O ~ X O ~  
i Y R E F O I Y R E F l r Y R E F 2 t Y R E F 3 t Y R E F 4  

COCCGN All17t6r91~A2I17r6r9l~A3l 17161911A4117r6r9l~A5l17~6~9l * H I  1 7  
l l 6 r 9 l r P l 1 7 t 6 ~ 9 l r R l 1 7 ~ 6 ~ 9 l t U l l 7 ~ 6 ~ 9 l ~ V ~ l 7 ~ 6 ~ 9 l ~ W l l 7 ~ 6 ~ 9 l ~ C l A l l 7 ~ 3 ~ 9  
2 1 r C 2 A l 1 7 ~ 3 ~ 9 l ~ C 3 P l 1 7 ~ 3 t 9 I ~ C 4 P l 1 7 ~ ~ t 9 I t C 5 P l l 7 ~ 3 ~ 9 l ~ C l A O ~ 4 ~ 3 ~ 9 l ~ C 2 A f l  
?14r3~91rC3Af14r3r91~C4A014t3t91~C5PO14~3~~l 

COYMON C 1 A ~ 1 7 ~ 3 1 r O 2 A l 1 7 ~ 3 1 ~ D 3 A l 1 7 ~ ? I t D 4 A l 1 7 ~ 3 l ~ D 5 A l l 7 ~ 3 l ~ C U R V 2 l l 7 l  
l ~ T H E T A ~ l 7 l r R R E F l 1 7 l ~ X R E F l 1 7 l t Y R E F l 1 7 ~ 9 ~ r P V B P X ~ l 7 ~ 9 l ~ P Y 8 P P H l l 7 t 9 l ~ D  
iELTAl2r17~91~PCPTl2rl7r9l~PDPXl2t17t9ltPDPPFl2t17t9l 

CCVMON A A A l 5 ~ 5 l ~ A P ~ l 5 l ~ B 1 P l 3 l ~ B 2 A l ? I ~ B 3 A l 3 l ~ B 4 P l 3 l ~ P 5 A l 3 l ~ R R X F l 5 l ~  
1 X R X F l 5 l r C T ~ T I M E ~ I Y R E F C ~ I V P E F l ~ I Y R E F 2 ~ I Y R E F ? ~ I Y R E F 4  
CCMMCN/ERROR/ERl12ltBLKl12I 

903 FCPMATI* SUeROUTlNE S T A R T * , l A 6 . 4 1 5 / I B E 1 6 . 8 ) 1  
PMF=MF 
AhF=NF 
IFINF.EC.lIAhF=Z. 
CY=l./IAMF-1. I 
CPHI=3 .141592E54 / lAhF-1 .  I 
FINF=PIhF/ lGAMPA-1.1 
LCCRN=O 
LHI=O 
TIME=C. 
DO 1 L = l , L F  
IFIL.LT.KURVElICURV2lLI=CURVEl 
IFlL.GE.KURVEl.AND.L.LT.KURVE2ICURV2lLI=CURVE2 
IF IL.GE.KURVE2.AND.LeLT.KURVE3ICURV2IL1=CURVE3 
IFlL.GE.KURVE3.AND.L.LT.KURVE4lCURVZILl=CURVE4 
IFlL.GE.KURVE41CURVZILl=CURVE5 

1 CChTlNUE 
ThETA( 1 I=O.O 
F R E F I l I = O .  
XREF I 11 =YREFO 
TC 3 L = Z r L F  
LMl=L-1 
T ~ E T A ( L 1 = T H E T A l L M l I + C U R V Z l L M 1 1 * D X  
IFlARSlCURVZlLMl1l.GT~1~E-C9lGC TO 2 
PREF(Ll=RREFlLPl)+COS(THETAlLl1*DX 
XREFILI=XREFlLMll-SIN(THETPlLll*DX 

GO TO ? 1  
2 RREFlLI=RREFlLY1I+lSIhlTHETAlLll-SINlT~ETAlLMllll/CURV2lLMll 

XRFFILl=XREFlLP1l+lCOSITHETAlLll-COSlTHETAlLMlll~/CURV2lLMll 
31 F9Q=AESIl.-YREFC*CURV2lLMlI 1 

IFlLCORh.hE.OlGC TO 30 
IFIF~9.LT.l.E-C61LCORh=LMl 
GO TO 3 

30  IF ILHI .hE .OIG0 TO 3 
IFlF99.EE.l.E-CCILHI=L 
IFIL.EQ.LFlLHI=99 

3 CONTINUE 
CC 5 k = l , N F  
AN=N 
P H I = (  bN- l . I *DPFI  
CO 4 L= l .LF  
YREFIL,NI=YREFC 

4 CCNTIkUE 
5 CONTIhUE 

C O  1 2  N=l.NF 



Z N A L P = S I N I b L P H A I  
CSALP=COSIALPHAI 
CC 1 8  h=l .NF 
bk=N 
P H I = (  AN- l . I *CPCI 
Z N P H I = S I N l P H I  I 
CSPHI= -COSIPHI )  
CO 1 7  L = l r L F  
S N T H E = S I N I T H E T A ( L ) I  
C S T H E = C C S I T H E T A ( L I I  
Rl=RRFFIL ) -YREFlL .N l *SNTHE 
Xt=XREF(L)-YREF(LrN)*CSTHE-YREFO+YREF(l.ll 
Fl=CSTPE*SNALP-SNTBFtCSPHI*CSALP 
F2=CSTtE*CSALP+SNTHE*CSPHI*SNALP 
F3=Rl*CSTt-E- I  X l+XOl*SNTHE 
F4=lRS-eS*CXCl*CSTl 'E 
F5=SNPH 1**2+CSPH1**2*lCSALP**2+BS*SNALP**Z 
F6=F1**2+lSNTtE*SNPHIl**Z+BS*F2*+2 
F7=F2*F4-llFl*CSALP-F2*BS*SNALPl*CSPHI-ShTtE*SNPHI**2)*F3 
F8=F3**2*F5+2.*F3*F4*CSPHI*SkALP-(RS*CSTtE+F4l*CXO*CSTME 
IF lABSIF6 l . LT . l .E -09 )GO TC 1 3  
F9=SQRT I A 8 S l  F7**2-F6*F81)  
IFICSTHE.LT.O.lF9=-F5 
X Z = I F 5 - F 7 l / F 6 - X 0  
CO TO 1 3 0  

1 3  XZ=-.5*FB/F7-X0 
1 3 3  IF lARSICSTtE I .LT . .O l lGO TC 1 4  

RZ=R l+SNTbE* I  X2-X1 l /CSTHE 
t o  TO I t  

1 4  FlO=SNPHI**2+lCSPHI*CSALPl**2+BS*lCSPBI*ShbLPl**2 
F11=lRS-l~l*lX2+XO)*CSPHI*SNPLP*CSALP+~RS-BS*CXO~*CSPHI*SNALP 
F12=lXZ+XOl**2*~SNALP**2+@S*CSPLP**2l+2.*lRS-BS*CXOl*~X2+XOl*CSALP 

1-2.*RS*CXO+BS*CXO**Z 
IFIABSIF10).LT.l.E-C5IGO TC 1 5  
F13=SQRTIABS(  F I l * * Z - F 1 0 * F 1 2 ) )  
R 2 = 1 F 1 3 - F l l l / F 1 0  
CO TO I t  

1 5  R 2 = - . 5 * F 1 2 / F l l  
1 6  CELTAll~L~NI=SCRT(lX2-Xll*t2+~R2-RlI*tZl 

CELTA(2 .LvN I=DELTA l  1 v L 1 N t  
F D P T I l v L v h l = O .  

1 7  CONTINUE 
1 8  CONTIhUE 

K=O 
CALL SLCPE 
CSRDMX=O. 
L L o =  I 
1)O 2 2  N=l,NF 
PN=N 
FHI ' IAN- I . l *CPHI  
I N P H I = S I N l P H I  I 
CSPHI=COSlPHI  I 
CO 2 1  L = L L O v L F  
S N T H E = S I N ( T H E T A l L I  I 

CSBX=-F15 /F16  
CSBY=l./F16 
CSRP=-F 1 4 / F 1 6  
C S S H K = C S A X * C S 8 X + C S A Y * C S B Y + C S A P * C S B P  
lFlC.SSHK.LE.-1.E-O61GC TO 2 0 1  
PRINT  ~ O ~ ~ E R I ~ I ~ K ~ L ~ P F I N I C S S H K  
K=-1 
CALL RESULT 
STOP 1 3 0 1  



PRINT  ~ O O ~ E R ~ ~ ~ ~ K V L I C F I N I R ~ L ~ M F ~ ~ I  
K=-1 
CPLL RESULT 
5 T r P  1 3 0 2  

212 L ( L I Y F ~ N l = R ( L ~ C F ~ N l * i C S A X - C S S H K * C S B X l + C S S P K * C S B X  
V i L ~ M F r N l = R i L I M F ~ N 1 * i C S A Y y C S S H K * C S e Y l + C S S H K * C S B Y  
k(LtMF~hl=RiLICF~Nl*iCSAP-CSSHK*CSePl+CS$HK*CSPP 
F ~ L I M F ~ ~ ) = P I N F + C S S H K * * Z * ~  I ~ - ~ . / R ( L ' I M F I N I  I 
F ( L I Y F s N I = . ~ + G P P M A / ~ ~ A ~ M A - ~ ~ I * P I N F  

2 1  CONTINUE 
LLC=2 
IFiN.EO.1lGC TO 2 2  
R i l ~ M F r N l = R i l t M F ~ l l  
L ~ ~ ~ M F I N I = U ( ~ ~ F F ~ ~ I * C S P H I  
V i l r M F ~ N l = V i l , P F ~ l l  
k(lqMF~hl=-U(lrMF1ll*SNPH1 
P ~ l r M F ~ h I = P i l r P F ~ l l  
~ i l r M F t k l = H i l r M F t l l  

2 2  CChT INUE 
F17=1.+PIhF 
F 1 8 = 1  .+2.*GAMYb/iGAPMA-1. I * P I N F  
F 1 9 = S Q R T i F 1 7 * * 2 - i l . - 1 ~ I G A I r P * * 2 l * F 1 8 1  
F N S = i G A P M + 1 . I / i G A M M * i F 1 7 - F 1 9 l l  
FhS=PINF+l.-1. IRNS 
AMSO=l. /(GACC+RhS*FNS I 
FXPC=GAFM/lGACP-1.1 
F20=1.+.5*iGAMV-l.l*ACSQ 
FNST=PNS*FZO**EXPO 
EXPC=EXPO/GACM 
RNST=RNS*FZO**EXPO 
FNST=GAMMIiGPCM-1. I *FNST/RNST 
EXPO=I. IGAYM 
CO 27 N = l r N F  
Ph=N 
P H I = i A N - l . l * D P H I  
S N P H I = S I N i P H I  I 
C S P H I = c O S i P H I  1 
CO 2 6  L = l r L F  
S N T H E = S I N i T H E T I i L l l  
C S T H E = C O S i T H E T A l L I l  



~ I L ~ M r N ~ = I G b M M I I G A H M ~ 1 ~ I * P I L t M t N I + ~ 5 * I U I L ~ M ~ N I * * 2 + V I L ~ M ~ N I * * 2 + U I L ~  
l P r N l * * 2 l I R ( L ~ C ~ h l l I R l L 1 M ~ h l  

2 5  CONTINUE 
26  CChTINUE 
2 7  CONTINUE 

PETURN 
EN0 



SUBROUTINE TRAhSC 
CCMMON I G P S ~ I S N C I J ~ K ~ K K . K U R V E ~ ~ K U R V E ~ ~ K U R V E ~ ~ K U R V E ~ ~ L F , M ~ M F ~ W M ~ N ~ N  

I F  t L I O I D E N S O t V E L C ~ K P t K P P ~ K F . L H I ~ L C O R N  
COMMON P L P H A . B S ~ C S A L P ~ C U R V E l ~ C U R V E 2 . C U R V E 3 ~ C U R V E 4 ~ C U R V E 5 ~ C X O ~ O P H I ~  
l C T ~ O X t C Y t E l N F t E h E R S ~ E P S I t G A H C ~ G A P M A ~ P I N F ~ P U I N ~ R H O ~ R S t S N A L P ~ S N ~ ~ X O ~  
i V R E F O t Y R E F l r Y R E F Z r Y R E F 3 Y R E F 4  

CCMMCN b 1 l 1 7 ~ 6 r S l r A 2 l 1 7 ~ 6 ~ 9 ) r A 3 l 1 7 ~ 6 ~ S l ~ A 4 l l 7 ~ 6 t 9 ~ t A 5 l 1 7 ~ 6 ~ 9 ~ ~ H l l 7  
l r 6 ~ 9 ) r P l 1 7 t 6 ~ S ) r R l 1 7 ~ 6 t 9 l t U l 1 7 ~ 6 ~ 9 ~ t V l 1 7 ~ ~ ~ 9 l ~ U l l 7 ~ 6 ~ 9 l ~ C l A l l 7 t 3 ~ 9  
i ~ ~ C 2 A l 1 7 r 3 ~ 9 l r C 3 A f 1 7 ~ 3 t 9 ~ t C 4 A l l 7 ~ 3 ~ 9 ~ ~ C 5 ~ l l 7 ~ 3 ~ 9 ~ ~ C l A O l 4 ~ 3 ~ 9 ~ ~ C 2 A O  
3l4~3~91rC3A0l4r3t9l~C4AO(4t3t9~tC5POl413~~l 

COCCON C l b l 1 7 , 3 ~ ~ O 2 P l 1 7 ~ 3 l t O 3 A l 1 7 ~ 3 ~ ~ C 4 P l 1 7 t 3 l ~ O 5 A l l 7 ~ 3 ~ ~ C U R V 2 l l 7 ~  
I ~ T H E T P ( 1 7 1 ~ R R E F l 1 7 ) 1 X R E F l 1 7 l ~ Y R E F l 1 7 ~ S l ~ P V 0 P X ~ l 7 ~ ~ ~ t P V B P P H ~ l 7 ~ 9 ~ t O  
i E L T A l 2 ~ l 7 r 9 l ~ P O P T l 2 ~ 1 7 ~ 9 I ~ P O P X l 2 t 1 7 ~ 9 l t P C P F H ~ 2 ~ l 7 ~ 9 ~  
COMMON A A P l 5 r 5 1 1 A A B ( 5 l ~ B 1 A ~ 3 l t B 2 A l 3 ~ ~ B ~ A l 3 l ~ B 5 A ~ 3 l ~ R R X F l 5 l ~  
1 X R X F l 5 ) ~ C T t T I H E ~ I Y R E F C ~ I Y R E F l t I V R E F 2 ~ I Y R E F 3 ~ I V R E F 4  
C C M M C ~ I E R R O R / E R I ~ Z ~ I B L K I ~ Z I  
I J = J - 1  
LLC=1  
CO 3 N = l + N F  
CO 1 L=LLC.LF 
C l A I L 1 J 1 N I = C l A l L , I J I N )  
C 2 P I L .  J . N I = C 2 b l L v  I J I N )  
C 3 b l L 1 J , N I = C 3 P I L ,  I J I h )  
C 4 A l L I J 1 N l = C 4 A ( L I I J I h )  
C 5 P l L , J , N ~ = C 5 P l L . I J I h )  

1 CCNTlhUE 
LLC=2 
IF IKURVE1.6E .LF IGC T C  3 
IF IKURVE1.LT .LF lJJJH=l  
IF IKURVE2.LT .LF lJJJH-2  
IF (KURVE3.LT .LF IJJJH=3  
IF lKURVE4.LT .LF lJJJH*4  
00 2 J J J = l , J J J H  
C l A O l J J J ~ J ~ h l = C 1 A f l l J J J t I J ~ N l  
C ~ P O I J J J ~ J ~ ~ ~ = C ~ A O I J J J ~ I J I N I  
C 3 A C ( J J J ~ J l h l = C 3 A O l ~ J J ~ I J t h l  
C ~ ~ O I J J J I J I ~ ~ = C ~ A ~ ~ J J J ~ I J ~ ~ I  
C ~ P C I J J J ~ J ~ ~ ~ = C ~ A O I J J J I I J ~ N )  

2 CCNTINUE 
3 CCkTlhUE 
4 RETURN 

€hO 





APPENDIX C 

SAMPLE OUTPUT 

In this appendix, the output for the calculation described in appendix B is given. This solution was calculated in 

10 minutes on the CDC 6600 digital computer. 

TYPE OF FLOM 

GKIO 

REFERENCE-SURFACE PROFILE 

CURVE 1= 5 .70435310E-01  CURVE2= 1 . 6 5 8 2 4 5 1 0 € + 0 0  CURVE3= 0. CURVE4= 1~OOOOOOOOF+30 CURVE5= 1 .03330000E+00 

XREF(LI=  5 .53047160E-01  
XREF1 L ) =  5 .47382856E-01  
XREFI L I= 5.30426548E-01  
XREFIL)=  5 . 0 2 2 8 7 8 l l E - 0 1  
XREFIL)=  4 .63148486E-01  
XREF(L)= 4 .13261499E-01  
XREF(L)=  3 .43511075E-01  
X R E F ( L I =  2 .47369793E-01  
X R E F ( L ) =  1.30066829E-01 
XREFI L I =  -2 .01764858E-03  
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