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FOREWORD

Y The major computational computer programs described ain this manual
were developed by NASA/Ames Research Center personnel. The Finite-Volume
Unsteady Blunt-Body program and the Finite-Difference Shock-Capture pro-
gram were each coded in the CFD language by aAmes personnel for use on the
ILLIAC IV computer. The Finite-Volume Steady Blunt-Body program was
coded 1in FORTRAN by Ames personnel and then translated into CFD by the
authors of this manual. The Coordinate Transformation Interface program
was also developed by the authors to allow the main space-shuttle programs
to be run in sequence, All CFD coded programs have been translated back
into FORTRAN by the CFDX translator for the CDC 7600 at Ames.**

The assistance and cooperation of the Technical Monitor, Dr, Harry E.
Bailey, in providing access to the programs and data needed to accomplish
the task of combining the required programs tc develop a complete space-
shuttle computation method is gratefully acknowledged. The assistance of
Dr. Walter Reinhardt, Mr, William Davy and Mr, John Rakich in developing
the interfaces between the various programs 1s also gratefully acknowl-
edged,
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USERS MANUATL: FOR SPACE-SHUTTLE

COMPUTER PROGRAMS

By Gary D, Kuhn, Frederaick K. Goodwiln
and Stanley C. Perkins, Jr.
Nielsen Engineering & Research, Inc.

INTRODUCTION

The purpose of this report is to describe and present instructions
for using the computer programs developed by NASA/Ames Research Center
personnel for calculation of the flow field about space-shuttle vehicle
(88V) configurations (refs. 1 to 3). The programs as described in this
report are coded in FORTRAN for the CDC 7600 computer. The main programs
and most subroutines are in a form resulting from translation from the
special FORTRAN-like language (CFD)} developed at NASA/Ames Research
Center for use on the ILLIAC IV computer. The use of the CFD language
results 1n a FORTRAN code which is more efficient when run on the CDC 7600
than the pure FORTRAN code in which the programs were originally developed.
However, the FORTRAN code as tranglated from the CDC language may prove
difficult to read., A few subroutines such as input and output routines
and a subroutine for calculating the body geometry have been coded directly
in FORTRAN so that these programs cannot be run as they exist on the ILLIAC
IV computer, The programs could be run, with minor mod:fications, on
other serial processing computers such as the IBM 360 or other computers
with sufficient memory capacity. The largest of the five programs requires
approximately 650,000 octal words (220,000 decimal woxrds) of core storage.
A total of seven permanent tape or disc files are regquired by the programs

for input and output in addition to punched card input data,
The programs described in this report are:

l. Finite-Volume Time Marching Code (FVTM)
(ref. 1)

2. Finite-Volume Space Marching Code (FVSM)}
{ref. 2)

3. Finite-Difference Space Marching Code {FDSM)

(ref. 3) .
4, Streamline Coordinate Metric Coefficient Code (CHAODS)

(ref. 4) -
5. Coordinate Transformation Interface Code (CTI)



The first program provides starting conditions for the second program
which in turn provides starting conditions for the third program. The
fifth program transforms the results of the first two programs into the
coordinate system and computational mesh required by the third and fourth

programs.

The next sections of this report will describe in more detail the
general use of the programs and then present instructions for preparing

the input data and interpreting the output
DESCRIPTION OF PROGRAMS

Because of the rather complicated nature of the flow about the space~
shuttle vehicle, several individual codes have been developed rather than
one overall code in order that the several different regions of the flow
which occur can be handled with numerical efficiency. The three regions
of applicability of the programs described in this report are shown in
the sketch below.

@ @ wu>1

M>T
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The individual programs listed previously will now be described briefly.

Finlte-Volume Time Marching Code

This program 1s based on a second-order accurate, time-dependent,
finite volume numerical algorithm that solves the unsteady f£low equations
for a perfect gas or a chemically reacting flow in integral conservation
law form {(ref 1). The program is used to determine the structure of the
flow field and the distribution of chemical speciles i1n the region of the
blunt nose of the vehicle it carries the calculation through the sub-~
sonic portion of the field and continues to points just beyond the sonic
surface where 1t terminates. This code 1s applicable to a variety of
blunt-body shapes and flows at supersonic Mach numbers up to 22 and
angles of attack up to 40°,  The computational mesh for the program is

determined by a series of nested cones as shown in figures 1 and 2. The
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surfaces defined by the cones shown in figure 1 are intercepted by a

plane rotated about the cone axis in specific angular increments as shown
in figure 2. Fanally, a third set of surfaces which divide the region
between the body and the shock into a specific number of layers produces

a set of finite volume hexahedra to which a finite-difference computational
scheme 1s applied to solve the flow eguations in integral conzervation

law form. The flow field 1s calculated as the asymptotic solution of an

unsteady flow started from arbitrary initial conditions.

Finite-Volume Space Marching Code

The second code 1s based on a second-order accurate, steady, hyper-
bolic finite-volume algoxathm that solves the flow equations in integral
conservation law form for supersonic flow (ref. 2). This code uses
initial data determined by the previous program which are supplied on a
curved surface Just downstream of the sonic surface (fig. 3). The basic
computational surface is circular conical as for the previous program,
defined at each step of the calculations by the location of the apex of
the cone, the cone vertex angle and the cone axis orientation with the
body axis. In the present version of the program, the location of the
apex of the cone is held fixed while the cone vertex angle, 0, 1ncreases
monotonically toward 90° and the axis orientation angle, 8, approaches
zerc so that at the final step the surface degenerates into a plane

normal to the body axis

Finite-Difference Space Marching Code

The thaird program is based on a second-order accurate, hyperbolic,
finite~difference algorithm that solves the flow equations for a perfect
gas or a chemically reacting flow in differential conservation law form
for supersonic flow (ref., 3) This program accepts initial data from

the previous program on a plane noxrmal to the body axis and then carries
the calculation back over the remainder of the vehicle cor until the Mach

number becomes less than one in the marching direction (fig. 4). The
governing equations are solved between the body and the outer most shock
wave which 1s treated as a sharp discontinuity. Secondary shocks which

form between these boundaries are captured auvtomatically.

Streamline Coordinate Metric Coefficrent Code

The fourth program 1s based upon the partial differential equations

relating the metric coefficients for the three-dimensional streamline



coordinates to body geometry and the three-dimensional inviscid solution
Consequently, this program requires input data from all of the previous
three codes. It determines the surface streamlines and then by using the
axisymmetric analogy, estimates the heat transfer to the vehicle (fef. 4).
This program 1s not described in detail in this users manual, However, a

list of the punched card input required is included in the Appendix.

Coordinate Transformation Interface

A fifth program 1s used to transform the data from the first two
programs to the coordinate system and computational mesh reguired by the
third and fourth programs. The program employs linear i1nterpolations of
the data of the first two programs to cbtain data at user-specified axial
stations and equispaced values of the meridional angle, ¢, and the radius,
r (fig. 4). The data on the body surface are adjusted to satisfy the
conditions of constant total energy and flow tangent to the surface. No
attempt 1s made to maintain the surface entropy at a constant value for
the pexrfect gas case,

4

PROGRAM ORGANIZATION

In this section, the general organization of the program will be
described Specific information on data required for znput and data

developed for output will be described in subsequent sections.

A general flow chart of the overall program organization is shown in
figure 5. Each program requires some punched card input and some input
data from disc or tape data files, Each program in turn produces new
disc or tape data files, and printed output.

Program 1 (FVTM) requires, 1nitially, data from cards describing
the free-stream conditions and the computational mesh., In addition,
input are reguired describing the vehicle geometry. It is most expedient
to store the geometrical input data on a separate disc file since the
same data are required by program 2 and by the interface program. The
specific construction of this file will be described 1in a subsequent
gsection, Program 1 preoduces as output lists of the appropriate flow
field quantities plus a disc or tape data file (data file 1, PI1DATA)

which has three possible uses.



1. To restart program 1 for continuation of an unfinished calculation.
2, To start program 2 (FVSM)

3. As input to the interface program (CTI)

Program 2 requires some card input data describing certain print
options, certain output options, and tellaing the program whether it is
starting from program 1 or continuing an unfinished calculation. Program?2
also requires the same geometry input f£ile as did program 1. Program 2
produces printed output and two data files. One file (data file 2, P2RS)
is used to restart program 2 ain case of premature termination, That file
1s replaced every tenth step of the integration, The other file (data
file 3, P2DATA) is used by the interface program both for producing a .
combined file from the results of programs 1 and 2 for the entire nose
region and to produce a data set to start program 3. Data file 3 con-
sists of the flow variables, chemical species concentrations, computational
mesh coordinates and certain parameters for every tenth step of the inte-
gration. The interface code transforms the accummulated data from pro-
grams l and 2 to a body-axis oriented cylindrical coordinate system and
intexpolates the data to planes normal to the body axis at specified
axial locations. The program then produces a data file (data file 4,
CHAOS) to be used by program 4, the steamline metric program, and another
(data file 5, BBDATA) for program 3, the steady shock-capture code Pro-
gram 3 continues the calculation from where program 2 terminated, calcu-
lating downstream over the remainder of the vehicle. Program 3 produces
a data file (data file 6) to be used to restart i1n the case of a premature
termination, Data file 6 1s not produced in a form that is i1mmediately
capable of being used by program 4 To do so will reguire development of
an interface program to convert the data to that required by program 4 as
1s done by program 5 for the data of programs 1 and 2,

INPUT TO THE PROGRAMS

Tabular Form

The input data required for calculating the flow field about a space-
shuttle vehicle consists of several punched cards containing parameters
describing the free-stream flow conditions, the computational mesh, and
certain opticns that are available in the programs. A dictionary of the
input data 1s presented in the next section, The data required to describe
the body geometry are included since the data must be prepared on punched
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cards and then loaded on a disk or tape file for use by the programs.

Figure & shows the input variables as they are to be punched on the data

cards for each program Further explanation of the proper preparation of
input data 1s given in the section "SPECIAL INSTRUCTIONS FOR PREPARING

INPUT DATA."

Dictionary of Input Variables

The variables required for input on punched cards are defined in
this section in the order in which they are required Additional details

on the format of the punched data are given in figure 6.

Program 1 (FVTM)
DISKIN logical variable indicating whether input 1s from disk

file (T) oxr cards (F)

DISKOT logical variable indicating whether an output disk
file 1s to be written (T) or not (F)

NDEND integer indicating the number of iteration steps to be
computed 1n present calculation

NPRNT integer indicating whether final flow field results
are to be printed
0 - no
1l - yes

NPRT integer indicating whether 1nitial computatiocnal mesh

parameters are to be printed

0 - no
1l ~ vyes
NEND integer indicating number of iteration steps to be

calculéted in first calculation

IE integer, total number of latitudainal mesh points,

maximum l1é

JE integer, total number of shock layer mesh poants,
maximum 192/1IE

KE integer, total number of meridional mesh points,

maximum 20

JSHK integer indicating location of shock, usually
JSHK = JE-2



NGAS integer indicating type of gas being calculated
NGAS = 0, noneguilibrium air

= -1, perfect gas

RMACH free-stream Mach number, M

PINF free-stream static pressure, dynes/cm®

RINF i free-stream density, gm/cm®

GAMMA free-steam ratio of specific heats, V

Sb0 inatial estimate of shock standoff distance, nose

radii (fig. 7), see "SPECIAL INSTRUCTIONS FOR
PREPARING INPUT DATA"™

c2,83 parameters describing shock shape, see "SPECTIAL
INSTRUCTIONS FOR PREPARING INPUT DATA:

ALPHA angle of attack, degrees

For information on how +0 determine the following input quantities for
program 1, see "SPECIAL INSTRUCTIONS FCR PREPARING INPUT DATA"

ZFOCNL axial location of vertex of largest cone of computa-

tional mesh, nose radii (fig. 7)

THWL angle between the free-stream velocity and the wind-
ward intersection of the largest cone of the computa-

tional mesh with the pitch plane, degrees {fig. 7)

THLL angle between the free-stream velocity and a line
drawn from the axial location of the first computa-
tional mesh cone vertex denoting the point of inter-
section of the leeward limit of the computational
mesh with the body, degrees (fig. 7)

RBX axial location of first mesh cone vertex, nose radii
{f1g. 7)

Program 2 (FVSM)

NRSTRT integer indicating scurce of input data
0 - data are obtained from the file produced by
Program 1 (FVUBB, data file 1)

1 - data are obtained from the restart file produced

by program 2 (data file 2)



NPFLOW, NPAREA
NPXYZ ,NPFLUX

DTHETP?

Program 3 (FDSM)
GRFCS

MODIN, LTIN,
MODOUT , LTOUT

integers indicating whether output is to be printed
for flow variables, mesh areas, mesh coordinates and
fluxes, respectively
0 - no output printed
1l - cutput prainted

angular interval for output, degrees

logacal variable indicating whether CRT display 1s to

be used.

FALSE - no

TRUE - vyes

Note® The present version of program 3 does not
include the capability of employing the CRT
display so the variable GRFCS should always
be ainput as FALSE

integers indicating input and output mode, source of
input data and disposition of output data. MODIN,
MODOUT, LTIN and LTOUT are used to control the

following options-®

MODIN = 1, LTIN = 1 read from disk, logical unit 20

MODIN = 1, LTIN = 2 read from disk, logical unit 21

MODIN = 1, LTIN = 3 read binary version of file
"BBDATA"

MODOUT = LTOUT = 1 write on disk, logical unait 20

MODOUT = LTCUT 2 write on disk, logical unit 21

2,
2,
MODIN = 3 read cards, unit 31, LTIN ignored
4
5

MODOUT punch cards, unit 30, LTOUT ignored
MODOUT write on disk, unit 22, LTOUT ignored,

continueous storage of results
MODIN

n
)]

LTIN = 0 read from last entry of con-
tinuous storage file, unit 22

MODIN = 6, LTIN > 0 read from the firgt entry of
the continuous storage file
at which the integration step
number 1s greater than or
egqual to LTIN, unit 22



NIT

MODCFO

MODBSO

CRASHZ

NUMDUM

ZRMSH

BETTA, PHIZRO,
AR, BR

ZFACT

FCTROW

NMPTS

ZDMPM

DM

NRPTS

ZDMPR

DCR

integer, upper limit on number of integration steps

for current calculation

ax1al increment at which complete flow field is

to be prainted, em

integer number of integration steps between output of
body and shock data

axial 1ncrement between output for storage file (Data
fi1le 6)

integer number of mesh data cards to be ainputted

axral locations at which the computatiocnal mesh will
be revised, cm, See "SPECIAL INSTRUCTIONS FOR
PREPARING INPUT DATA~Clustering Parameters”,

parameters for clustering the computational mesh, see
"SPECIAL INSTRUCTIONS FOR PREPARING INPUT DATA -

Clustering Parameters",

axial locations for changing weighting factor on
integration step size, cm, see "SPECIAL INSTRUCTIONS
FOR PREPARING INPUT DATA ~ Step Size for Program 3"

weighting factor on integration step size, may range
from 0.5 to 1,2 depending on rate of change of solu~

tion

integer number of data cards to be inputted for meraid-

1onal damping

axlal location at which meridional damping factor

will be changed, cm

meridional damping factor, see "SPECIAL INSTUCTIONS
FOR PREPARING INPUT DATA - Damping Parametex"

integer number of data cards to be inputted for

radial damping

axial location at whaich radial damping facter will ke
changed, cm

radial damping factor



Program 4 (CHAOS)

A dictionary of input data for program 4 taken from reference 4 1is

presented in the Appendix,

Program 5 {(CTI)

JLIMIT

NUMK

10PT

NPRNT

IZ

ZMTRC (I)

10

1nteger, number of shock layer locations at which
data are to be calculated for program 4 (CHAOS),
mncluding the body surface, but not the shock wave,

maximum 24

integer, number of shock layer locations at which
data are to be calculated for program 3 (FDSM),
including the body surface and the shock wave,

maximum 22,

integer, number of meridiocnal (¢k) locations at which
data are to be calculated for programs 3 and 4. May
be different from (KE-~1) used in programs 1l and 2,

maximum 20

integer, indicates which output i1is to be produced

3 - output 1s produced oﬁly for program 3

4 - output is produced only for program 4
43 - output is produced for both programs 3 and 4

If any number besides one of these three 1s inputted,

the program stops after printing an error message,

integer, indicates whether output of the calculated
flow faeld data produced for programs 3 and 4 1is to
be printed

0 - no

1 - ves

integer, total number of axial stations at whaich data

are to be reguested for program 4, maximum 40

array of axial statazons at which data are requested
for program 4, in fractions of the length (ZMAX) of
the region covered by programs 1 and 2. Up to 40
values are allowed, Values larger than 1.0 and
smaller than Z(1,1,1)/ZMAX of the computational mesh
wi1ll be rejected.



Body Geometry Data

"See "SPECIAL INSTRUCTIONS FOR PREPARING INPUT DATA - Body Geometry™

RNOSE
CONANG

Nsc (W)

NS

NCF (NS, N)

¥rl
YP2

7L (NS, N, 1)

ZL (NS, N, 2)

CF (I,NS,N)
1=1,2,
NCF (NS, N)

radius of nose, inches
angle of nose cone frustum, degrees

integer, number of segments used to define curve fait

for variable N, maximum NSC(N) = 13

integer, segment number corresponding to a particular

set of coefficients of a curve fait

integer, order of the polyncmial used for the curve

fit, maximum K = 9O

integer, number of coefficients in curve fit for
variable N 1n segment NS, maximum NCF(NS,N) = 10

slope at forward end of segment NS
slope at aft end of segment NS

axial location of forward end of curve fit for

variable N, in segment NS

axial location of aft end of curve fit for wvariable

N, 1n segment NS

coefficients of curve fit for variable N 1in segment
NS

SPECIAL INSTRUCTIONS FOR PREPARING INPUT DATA

Units

Nondimensional guantities have been used for the input data where

convenient.

However, the free-stream density and pressure and the guan-

tities describing the body geometry must be input in dimensional units,

The user's attention i1s called to the fact that the FREE STREAM CONDITIONS

are reguired in CGS UNITS while the GEOMETRY PARAMETERS are input 1n
ENGLISH UNITS (inches) Angles are input 1n degrees.

Shock Shape Parameters

The initial estimate of the shock shape 1s specified by the three

input parameters $D0O, C2 and 83. The initial shock surface 1s generated

11



by a quadratic function of the latitudinal angle, 6, and the meridional
angle, ¢ {(fig. 2) and 1s positioned at an estimated standoff distance,

Ao‘ The input parameter SDO is the nondimensional standoff distance
A
SDO = >
n

where R, s the nose radius. Experience has indicated that the initial
estimate of the standoff distance should be larger than the converged
value. Exactly how much larger it must be and what is the exact effect
on the convergence has not been thoroughly investigated. For spheres,
the shock standoff distance 1s a weak function of Mach number for hyper-—
sonic Mach numbers. For bodies with spherical noses, a reasonable value
for SDO 1s

SD0 = 0,25

Different values may be used 1f desaired for specific cases

Since the real shock 1s not expected to conform to the shape of the
body, the remaining parameters are used to describe the distance between
the shock and the body surface along rays of the computational mesh

(fig. 2}. Thus, the following expression describes the shock shape,
= 2 4
Slk—SDO[l + elk(cz) + elk(z + cos @l)s3]

The parameters C2 and S3 can be adjusted to provide a desired degree

of expansion of the shock layer, Values of €2 and 83 of 0.5 and 0.0
respectively have been found to yield good results for bodies with sphere-
cone noses Those values are used in the sample calculation to be pre-
sented subseguently. Those values should alsc yield good results foxr other
cases. Nevertheless, the guantities are required as input in order to

provide the user with the ability to adjust the initial conditions.

Computational Mesh Parameters

The computational mesh 1s constructed from the input values of
ALPHA, ZFOCNL, THEHWL, THLL and RBX, The definitions of these guantities
are 1llustrated in figure 7 where a sketch of a typical sphere-cone body
at an angle of attack 1s shown. The various parameters are necessary in

order to define the computational mesh to account for the asymmetry of
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the flow., The objective 1s to define the computational mesh to enclose
all of the subsonic flow in the nose region plus supersonic flow wath
Mach numbers less than approximately 1.2 Thus, the limits of the mesh
should be 1in supersonic flow slightly downstream of the sonic surface.
For a discussion of the asymmetry of the sonic surface, see reference 35,
For a sphere, or a sphere-cone at zerc angle of attack, the value of RBX
should be 1,0, ZFOCNL should be 1.0, and the angles THWL and THLL should
be egqual and of the order of 50° for hypersonic Mach numbers. The exact
value used can vary with the free-stream Mach number, The reader s
again referred to reference 5 for examples of the shape of the sonic

surface on spheres.

For sphere-cone bodies at nonzero angles of attack, the value of
RBX should be 1 0, and ZFOCNL should be greater than 1.0, the exact
amount being dependent on the angle of attack. The value of ZFOCNL 1is
also Somewhat dependent on the value chosen for THWL. The sum of THWL
and ALPHA must nct exceed 90° in order to allow program 2 (FVSBB to
operate. A rule of thumb i1s to.limit the values so that

THWL + ALPHA < 80°

This means that for angles of attack less than about 300, THWL can be
specified as 50° as for a sphere but should be decreased slightly for
higher angles of attack,

The values of ZFOCNL and THLL must be increased as angle of attack
1s increased to accommodate the downstream shift of the sonic surface on
the windward side of the body as described in reference 5. For THWL
around 50° a first approximation to ZFOCNL can be cobtained from figure 8.
Since the exact shape of the sonic surface 1s dependent on the body shape
and the free-stream Mach number as well as the angle of attack, the value

obtained from figure 8 may reguire some adjustment for specirfic cases.

On the leeward side of the body, the sonic surface is us;ally s1tu—
ated such that the parameter THLL can be specified in the range 50° to
20°,

A test 1s made 1in program 1 at the end of each iteration to determine
1f any Mach numbers less than 1.2 occur at the exit boundaries of the
computational mesh, If any low Mach number flow 1s present, the user 1is
so advised by a printed message "LOW MACH NUMBERS AT EXIT BOUNDARY." If

the condition persists for many iterations, the computational mesh should

13



be expanded by adjusting the parameters ZFOCNL, THLL, or THWL. The calcu-
lation must then be re—initialized with the quantity DISKIN = F and the
remaining cards of figure 6(a) supplied as input. The values of the
meridional index, K, at which subsonic Mach numbers were fcund are listed
along with the above message as well as +he number of the particular

layer in the shock layer in which the Mach numbers were found. These
values aid in determining how the input parameters should be changed.

If low Mach numbers are found for low values of K, the mesh needs expand-
ing on the leeward side of the body. If the low Mach numbers are found
for high values of X (near K = KE), then the mesh needs expanding on the
windward side. In either case, developing the optimum mesh may require

adjustment of all three of the parameters ZFOCNL, THWL, and THLL,

Interface Input Data

The 1nterface program (CTI) 1is designed to produce disk or tape data
files for use by programs 3 and 4 (fig. 5). The interface program con-
verts the data in the coordinate systems of programs 1 and 2 into the body
ax1s oriented coordinate systems of programs 3 and 4 and then 1nterpolates'
to calculate the flow properties at equispaced meridional angles and at
eguispaced radial positions across the shock layer. The number of merid-
1onal angles at which data are to be calculated, NUMK, i1s arbitrary, up
to a maxamum limit of 20. However, 1f data for programs 3 and 4 are being
calculated in the same job, both use the same value of NUMK, On the other
hand, the number of radial positions across the shock at which data are to
be calculated may be different for each program, If only the surface
streamline data are required for program 4, JLIMIT may be input as 1.

If more values are desired, JLIMIT may be as large as 24. For program 3,
the number of radral positions 1s specified by the parameter JL3 This

parameter may be as large as 22,

If data are being calculated for both programs 3 and 4 (IOPT = 43),
or for program 4 alone (IOPT = 4), the final input for program CTI is the
number of axial stations at which data are to be calculated and a list of
the required stations. The required stations are input as fractions
of the length of the nose region., The length of the nose region is calcu-
lated in the program from the coordinates of the computational mesh. The
final value of the list should be 1.0 1f data are to be calculated for

program 3.
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If data are being calculated for program 3 alone (IOPT = 3), the
wnput for the interface program consists entirely of the single card con-
taining JLIMIT, JL3, NUMK, IOPT, and NPRNT. In that case, 1t is auto-
matically assumed that the required data will be calculated at the axial
station corresponding to the end of the nose region (ZMITRC = 1,0}.

Body Geometry

The simulation of an actual aircraft or spacecraft geometry is done
by analytacal approximations. A typical cross section of the body at a
given longitudinal coordinate z 1s composed of the analytie functions
1llustrated in figure 9, These six segments require specification of the
eleven geometrical parameters listed in the figure as a function of the
longitudinal distance z. To completely describe a typical vehicle, some

segments can have zero length,

The longitudinal variation of the eleven geometrical parameters and
their derivatives with respect to 2z are required by the program. The
analytic approximation of the body 1s arbitrarily reguired to be single
valued, continuous, and have continuous first derivataives. To ensure this
requirement, discreet values of each of the parameters and their first
deravatives are obtained at variocus stations along the body from working
drawings of a particular vehicle or spacecraft configuration {(these para-
meters need not be defined at the same 2z coordinates). Then for each
of these parameters, a cubic polyncmial which is determined so as
to maintain the continuity reguirements at the end points, 1s used to
describe the variation between the points,

Note that 1t 1s assumed that the cuxrve fits are obtained for the

various length parameters ain ENGLISH UNITS (anches).

Input data forms for the body geometry data are presented in fig-
ure 6(e). The first card reguired contains the nose radius and the nose
cone angle (card no. 1 in fig., 6(e))}. That card 1s followed by eleven
groups of cards representing the curve fits for the eleven variables
shown in figure 9. The first card in each group contains the wariable
NSC, the number of segments in the curve fit for that variable (card no. 2
an fig. 6(e)). That card 1s followed by two or three cards for each seg-
ment, The first card of each segment contains the information defining
the curve fit in that segment, the slopeg of the variable at the ends of
the segment, and the axial locations of the ends of the segment (card
no., 3 in fig. 6(e)). The second card contains the first five coefficients
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of the curve fit in the segment (card no. 4 1n fig. 6{e)). The thaird
card contains the remaining coefficients 1f a high order polynomial 1is
being used. Only four coefficaients are used in the sample case discussed
herein so only one coefficient card 1s required for the sample case for
each segment. Up to thirteen segments may be used to descrihed the varia—
tion of a particular variable over the total length of the vehicle., A
sample input geometry card deck 1s listed in Table I. A computer program

for obtaining these data a1s described in reference 6.

Clustering Parameters

In program 3 (FDSM) the radial coordinate is normalized to allow for
a reclustering of computational mesh points in the meridional direction
at specified axial statlons, ZRMSH (see Dictionary of Input Variables,
Program 3) The reclustering 1s accomplished by introducing the inde-

pendent variable transformations given by (ref., 3)

Z = 2

£(z,r,9) = (r - rb)/(rS - )

f\
] n(e) = W%B + sa.nh'l_[(f— - l)s:l.n(B):l %/ﬁ
(@]
P g >0
11+ (P - ¢ /7
B(B,¢,) = 0.5 In o
1+ (&P - 1g sm v
n(p) = ¢ B =0

where f and ¢O (BETTA and PHIZRO) are arbitrary parameters that control
the degree and location of clustering., No clustering occurs when £ 18
zerc, As P 1ncreases, the degree of clustering increases with the
greatest density of polnts appearing about the ray defined by the angle
¢ .

o}
Another set of parameters controls the reclustering of the computa-
tional mesh points i1n the radial direction. The equations for this trans—

formation are (ref 7)

r - x

Hl
il

s = Tp
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£ =a+ (1 - a)

i (52

This transformation permits the mesh to be refined near the body alcone
(a = AR 0) or to be refined equally near both the body&and the shock
(o = AR = 0.5). The effects of different values of <« and B (AR and BR)
are shown in faigure 10,

Step Size foxr Program 3

In program 3, the length of the step to be taken at each integration
1s determined to satisfy the mathematical requirements for stabalaity.
However, experlence has shown that the mathematical requirements alone
are not sufficient for accurate and efficient operation of the program.
‘therefore, a weighting factor (FCTROW) i1s provided sc that the user may
vary the step size. In regions where steep gradients are to be expected
such as around c¢anoples or wings, or other regions where the body radius
may change rapidly with axial distance, the step size should be even
smaller than dictated by the mathematical stability criterza {FCTROW < 1.0).
On the other hand, in regions where‘the solution changes gradually the
step size can be even larger than the stability criterion allows
(FCTROW > 1.0) The exact variation of the weighting factor (FCTROW) that

can be allowed must be determined by experience.

Damping Parameters

In order to avoid ainstabilities due to severe:pressure changes in the
numerical solution of the finite-difference equations, program 3 employs
a fourth-order damping term which requires input of the axial location
where the damping is to be changed znd the new value of the damping coef-
ficient to be used. The use of such damping 1s described in reference 8.
Damping coefficients are input for the meridional and the radial direct-
tions. The exXact values to be used must be determined from experience.
According to reference 8, destabilazation is avoided 1f the damping

factor 1is less than or equal to 0.5,

Restart

Due to the long taimes required, programs 1, 2, and 3, have the

capability of restarting at an intermediate step in the calculation.
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The general procedure for running the programs 1s the same for restarting
as for the initial start. However, some of the input data may require

changes 1f the calculation 1is being restarted,

In'program 1, only the first card shown in figure 6(a} 1s needed for
restarting, but the disk or tape file created by the previous unfinished
calculation must be made available for input. A file of the reguired data
15 created every 25 iteration steps. The input quantity that must be
different from the initial calculation is the logical variable DISKIN
which 1s anput as F for input of the initial data from cards and T
for input of the restart file. In addition, the guantity NDEND must be
tnput as the number of lteration steps to be calculated in the present
calculation. (Note that WDENDP 1is NOT the total number of steps to be
calculated. The total number of steps is the number of steps that were
calculated 1n the previous calculation, NEND, plus NDEND),

In program 2, both data cards shown in figure 6(b) are always
required. For starting initially, the first quantity on card no. 1,
NRSTRT 1s 0. For restarting, 1t 1s 1. The remaining gquantities may be
left the same or changed as desired. If DTHETP is changed on restarting,
the printed output will be produced according to the previous value of
DTHETP the first taime and then will be produced at the new interval., 2

file of data for restarting is produced every ten integration steps.

In program 3, cnly the first card shown in figure 6 (¢} i1s required
for restarting. The guantity MODIN should be six for restarting, The
gquantity LTIN can be arbitrarily specified. As indicated in “"Dictionary
of Input Variables] 1f LTIN i1s zero, the input data will be read from the
last entry of “the storage file from logical unit number 22, Otherwise,
1f LTIN 1s greater than zero, the data will be read from the first entry

of the storage file at which the integration step number i1s greater than
or equal to LTIN.

OPERATING PROCEDURE

In this section, the construction of card decks for operation of the
computer programs 15 described. First, a general description of the
operations required 1s given. Then the specific Job Control cards needed
for operation on the CDC 7600 computer at NASA/Ames Research Center are
listed,
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General Job Control Sequence

The following list 1s the general Job Control procedure that would
be required to run programs 1, 2, 3, and 5 in sequence without stopping ox

restarting. The reader 1s referred to figure 5.

1. Attach geocmetry input file

2. Load program 1 (FVTM)

3. Execute program l, providing required card input data
4, Store data file 1 produced by execution of program 1
5., Load program 2 (FVSM)

6. Execute program 2, providing required card input data
7. Store data file 2 produced by execution of program 2
8. Store data file 3 produced by execution of program 2
9. Load program 5 (CTI)

10. Execute program 5, providing requlred‘card input data
11. Store data file 4 produced by execution of program 5
12, Stcre data file 5 produced by executicn of program 5
13. ILoad program 3 (FDSM)

14, Execute program 3, providing required card input data

15. Store data file 6 produced by execution of program 3

For continuing an unfinished calculation, the Job Contrcol Sequence
would be basically the same as in the previous list except that the
appropriate restart data file would be attached and the part of the
sequence that was already completed would be omitted with the exception

that the gecmetry input file would be attached as before (step 1).

Logical unit numbers required for input and output are given names
to avoid confusion i1n setting up the Job Control Card deck These names
denote the files actually used by the programs and are listed in Table II,
Permanent storage files may be labeled at the user's convenience. Normally,
tape 5 1s 1sed for input from punchédd cards and tape 6 i1s used for printed
output. In program 3, tape 31 may be used for punched card input and
tape 20 is used for punched card output. Other logical unit numbers are
used for input or output from the permanent disk or tape files,

Job Control on the CDC 7600

Sets of Job Control Cards required to use the computer programs on
the CDC 7600 computer at Ames Research Center are listed in Tables III,
IV, V, VI and VII. It 1is assumed that the programs in binary form will
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be stored on a disk or tape file, The reader i1is referred to the CDC
SCOPE 2 Reference Manual for explanation of gpecific parameters used on

the cards.

In Table III, the Job Control cards necessary to run program 1 from
an initial start are listed. The usual procedure for running program 1
w1ll be to do a complete calculation in at least two steps. The first
step might run only a few irterations to verify that ainput guantities are
correct and that the solution may be expected to converge. The next
step would restart from the previous step and run a larger number of
1terations, Criteria for convergence of the solution are discussed in

the next section.

In Table IV, the Job Control cards necessary to restart program 1
and then run all programs except program 4 1n a single Job are listed.
Such a job could require more than 1 hour for a perfect gas case, depend-
ing upon how many iterations were required from program 1. Substantially
longer times will be required i1f a real gas is calculated. Also, the
storage file for program 3 (CONTOU} may become very large. If it is
desired to store that file on a tape instead of disk storage, the cards
32 and 33 should be replaced with the appropriate cards for transferring
the file to tape.

In Table V, the Job Control cards necessary to restart program 2
and then run all remaining programs except program 4 are listed. See the

previous discussion of Table IV for an alternate procedure for program 3,

In Table VI, the Job Control cards necessary tc restart program 3
are listed. See the previous discussion of Table IV for an alternate

procedure for program 3.

In Table VII, the Job Control cards necessary to run program 4
(CHAOS) are listed.

Convergence Criteria

In program 1, the calculation 1s controlled by the user-specified
gquantities NEND and NDEND, defining the number of iterations to be
executed. No convergence criteria are built into the program. As an
aid in determining the degree of convergence of the solution, several
guantities are printed at each iteration., The most informative of those
quantities are the xX-coordinates and the pressure at the shock at points
near the downstream boundary on the windward and leeward sides of the
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body in the pitch plane. The coordinates appear as the guantities
X(1,IL,JSHK) and X(KL,IL,JSHK) while the pressures are P(1,M), and
P(XL~1,M) where M=(IL-2)XJI4-JSHK-1. (See the output described in the
section entitled "NUMERICAL EXAMPLE"}. For a converging scolution, those
coordinates and pressures will reach a steady-state, nearly constant,
value after many iterations. For a solution that 1s not converging, one
or all of the values may oscillate with significant, possibly increasing
amplitude. Another quantity printed each lteration i1s the shock stand-
off distance (printed as the z-coordinate of the computational mesh at
K=1l, I=l, J=JSHK, Z(l,1,JSHK}). That guantity alone 1s not a valid indi-
cation of convergence since 1t converges'rapidly to a steady-state value
while guantities in other parts of the computational mesh converge more
slowly. Even more dangerous, 1t may appear to converge and then at the
last step daiverge suddenly. The shape of the shock near the downstream
boundaries of the computational mesh appears to be a more sensitive indi-

cation of convergence than the shape in the stagnation regaion.

Since the total energy 1s not constrained in the calculation to be
constant, the approach of the total energy to the free-stream value is
another, perhaps the most important, indicator of convergence. A series
of quantities related to the relative error between the calculated total
enerqgy at each point in the computational mesh and the freestream value is
printed each i1teration. The gquantitieg are the maximum relative error,
and the total numbers of errors less than 10 percent, 1 percent, and 0.1
pPercent of the freestream energy. As for the shock standoff distance, the
maximum energy error alone 1s not a sufficient indicator of convergence.
However, a converging solution should have all the energy errors less than
10 percent, most errors less than 1 percent and the number less than 0.1

percent should show an increasing trend.

At the end of a specified number of iterations, the solution for
all flow field gquantities 1s prainted, Included in that output 1z the
Mach number distribution. That daistribution is an excellent indicator
of the gquality of thelsolutlon since the Mach number should increase
monotonically and smoothly from the stagnation region (I=1l) to the down-
stream boundary (I=IL-1) in the latitudinal direction.

Clearly, the determination of convergence 1s a subjective problem,
The primary concern i1s that the flow field guantities and shock shape
approach a steady state. Approximately 400 to 600 iterations are usually

sufficient to achieve a reasonable degree of convergence if the solution
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is converging, as indicated by the total energy error. Examples of con-
vergaing and nonconverging sclutions are presented subsequently in the
section "NUMERICAIL EXAMPLE."

MESSAGES PRINTED BY THE PROGRAM

This section lists the messages given by the programs and tells

what to do when they are encountered.

Messages from Program 1

(1) READ FROM TAPE (11} ITERATION NO =
This message is printed 1f program 1 1s being restarted from a data
set. It shows the i1teration number at which the calculation 1z started.

(2) WRITE TO TAPE (10) ITERATION NO =

This message 1s printed every 25 iterations of program 1 as a

restart data set 1s wriltten to the dask (or tape) file associated with

the unit number 10.
(3) NERR=n IN SERCH

This statement may be printed by the subroutine GEOM3 during a
caleculation of the body surface gwometry 1f an erxor condition is encoun-
tered, It probably means that one or more of the curve fits representing
the body geometry was input 1n exroxr, Check the body geometry input data
or the quantities ZFOCNL, THWL.,, THLL, or RBX.

(4) WAVE ANGLE LESS THAN MACH ANGLE

This statement 1s printed 1f the shock wave angle 1s less than the
Mach angle. It is most likely to occur at the initial step for low Mach
numbers. Check the geometry input data and the input shock shape para-

meters,
(5) THIS WAVE IS A MACH WAVE

This statement is prainted i1f the shock angle 1s equal to the Mach
angle, Check the geometry input data and the ainput shock shape para-
meters, .
(6) ., ERROR IN SHOCK

This statement 1s printed 1f dafficulty 1s encountered in calculating
the pressure at the shock wave at the mnitial step. Check the geometry
input data and the input shock shape parameters.
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(7) MORE THAN 200 ITERATICNS

This message 1s printed 1f the inaitial condition subroutine START in
program 1 1s unable to locate a computational mesh point compatible with
the input geometry parameter curve fits., Check the geometry input and
the computational mesh input. Note carefully the units required for

damensional quantities,

(8) *%*LOW MACH NUMBERS AT EXIT BOUNDARIES*#%%

Jg=n FK=n_,n ,n ...
172" 3

This message 1s printed 1f the computational mesh does not enclose
all of the flow with Mach numbers less than 1l.2. The points in the last
cone of the computational mesh at layer J=n are listed to aid in deter-
mining how the mesh should be modified. If low values of K are pranted,
the mesh needs expanding on the leeward side of the body. If high values
of K {(near K=KE) are prainted, the mesh should be expanded on the wind-
ward side. In either case, the best mesh may require adjustment of all
three of the parameters ZFOCNL, THWL, and THLL,

Messages from Program 2
(1) #*%**ERROR-INTEGRATION STEP %ZERO OR NEGATIVE

This message 1s printed 1f the subroutine which calculates the
integration step size produces a negative or zero value. One possible
cause of such a condation 1s the occurrence of unity or subsonic Mach
numbers in the calculated flow field. Such a situation can occur 1f the
computational mesh of program 1 did not enclose all the subsonic £low,
The situation can also occur when the solution obtained from program 1
is not adequately converged or does not extend sufficiently far into the
supersonilc region., In that case, program 2 may integrate several steps
before the error condition 1s encountered. The probable remedy in all

these cases 1s to expand the computational mesh and rerun program 1.

Messages from Program 3

(1) DATA READ FROM CONTINUGUS FILE-UNIT 222 NSTEP=p
Z=...

This statement 1s printed when the data have been read from the

restart file at step n, This corresponds to the input option MODIN=6,
LTIN=n.
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{2) DATA WRITTEN ON CONTINUOUS FILE-UNIT 237

NSTEP=n, 2=

This statement 1s written each time the data are written to the
storage file (every CRASHZ cm, see "Dictionary of Input Variables").

Messages from Program 5
(1) INPUT ERROR TIOPT MUST BE 3 OR 4 OR 43
See Dictionary of Input Variables for Program 5.
(2} TUNSTEADY BLUNT-BCDY TAPE READ. n STATIONS ON IT,

This statement i1s printed when the file from program 1 has been
completely read. The number of stations refers to the number of computa—
ticnal mesh cone surfaces.

{3) STEADY BLUNT-BODY TAPE READ, n STATIONS ON IT.
TOTAL. NO OF STATIONS=m.

This statement i1s printed when the file from program 2 has been
completely read. The number of stations refers to Tthe number of times
data were stored in the calculations done by program 2. ‘The total is

n plus the previous number of stations read from program 1,
(4) SUBSCRIPT LIMIT MISMATCH. XEM1=k, KIMl=n, I2=m

This statement 1is printed after comparing the value of KEM1l from
the program 2 interface file (data file 3) with that of KIM1 from data
file 1. These values are the number of mesh cells in the meridional
directaion, The two values should be the same., If not, the two data
sets being read are not compatible. The value of ;2 1s the total number

of computational mesh points at each meridional position.
(5) SUBSCRIPT LIMIT MISMATCH JSHK2=k, JSHK=n, I2=m.

This message 1s printed if the number of computational mesh points
across the shock layer do not agree between data sets 1 and 3 (fig. 5).

See message (4).
{6} I2=n. TOO BIG

This message 15 printed if the total number of mesh points in the
shock layer at each meridional position for the combined data sets
produced by the data from programs 1 and 2 exceeds 300. The remedy is
to redo the calculation, using a coarser grid of points in program 1 by

either using smaller values of JSHK and/or IL or by expanding the
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computational mesh so that the last mesh cone 1s more nearly planar and

normal to the body axis.
(7) MORE THAN 40 AXTIAY, STATIONS REQUESTED EXCESS IGNORED

This statement 1s printed 1f there are more than 40 values in the
input array of axial stations, ZMTRC(I), at which data are to be calcu-

lated for program 4
(8) ALL Z-LOCATIONS. GT. NO, n IGNORED. TOO BIG.

This statement 1s prainted 1f some of the input =z values are aft

of the most aft station of the computational mesh
(9) THE FIRST n Z-~-LOCATIONS IGNORED AS TOO SMALL

This statement 1s printed for those input =z stationg which are

forward of Z.., of the computational mesh.
(10) ERROR IN BODY SURFACE DATA STATION ... DISREGARDED.

This statement 1s printed whenever the interpolation and extra-
polation of data from programs 1 and 2 1s unable to satisfy the condi-
tions of tangency and constant total energy. That problem may arise at
stations near the nose where certain points of the computational mesh
would have small velocities which must be calculated as a difference
between large approximate quantities., In such a case, the calculation

may produce a negative result from the expression

2 _ _ Y _ P
v 2(Ht ‘Y—lp)

when such an error occurs the data for the =z station is not pranted

and 1s not placed on the data set.

NUMERICAYL, EXAMPLE
Input Data

A laist of the punched card input data for a sample calculation on
a space shuttle configuration 1s shown in figure 1ll(a). The case being
calculated 1s for a Mach number of 10, angle of attack of 30Y at an
altitude of 50 kilometers in alr treated as a perfect gas with ratio of

specific heats equal to 1 4.

The punched card geometry input data are listed in Table I. Those

data are stored on a disk or tape file as described previously.
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Prainted Output

As can be noted in the input shown in figure 11, all output option
parameters were input so that all output would be pranted., Only selected
pages of the output will be presented herein, Fagures are presented
subsequently to 1llustrate the results of the calculations,

Program 1 - The first prainted output (fig., 12) from program 1 1is a
list of the important input quantities plus other free-stream quantities

calculated from the input data Those additional guantities are*

VINF free-stream velocity

ATINF free stream speed of sound
HINEF total energy

RMZ, vam

EINF total energy per unit volume
ETINF gpecific internal energy
TINF free-stream temperature

The next list of output 1s a table of the x-coordinate, RFOC(X,1,I),
and the z-coordinate, RFOC(K,2,I), of the computational mesh cone vertices
listed with the meradional variation, K, down the page and the axial
variation, I, across the page. Next, a table of the body radii associated
with the rays of the computational mesh 1s printed with the meridional
variation, K, down the page and the axial variation, I, across. These
tables may be omitted by letting NPRT=0

The next output 1s printed at the first integration step. It 1s
basically a reprint of the input data with dimensionless input guantities

converted to dimensional gquantities,

The next output 1s always prainted, No options are provided for
omitting 1t Two groups of data are printed at each iteration step to

aid in monitoring the progress of the 1teration.

The first group of data are values of eigenvalues and other para-
meters related to the numerical soluticn of the finite-difference equa-
tions: The x-coordinates of certain points an the computational mesh
and the pressure at those points are printed along with the shock stand-
off daistance, Z(1,1,JSHK). These quantities have been discussed previously

1n the section entitled "Convergence Criteria,"
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The second group of data are a measure of the accuracy of calculation
of the total energy. The maximum total energy error relative to the free-
stream total enthalpy is printed along with the indices, 1,3,k, of the
computational mesh at which 1t occurs. In addition, all the energy errors
are counted and the number of errors less than 10 percent, 1 percent, and
0.1 percent are printed., The total number of errors being counted is
((TL-1)X{(JL-1)X(KI~1)).

The réﬁalnlng output from the program is selected with the input
parameter NPRNT on the first input data card. First 1s a list of all the
energy errors relative to the free-stream total energy. They are listed
in groups of (IL-1)X(JSHK~1l) values for each meridional position, K,

Next 1s printed the flow variables, P, u, v, w, p, Mach number, and
e and, 1f a chemically reacting gas 18 being calculated, the chemical
species concentrations. Finally, the coordinates of all the computaticnal

mesh points are pranted,

If NPRT and NPRNT are input as zere, only the ainput data and the
iteration step data are printed,.

The results produced by program 1 for the sample case are presented
graphically in figures 13 through 17. In figure 13, the shock stand-off
digtance 1s seen to converge rapidly to a steady value within 200 1tera-
tions while the maximum energy errcor {fig 14) takes much longer. The
energy error count shown in figure 15 indicates a converging solution with
the number of small errors increasing with iteration, The shock shape
shown 1n figure 16 1s smooth at 200, 400 and 600 iterations, but moves
slightly as the calculation proceeds, Clearly in this particular case,
the shock shape alone 1s not a sufficient indicator of convergence since
1t 1s smooth and contains no perceptible perturbations even after only
200 1terations, A better indicator of the quality of the solution 1s the
Mach number dastribution, a sample of which 1s presented in figure 17.

In that figure, the Mach number distribution at the shock in the plane
of symmetry 1s plotted as a function of the nondimensional latitudinal
index, I, At 200 iterations considerable roughness exists in the distraib-
utions which is gradually smoothed out as more i1terations are calculated.
Finally, the output guantities which seem to best serve to indicate the
trend of the solution are shown i1n figure 18. Those quantities are the
X—-coordinates of the ends of the shock in the symmetry plane, The shock
1s seen to initially oscillate markedly on both the windward and the lee-
ward side but to eventually reach a steady state,
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To 1llustrate the behavior of the calculated results when convergence
18 not achieved, figures 19-24 are presented. The calculations are for
the same sample case as figures 13-18, but with ZFOCNL=5.0. The most
notable features of these figures are that the solution for early itera-
tions follows similar trends to those of the convergent solution shown
previously. In particular, the shock stand-off distance (fig. 19) con-
verges rapidly in both cases and remains converged. Other gquantities

appear to converge and then diverge.

Program 2 - The first output from program 2 (fig. 25) is the itera-
tion step of program 1 at which the solution was obtained followed by a
list of the parameters and constants obtained from preogram 1, Included
in that list are the location of the vertex of the computational cone
(xo,zo), the initial angle of the cone axis from the horizontal (z) axais,
BETAO and the initial cone half angle, THETAQ. Other data in the list

are the same as output initially from program 1.

The initial output is followed, 1f NPFLOW=1, by the list of densities,
velocities, pressures and Mach numbers obtained from program 1. However,
the quantities in this list do not correspond exactly to values from
program 1., A linear interpolation 1s performed to go from the fainite
volumes of the program 1 computational mesh wherein the flow quantities
are known at the center of the mesh hexahedra to the finite areas of the
program 2 computational mesh wherein the guantities are known at the

center of the finite areas.

Since the total energy is not constant in the soluticon from pro-
gram 1, an adjustment is made in the initial data of program 2 to ensure
that the total energy equals the free-stream wvalue throughout the £low,
The next output is the adjusted initial data, followed, 1f NPFLUX=1l, by
the calculated initial fluxes of mass and momentum. After the fluxes
are calculated, the flow quantities are calculated and prainted to verify

the accuracy of the decoding procedure,

The next output, 1f NPXY¥Z=l, 1s the list of mesh coordinates at the
Nt step, followed immediately by those at the (W + 1)th step., Next,
1f NPAREA=1, a1s a list of the areas of the projections of the mesh cell
faces on the coordinate planes at the initial step.

Subsequent output 1s dependent upon the quantity DTHETP as well as
the option parameters. In the case shown in figure 25, the output was

required every 5°. At every integration step, the current value of the
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cone angle, THETA and the integration step size are pranted along with a
list of the body and shock radii at each meridional position. Every
DTHETP degrees, other data are prainted as determined by the input option

parameters.

Program 5 - The interface program prints first the free-stream
dguantities, and the input and adjusted arrays of the axial stations at
which data are to be calculated from programs 3 and 4., In the example
shown, the input stations were all within acceptable limits, so the adjusted
list of axial stations 1s not prainted. Next, the values of the flow
guantities which are calculated at each 2z station (fig. 26) are prainted.
In addaition, a list of the body radii as computed from the exact relations
and from interpolation is printed at each station, along with the relataive
error, the derivatives of the body radius with respect to z and ¢ and
the shock radius. When all the data for program 4 have been prainted, a

message 1s printed, saying

*%#*CHAQOS TAPE WRITTEN*+%%

This refers to the generation of data set number 4 in figure 5. Next,
the data for program 2 are prainted, Note that the output for program 4
1s in ENGLISH UNITS (inches) while that for program 3 1s in CGS UNITS as
for programs 1 and 2, The required unit conversions are done in the
interface program (CTI). Since program 3 makes use of the shock radius
and 1ts derivative with respect to =z and ¢, those guantities are added

to the final output list: The final output 1s a message saying

%% *SHOCK-CAPTURE CODE STARTING TAPE WRITTEN«+#%

which refers to the generation of data set number 5 ain figure 5. That
data set contains the results of the blunt-body calculations to initial-

ize the calculation for the remainder of the wehicle.

Program 3 - The first page of output from program 3 (fig. 27) 1s a
list of the guantities input from punched cards. This 1s followed by
a list of some of the guantities provided by the data set produced by
program 5. Next, the calculated quantities for the entire computational
mesh at the inaitial axial station are prainted, After that, the flow
guantities are printed for the body surface and the outer shock at every

second integration step.
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Addational Calculations

In addition to the sample case discussed herein, perfect gas calcu-
lations have also been made with programs 1, 2, and 5, for Mach numbers
of 5.0 and 7.0 at an angle of attack of 30° and for Mach numbers of 5.0,
7.0, and 10.0 at an angle of attack of 359, A calculation for a real gas
at a Mach number of 27.5 and an angle of attack of 41.4° has alsc been
completed. The results appear to converge in all those cases in the same
manner as described herein. The upper and lower limits of appllcabll%ty
of the programs with regard to Mach number and angle of attack have not

been invegtigated,
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TABLE I

BODY GEOMETRY INPUT DATA

28.
1l
1 = 4 ~0.21445008 01 -0.9489599E CO
-N,1732000F "2 -0,214450NF 01 0.,1578716% 00
s 3 & ~0,9489599F 00" 2043541200500
—0.1880000F N2 -0,948959%F 00 0.1979591E-01
3 2 4 ~0.2541200F 00 ~D.2262800E 00
~043425000F 72 ~0.95412C0F~00 0+2817229F=02
4 3 4 ~3.2262800F 00 ~0.1227600F 0C
—0.4275000E 02 ~0.2267800F 00 0.1606797E-02
5 2 4 ~0,1227800F 00 ~0.78679955=01
—ML,81N0000T N2 ~N,12278010F 07 0.48519675~02
6 2 4 -0,7969995F-01 -7.,200G000E-01
«N L RENOO00F NP ~N, THE0905F-0T (123999 2F=03
7 2 &4 ~NG2NNO0NNE="] =n,2000000E~01
~N G A1RADANE N2 =0,20070N0F~L1 ~0,1788139E~1C
a - = 4 NG FNNNONNERN] =N, 2N00000F=01
=N AOEANONE N2 ~0,2000000F-01 ~0,3178911E-10
9 2 4 -9.20000005-01 (C.125560655-01
~0,75R0000% N7-~0,20000006-01 0.5991264F=0x
10 3 4 0.1256055E-01 "N.612C000E-01
~N,76725000F 02 0,1256055E-01 (42563422E-04
11- 2 4 0461200008~01 0.118vCO0E 00
~N,7280000% N2 0,8120000F=01 0.4042977E-03
2
1 2 4 N,00000907 aFhlesling
[aW oSl atalalatyl Nnaannnnnn el i TaTs SiFalaty)
2 2 4 2.00000600 040001 COO
nLONneNoo L ON0ocNA nLANNCoNN
11
1 3 4 D,00000n0 0.0004000
nLA0enRe00 N L 000900~ -0. 0000000
2 ! 4 0,0000000 ~0.1033400E 00
0,0000000 040000000 -0.2119718E-02
3 - 4-=0.103%3400F 00~ =071298770E-00
=N 41RPDJ00S 01 ~0,1033400F N0 =0.4481035E~03
A q 4 -0,1298770E 0C -0e9276694E-01

=N GENANANOFEN ] ~=NTT29RTTOE O =3 T49582 5F=03
R 3 4 —-N.22748694FE-N1 =0.53375C00E-01
=0,1100NN0F 02 ~0,9276624E-01 =0.7447213E~07
6 9~ 4--0,52785000E-01-~0s5375000E-01
~0,1567500E N2 -N.5375000£-01 -0.1831054E-09
7 2 4 ~045375000E~01 ~041745500E~-01
=0, 4250000F-02—~0+5375000E-01
8 3 4 =0.,1745500E-01
~0,4500000F 02 -0.17455005-01
Q 3 4  (.5802300E=01

0.4803300E~01
0+3093849E£-03
050000000

[

0.2620000E 01
-09901192E~02
"0%7250000FE J1
~042180920E-03

C.3500000E 02
=041525912E=04

0.6500000E C2
~0e7623965E~05

041150000E 03
-0.5919579E-06
G«.1650000E 43
OeTI30003E~05
0+2650N000E 03
042980232813
Ca665000nE 03
0e7064249E-13
0+9650030C G3
0:57465T0E~-06
0.10720060E 04
0e1590452E~05
OF1165C00E 04
049511132606

QeZE20020E 0]
Ne 0NOONI0
0,1650000E 03
ngooon0io -

0.2620000E 01
630000000

0.7250000E €1
0+6191885E-05
0%350C000F 02
0«1293452E-06
0+46500000E 02
0T694243TE=05
0.1157000E 03
0c1539221E-04
07T1650000E O3
Qe244)1406E-12
0«6650000F 03

B4 HI954ITE~ 03~ ~Bw2120494F=05

0.7650G00F 03
-0.4855502E-06

0+7250000E
0e3505000CF
0.6500000F
0e1150000E
"0« 1650000E
042650000E
. 6650000E
0396500C0E
0+1072000E
0.1165C00E

0+%1293300E

0. 16E5CCO0E

0.1293300E

0.7250000E
0«3500000E
G. 6500000
C«1150000E
0«1650000E
0. 6650000E
0.7650000E

0« 2650000E&

01
c2
02
03
93
03
03
03
04
a4

04

04

01
02
02
03
03
03
03

03

0+9650000E-03 —0%107TZ000E 04
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TABLE I (Continued)

T ET743TE3ES0T =0.5600185E-05

040000200
C.00r0000
0.0nc0000

0, 0000000

“0s TOOSCO0E™0]
-0.2438816E 00
C«%5095200E 00
~0.98955545E=07
0.3983499E 00
=042248330E-02
S 00291470087 00
~(a1363396E-02
0.2171200E 00
=N TNY19T7IE=DR
041641000F 0O
0.5580829£-03
Qs TE44300ET00
~041022857E~05
0.4043000E OO0
041666098E=02
0.100.000E 01
Ns3972C01E-02
¥ TOOUODOETOL
. 0000000
0.2034000E N0
=0.1229886E-01
0.0003000
-0.1255360E-02

04060V000
7.0000000
~0J10334005700
~042119718E-02
-0+1298770E 00
=0 4GET035E=03
-0.92766945-01
~N41495825F-03
~0353750005-01
-047643213E-03
-0.5375000£-01

-0.1745500E-01
044995491E-03

~04 4000000 02 D.4802300E-01
10 3 4 0,0000000
=N 240NN0F 77 0,0000000
11 2 C 4 0.0000C0N0
=0,34007°008 ~2 3,000C0C0Q0
12
1 -3 4 0.2T44500F 01
0.11R83090° 02 0.2144500E 01
? 3 4 N41000000F 01
0.,1875000F 02 0,1000C00€ 0T
k! 3 4 0.,5095200E 00
0.3900000F 02 0.5095200E 00
4 2 4 0W398349GF 00
0,52500008 02 0,2982499E 00
5 ? 4 0429147005 00
N69500NNE N2 [,72914700E 0N
6 2 4 0,2171200F 0O
0.,827250008 N2 0,2171200E 00
K 2 T4 0.1641000E0N
0495000008 22 0.1641000E 00
8 3 4 0.1644000E 00
0417400005 N3 0,1644000E 0O
9 3 4 0.4040000E 00
041905000 03 04404072005 00
10 - 3 4 DL,1000000E OT
N,2620000F 92 N,1000000F 01
11 3 4 0.10000370F 01
N,4220000F A2 G,100N00NE™ C1
12 3 & 042034000 00
0,4520000F G2 0.2034000F 00
T 11
1 3 4 0,0000000
n,0N01200 0.0000000
2 T2 4  0.0000000
¢,0000000 0.0000000
3 g 4 -041033400E 09
=0 ,1TRC0Q00E~ "1~ =07 TO3R400F 00
4 3 4 -0.1298770E 00
~0 GRNONQQOF 11 —NL,1293771F 00
5 3" 4 ~0a.92T6694E-01
-0,1100000F 02 —-N92T6694F-01
A 3 4 =0,52785007E£-01
-0 18A2F00F 0205 RIOOE=0T - <OTIRITOSGE=DD
7 2 £ ~045375000E-01
—0,4250000F 02 -0.5375000E-01
8 3 4

~0,4500000F 02

32

~0e YT45500E~<01 ~ 0. &803300E=01

~0.1745500E-

01

0+3093849E~03

0.1072000E 04
0.0300050
0«1165000E 04
0.0000000

0v2620000E 01
0.1731974E-01
0«7250000E C1
041821215E-04
0+3500000& G2
0+8744358E-05
0J6500000E 02
0e3527955E~05
0.1150000E 03
De5640276E~06"
0«1650000E 03
0.9906965E-05

i

0% 2300600E 03 ~

0+1876347E-08
0.7055000E 03
0+3891848E~05
0+7650000E 63
=-046600013E~05

0e1165000E

0.1293300E

0« 7250000E
0«3500000E
0+6500000E
0. 1150000E
O.léSOO?OE

0.2320C000E

04

04

ol
02
G2
03
03

03

0.7035000E 03

0+ 7650000E

0«8650000E

g3

03

USB65000TE 03 “0vI025000E 04

0.0000000
0.1029000E 04
C46324489E-04

0-10920q05

0+1092000E 04 041293300F

0.2484331E-05

0.2620000E 01
0.0000000

TL.7250000E 01

06191885E-05
C«3500000& 02
Ve IZ93452E=0%
0.6500000E 02
0e66942437TE-05
“0el1I50000E703
Ce1539321E-04
0.1450000F 03
U245 16508E=12
0.6650000E 03
~0e2120494E-05
“Ce7650000E 03
-044855502E-06

0.7250000E
0.3500000E
0+6500000E
0+1150000E
0+.1650000E
0.6650000F
0. 7650000E

0+9E50000E

04

04

01
02

02
03
03
03
03

03



@ 3
=0, 4NN3000T
10 2
-, 280 F
13 <X
w2 NON0F

2
1 3
N,9n0a000E
2 2
0,.,9000000F
10
1 3
0.1182000F
2 3
" ,1R2RONOE
2 2
n,2900N0Nc
4 2
0 LR2R0000F
5 3
0.6950000F
& 3
0.8225000E
K 3
04960070085
7 3
0.,1010C00F
9 2
" .1050000F
10 3
0L.1080000F
11
1 -1
N,0300000
2 3
N 4000000
-2 - R
—14.1510000F
& 3
-O.RHOGOOOK
= 3
~0.1100000F
6 -
~0,41562500F
7 3
-0 42000000F

4
92
4
"7
&
7z

4
nz

4
nzg

D e 02 e 2

o
FNERENME RN PE N R

= 4Gt 033400F 00—
-0s1033400F 00 ~N.4481035E=03
-0.12987705 Q00 ~0.5276594FE-01
=03129R770F Q0 =0.149%825E=01
~0.9276604E~01 ~0.5275000F~01
=0a9274804F w1l ~0,76472213E=013
07 53ITFF0O0E~D] « 55929999 F=02
~045375000F~01 =041375729F-02
-044999999E-02
=0 4999999F~02

ni
4
o1
4
0?2
.[FM
02
4
o2

"D0a1220000E£00

TABLE I (Continued)

0.4802300FE~01 0,.,0000000

04 HOY300F-07

7.0000000 N,0000C00
N NNNNGNN NLNNTNan
0.,0000G0N N, 0006000
N.NN000RN N, n0Q00n0
0.0000600 O sG009000
0.0000009 T.0000000
0.0000C00 000003500
0.0000000 0+w000v000

0.2144500E 01 0.100J000E C1

032144500F 01 -0Ww2438816E 00 -

0.100N000E 01 0.%0952M0E 0O
D.1200000E 01 ~049595554E-02
0,509820CE 0N~ N.3983499E 09
DeBNGR2NAE 00 ~1.2246330F-02
0,2982400F G0  0.2914700F 00
0.2983400E 00 =0.12363795F~02
0.2914700FE 00 0.2171200E 0O

0.9650000E 03

TeBETLITEIE-U3 =0.5600185E~-05

0.1072000E 024
0.0000000
C.IT65000E 04
N.00000600

0.26200G0FE 01
0.0000000
0.1650000E 03
0.000000G0

0s2620000E 01
0. X 7231974E-=01
G+ 7250000E 01
041821216E-04
0.35N00C0OE N2
0,8744358E~05
0.6500000FE 22
0.3927955E-05
0.1150000E 43

0¢2914700E 00 ~047011979E-02 ~0,5640276E-05

042171200E OO0
0.2171200E OO
0.1220000E 00

0e122wu00E 00
0+7999998E-01

0«7999998E-0]
Ne79999958E-0]
0.45000N1E~-N1
Ca&45000NDE-02

0.4500000F-01

N 0003000

0,.,0000009 2,.,0000000
030000000 “0. 0000000
0.,0000000 0.,000C000
240002000 00000600
20000600 -0.1033400E 00
0.0000000 ~0.2119718E-02

“I298770500

0.99999046E=01

0.165000UVE 43

0¢1205775E-02 ~0,1987146E-24

0.2300000E 03

D4+298T15BE=02 0 vE833B24E=04

0.26500C0E ¢3

0e3938776E-02 =0,8454810E-04

Ns3000000E 237

Ne7455617E~03 =0,1119708E-04

0,3650000F 03
0300000007

0,2620000E 01
0.,0000000

0.7250000E 01
0.6191885E-05
033800000E 02
0+1293452E-06
0.,6500000E 02
0.695243TE=DS
0.1150000E 03
0.1539221E-04
03 1650000E -3~
0,1795629E-04
0,2300000E 03

Ov4B55967E=03—=0 . &TT5TIGE-06

01072000 04
0.1165000E G4
0%1293300E 04

0% IE50000E 03

0.12933200E 04

0.7250000E
043500000E
0«6500000F
0.1150000E
0+1650000E
0% 23000G0E
0«265C000E
0«3000000E
0% 3850000E

0.1293300E

0«7250000E

0«3500000E

0« 65000008 02

0.1150000%
0e1650000E
032200000F

0.3650000E

33
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02
02
c3
03
03
03
n3
03

04

01

02

03
03
03
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TABLE I {(Concluded)

g 0 T 4 0.9999995E01 W1RT7S999ET00 T0VIE5C000E 0F
—0,.,1300000F N2 0.,9999996E~-01 ~0.7799980E~-03 0.67999836E-05
Q 3 4 DW.147999%FE 00 0.1059999E 00 0.4550000E 03

=N 4NOGM00F N1~ 0,14 TIFI°E N0 "D.1800015E503 =0.26000108-05
10 3 4 0.1089999F 00 0.000u000 0.5650000& 03
NL,1INN0CHNF a2 (,1059900E 00 N.6500068E~04 ~0.1100001E~-05

11 e
n,750N000E A2
2

1 3 &
N«3000GCOE N2

2 3 &
0.9200C00F-C2 -

6

1 2 &4

AW L Talalsiels]

? 2 4

A ,ANANANGD

4 - 0000000 . 00063000 “0s7650000E703
1,00006Nn0 nL. 0000000 0.0000030
0.0000000 0.000L000 —072620000E 01
0.0009C00 0.000u000 C.0000000
040000000 0.0000000 0.1650000E 03
n,0000000 D.7000000 0V.00000C0
0.0000000 C.0000G00 0.2620000E 01
N, 000r0NN N,aOONNGO0 TCLUDN0000
C.0000000 De1605999E 00 0.3500000E 02
f.000000N Ne598C0N0E-02 =N T340T743E-04

4--03,140%900F

C.,140RrR0QaF

00 —032&25000F 00" "0 J76500000F 02
00 0.r930024E-02 0.1099845E~05

2 -3
0,34000005 01
& 2 &4
0,285C000F 02
5 3 4
0.9700000F 52
6 a4

C.1070000E N2

10

1 M
NG11R3000F

b 2
0,1240C00C

3 3
NJANPRGO0F

&4 3
0.5675000F

5 2

4

n2
o
nae

4

02
e

02
4

0.3425000F 00 0434250005 00 0416500005 03
0.3425000F 00 Dw1144408E=08 =0.38T4695E~11
0.3425000E 0C 0.0003000 0.3650000E 03
U.2425000F 00 -0.3663260E-02 G+11588B8E~04
00000080 - 0,0000600 - 0 qu350000F “03
0.0000009 . 0.00000N0 0.0000000

0.2F445005 01 0.9656900E 00 0.2620000F 01
0.2144500F N1 =0.2014851E 00 0.1068164E-01
N.94556900E D0 0.5005299F 00 0.7250000F 01
0 656900 0020372 7283E=027=0, TT99235E=03
0.5095299F 00 0.3983499E 00 0.3500000F 02
0.50952909% 00 0.7752996502 -042134667E-03
0.39836493E" 00 ~0JZ916700E 00 06500000 G2

0.3983499E 00
0.2914700E 00

0e5236596E-02 =~0.8407197E-04

0.2171200E QO

0.1150000E 03

0.4650000E
0.5650000E
0.7650000F

Ve 1Z93300E

Ce 1650000

0«1293300E

0«3500000E
0.6500000E
C.1650000E
0.3650000E
0+4350000E

03 YZ293300E

0.7250000E
0.3500000%

0«6500000E

03
03

03

03

04

0Z
02
03
03
03

04

61
c2

02

0. IT50000E 03

0+1650000E 03

0,792500002
6 3 4
0.99450005 n2
7 2 4
NL,1100000F 97
24 3 4
Q10000 042
9 2 4
0.,1470000F 02
10 e e
0.1620000F 023

34

O 29TETO0EC0Q
0.2171200F 0O
0+2171200E 0O
0,29329100E° 00
0.3939100F 0O
0.948%9650F 00

094896508 00

0.9489650F 00 ~0.1841072E-01

0:0006600
0.0000000

OTR238TEYES02 TROTIT IV E39E-0T

0+3939100E 00

0.1550000E 03

0e7561672E-02 ~0.1025595E-03
07948965000 0T T9S0000E 03

0.20664N03E 00
0.9489650E 0O
04 9489650800~ =0T523 &0 3F=03

0.0000000

—0s000C000
0.000v000

~042147668E-01
0.1995000E 03
O 9o TIR24E=05
0.2345000E 03
0.1160779E~03
02790000 E 03"
0.0000000

0s1950000E
0.1995000E
0.2245000E
0«2790000E

03TI293300E

03

03

03

03

0F



TABLE II

Labels for logical unit numbers used for input and output of data

from disk or tape files:

Program 1 {FVTM)

Label
INPUT
ouyTPyUT
GEOM
PI1DATA

PLlIN

Program 2 (FVSM)

INPUT
OUTPUT
GEOM
PI1DATA
P2RSIN

P2TIFIN

P2RS

P2DATA

Unit No.

5
6
9
10

11

10
11

12

13
14

Purpose

input from punched cards
output on printer

body geometry data
storage output

restart input

1nput from punched cards

output on printer

body geometry data

input of program 1 storage file
restart input

unfinished interface storage

file input

restart output

interface storage file output

35



TARLE IT (Concluded)

Program 3 {FDSM)

Label Unit No, Purpose

INPUT 5 wnput from punched cards

oUTPUT 6 output on prainter

DATAZ0 20 input or output on disk
{binary)

DATAZ21 21 input or output on disk
(binary)

CONTIN 22 input from continuous storage

file on disk

CONTOU 23 output of continuous storage
file on dask

PUNCH 30 punched card output

BBDATA 31 input from program 5
{blunt body data)

Program 5 {CTI)

INPUT 5 input from punched cards

oUTPUT 6 cutput on printer

GEOM 9 body geometry data

P1DATA 10 input of program 1 storage
faile

CHAOQS 11 output for program 4 (CHAQS)

BRDATA 12 output for program 3 (FDSM)

P2DATA 14 input of program 2 interface

storage file

36



Card

TABLE IIT

JOB CONTROL CARDS TO RUN PROGRAM 1
FROM AN INITIAL START

JOBNAME, T, P_,

ACCOUNT, ID NAME, ACCOUNT #.

ATTACH, LGO, PROGRAM1, ID=AAAAAA, PW=BBBBBBEBEB,
ATTACH, GEOM, SHUTGEOM, ID=AAAAAA, PW=BBBBBBEB.
REQUEST, PlDATA, *PF,

LGO

EXIT, U.

CATALOG, PlDATA, DATAl, ID=AAAAAA, MR=1, RP=120,

INPUT FOR PROGRAML (initaial start)

37
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Card

w o~ A

10
11
12
13
14
15
16
17
18
19
20
21
22

23

TABLE IV

JOB CONTROL CARDS TO RESTART PROGRAM 1 AND RUN

ALL: SHUTTLE FLOW FIELD PROGRAMS

P_.

—— ] J—

JOBNAME, T _
ACCOUNT, ID NAME, ACCOUNT #.

ATTACH, LGO, PROGRAM1, ID=AAAAAA  PW=BBBBBBEB.
ATTACH, GEOM, SHUTGEOM, ID=AARAAA, PW=BBBBBEBB.
ATTACH, P1lIN, DATAl, ID=AAAAAA,

REQUEST, PLDATA, *PF,

LGO,

EXIT, U.

CATALOG, P1DATA, DATAl, ID=AAAAAA, MR=1l, RP=120,
RETURN, LGO.

RETURN, PI1IN

ATTACH, LGO, PROGRAM2, ID=AAAAAA, PW=BBBBBBEB,
REQUEST, P2RS, #DF.

REQUEST, P2DATA, xPF,

LGO,

EXIT, U.

CATALOG, P2RS, DATA2, ID=AAAARA, MR=1, RP=120.
CATALOG, P2DATA, DATA3, ID=AAMAAA, MR=1, RP=120.
RETURN, LGO,

ATTACH, LGO, PROGRAMS, TID=AAAARAA, PW=BBBBBBBB,
REQUEST, CHAOS, *PF,

REQUEST, BBDATA, %PF

LGO,



24
25
26
27
28
29
30
31
32

33

TABLE IV {(Concluded)

EXIT, U,

CATALOG, CHAOS, DATA4, ID=AAAAAA, MR=1, RP=120
CATALOG, BBDATA, DATA5, ID=AAAAAA, MR=1, RP=120.
RETURN, LGO.

ATTACH, LGO, PROGRAM3, ID=AAAAAA, PW=BBBBBBEB.
REWIND, BBDATA.

LGO,

EXIT, U,

REQUEST, CONTQU, =PF.

CATALOG, CONTOU, DATA%, ID=AAAARRA, MR=1, RP=120,
INPUT FCR PROGRAM1 (restart)

INPUT FOR PROGRAM?2

INPUT FCR PROGRAMS

INPUT FOR PROGRAM3
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TABLE V

JOB CONTROL CARDS TO RESTART PROGRAM 2 AND
RUN REMAINING SHUTTLE FLOW FIELD PROGRAMS

Card

1 JOBNAME, T ___, P_,

2 ACCOUNT, ID NAME, ACCOUNT #,

3 ATTACH, LGO, PROGRAM2, ID=AAAAAA, PW=BBBBEBBBS.
4 ATTACH, GEOM, SHUTGEOM, ID=AAAAAA, PW=BBEBBRBB.
5 ATTACH, P2RSIN, DATAZ2, ID=AAAAAA.

6 ATTACH, P2IFIN, DATA3, ID=AAAAAA,

7 REQUEST, P2DATA, %PF.

8 LGO,

9 EXIT, U.

10 CATALOG, P2DATA, DATA3, ID=AAAAAA, MR=1, RP=120,
11 RETURN, LGO.

12 ATTACH, LGO, PROGRAMS5, ID=AAAAAA, PW=BBBEBBBBE.
13 ATTACH, PIDATA, DATALl, ID=AAAARA,

14 REQUEST, CHAOS, «PF,

15 REQUEST, BBDATA, %PF

16 LGO.

17 EXIT, U

18 CATALOG, CHAOS, DATA4, ID=AAAAAA, MR=1, RP=120.
19 CATALOG, BBDATA, DATAS5, ID=AAAAAA, MR=1, RP=120.
20 EXIT, U,

21 RETURN, LGO,
22 ATTACH, LGO, PROGRAM3, ID=AAAAAA, PW-BBEBBBEB.
23 REWIND, BEDATA.

24 LGO.



Card
25
26

27

TABLE V (Concluded)

EXIT, U,
REQUEST, CONTOU, #PF,

CATALOG, CONTOU, DATAG6, ID=ABRAAAA, MR=1, RP=120,

INPUT FOR PROGRAM2 (restart)

INPUT FOR PROGRAMS

INPUT FOR PROGRAM3
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Card

3% ]

[0 S N« ¥ N 01

TABLE VI

JOB CCNTROL CARDS TO RESTART
PROGRAM 3

P_.

[ | —

JOBNAME, T __

ACCOUNT, ID NAME, ACCOUNT #.

ATTACH, LGO, PROGRAM3,
ATTACH, CONTIN, DATAG,
LGO.

EXIT, U.

REQUEST, CONTQU, #PF

CATALOG, CONTOU, DATA6,

INPUT FOR PROGRAM3

ID=AAAAAA, PW=BBBEEEEB.

ID=AAAAAR,

ID=AAARAR, MR=1, RP=120,



Card

TABLE VII

JOB CONTRQOL CARDS T0 RUN PROGRAM 4 (CHACS) FROM A
DATA SET PRODUCED BY PROGRAM 5 (CTI)

JOBNAME, T _ p_.

—— —

ACCOUNT, ID NAME, ACCOUNT #.

ATTACH, LGO, CHAOS, ID=AAARAA, PW=BBBBBBBB
ATTACH, TAPES, DATA4, ID=AAAAAA,

LGO,

INPUT FOR CHAOS
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Figure 1.- Mesh geometry for program 1 (FVIM)
determined by series of nested cones,
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Intermediate Final

marching
surfaces

Initial data
surface

Figure 3.- Illustration of position, orientation, and
vertex angle of conical data surfaces for
successive steps (program 2, FVSM).



Shock wave

Figure 4 - Coordinate system and computational
mesh 1n axis normal plane for program 3.

47



1 Input

( Input

Program 1
Time
Marching

Code

Data File 1
(P1DATA)

Geometry
Input
File (GEOM)

!

Data File 2
(P2RS)

( Input

Program 2
Space
Marching

Code

ata File 3
(PZDATA)

Input

Program 5

Interface
Code

Data File 5
(BBDATA)}

!

Data File 6

{ CONTOU)
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Program 3
Space
Marchaing

Code

Data File 4
(CHAOS)

Program 4

Streamline

Figure 5.- General space-shuttle computer
program and data file interdependence.



6%

Card o 1

Varaiable

Card Column
Data

Card No, 2
Variable
Card Column
Data

Card Mo 3

Variable
Card Column

Data

Card No, 4

Yaraiable
Card Column

Data

LOGICAL VARIABLES AND LNTEGERS
format {2L1,3X,15,11)

DISKIN
DISKOT
I NDEND

{—NPRNT

Mo 114 XXX

10113

XK

INTEGERS-RIGHT ADJUSTED ~ 5 column fields

Format /1258

}

NPRT NE|

HD

1E

JE

KE

JSHK

BGAS

No 5

10

15

20

25

30

33

REAL NUMBERS - 10
Format {(BFLO

column fields, decimal point reguired

0)

No

c2 583
PINE RINF GAMMA, SDO
RHAClL 10 20 30 40 50 60 70
REAL NUMBERS — 10 column fields, decamal poant required
Format {BF1Q 0)
ALPHA ZFQCHL THWE THLL RBY
10 20 30 40 50

Ho

(a)

Program 1 {FVUBB)
Figure € - Input data form




[+]]

Card Mo 1 INTEGERS - 1 column fields

Variable

Format (5Il}

NRSTRT
NPELOW
NPAREA

NEXYZ
r NPFLUX

Card Column Weo

U21314]5

Data

Card No 2 REAL NUMBER - 10 colummn field, decimal point required

Format (F10 0}

Variable
Card Column No

10

Data

(b} Program 2 (FVSBB)

Figure 6 - Continued



15

Card No 1

Vvariahle
Card Column No

bata

Card No 2

Yariahle
Card Column No

Data

Variable
Card Celumn No

Data

Variable
Card Column No

Data

Format (LB,5I5,F10 0,I5,F10 0)

LOGICAL VARIABLES, INTEGERS (RIGHT ADJUSTED) AND REAL NUMEERS

GRFCS MCoDIN LTIN | MODOUT { LTQUT NIl MODCFO MODBS0Q CRASHZ
INTEGER-RIGHT ADJUSTED ~ 5 column field
Format (I5)
NUMDUM,
5
Card Mos 3 +o (NUMDUM+ 2} REAL NUMBERS - 10 column fields, decimal point requared
Format (7E10 0)
ZRMSH BETTA PHIZ RO AR BR ZPACT FCTROW
10 20 30 40 50 60 70
Card No (NUMDUM+ 3} INTEGLR-RIGHT ADJUSTED - § column £aeld
Format (I5)
NMPTS
]
(¢} Program 3

Digure 6 — Continued




25

Card Nos (NUMDUM+ 4) to (NUMDUM + NMPTS 4+ 4) REAL NUMBERS, 10 column fields, decimal point

Variable
Card Column No

Data

Pormatk (2E10 0)

xeguired

ZDMPM

DCM

10

20

Card No  {NUMDUM + NMPTS + 5) INTEGER-RIGHT ADJUSTED - 5 column fzeld

Variable
Card Column No
Data

Format (IS)

WRFIS
5

’

Card Nos (NUMDUM + NMPTS +6) to (NUMDUM + NMPTS + NRPTS + 6) REAL NUMBERS

10 column fields, decimal point regquared

Variable
Card Column No

Data

Format {2EM0 0)

ZDMPR

DCR

10

20

{e) Program 3 - Coneluded

Figure & = Continued



BS

Card No 1

Variable
Card Column

Data

Card No 2

Variable
Card Column

Data

Card Nos 3

INTEGERS-RIGHT APJUSTED -~ 5 column fields

No

Format (lOIS5)

HUME

I0PT

JEIMIT JL3
3

10

15

20 25

INTEGER~RIGHT ADJUSTED = 5 column field

No

Format (I5)
Iz

5

to 7 as needed for up to 40 values

Varzable
Card Column
Data

No

Format (8F10

0}

REAL NUMBERS - 10 column figlds, decimal point required

ZMTRC

10

20

30

40

S5O

50

20

80

(d) Program 5 (crr)

Pigure 6 -~ Centxnued




s

Gard No 1 REAL NUMBERS =~ 15 column fields, decimal point reguired

Varaiable
Card Column Mo
Data

Varaable
Card Column No

Daka

Variable
Card Column No
bata

Variable

Format (2E15 7)

Card No 3 INTEGERS AND REAL NUMBERS

RJOSE CONANG
15 30
Card o 2 INPEGER-RIGHT ADJUSTED - 5 column field
Format (IS)
NSC
5
Format ({3I5,4El5 7)
NS h NCF YEL Yp2 ZL(NS, N, 1) ZLANS N, 21
5 10 15 30 45 60 75
Card Mos 4 to 6 REAL NUMBERS - 15 column fields, decamal poant regquired
Format (SElS 7)
CF
1S 30 45 [<14] 2

Card Column No
Data

{e}

Body geometry input data

Figure 6 - Concluded




<2,
Q,
R
) &&&AV \/
_ THILL
v, P .
e $4-SDO -z
' THWL
Limiting mesh
cone @
Limirting mesh
cone
Bow shock Body

wave
THWL

Figure 7.- Body and shock geometry in pitch plane showing
definition of computational mesh input parameters,

55



10

ZFOCNL

o 1 | 1 1

0 10 20 ' 30 40
Angle of attack, o, degrees

Figure 8.- Estimated axial lgcation of last
mesh ‘cone vertex for program 1
{(see figure 7).
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Ellipse
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Figure 9.~ Control points and geometric parameters for the body geometry.
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£ = a

curve

M)l

In [134- %(2@ + 1) - 2a
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(a) « = 0.

Figure 1l0.- Radial clustering function.
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Figure 10.- Concluded.
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FT 01l
1 200 1s 12 18 10 -1

10 0 797.7905 1 0269E-06 1.4 . 26 .5
30.0 7.0 40. 90, 1.0
(2) Input data for program 1, (FVUBR)
01111
5.
(b) Input data for program 2. (FVSBRB)
11 22 17 43 1
a0
.025 .05 .075 .10 . 125 .15
.225 .25 .275 .30 . 325 .35
.425 .45 . 475 . 50 . 525 .55
. 625 .65 .675 .70 . 725 .75
. 825 .85 . 875 .90 . 925 .95
(c) Input data for program 5 (CTI)
FALSE 1 3 0 0 50 200. 5 10.
5
5.0E. 2 0,0E,0 0.0E.0 0,0E, 0O 0.0E.0
5.3E.2 0 0E.O 0.0E,0 0.0E.G 1l.1E.0
5.7E.2 3.0E.01,. 308998, 0 0,0E.O 1.1E.0
6.0E, 2 3.0E,01, 30889E,0 0 OE.Q 1.1E.0
3.0E. 3 5.0E.01, 30899E, 0 0 0OE,O 1.1E.0
2
2.5E.2 0.0E.Q
3,0E.3 4, 0E-1
2
4,5E, 2 0.0E.0O
3.0B 3 1,08-1

60

Figure 11,- TInput data for numerical example,

(d} Input data for program 3 (FDSC)

0.0

.175
.375
. 575
. 775
- 975

.20
.40
.60
. 80
1.0



014

00008017

003002

020010

000000

000000
000000000

107.3 %0
40 2 2 333
1.4 1.4

1716.

1.3639E-011,9701E-07 21700,

89,056 0.0
180. 0.0
179.8 0
179.6 0
179.4 0
179. 0
178.5 0
178 0
177.5 0
177. 0
176. Q
175, 0
174, 0
172. 0
170 0
168, 0
165, 0
160, 0
150, 0
130. 4]
0.0 0

SHUTTLE 1
PERFECT GAS
000
000
L0726 109

NOOCOOOOOOO0OO0OO0OOOO0O0OCO0O00

0.0 0.0 1.5

s .

COCO00OLOOOO0OOOO0O0O

D I I I T e T

[ I e B I oo Y ole R e J8 o 3 o 3 ol oie I e 3 ol B e O o Y ol Y i B e Y o Y

. 145 . 182 . 218 . 254

{e) Input data for program 4 (CHAOS)

Figure 11,- Concluded.
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InDIMENSTONS

RNy anpy

HACHEY D0n000k4nt

SDax2 bgondpfent Cozb

HPRY= ) HFNDs Pn
T

VINFE 3 29705F4ns AYNF= 3 20395F+0u HINFZ 5,719126+0% RHZS 3,38667E=01 EINFr 5,7T8398E404 EJINFE §,90223E+409 TINFZ 2,6956TE402

HW]

= apng

Bl o
Fpfs=y 9770
Npnghat ent

1Fz 1o
fpEety

RFOCIKL 14T CONSTAMT vallES
t

1

- I I - L]

nrdEtK.z.IJ COMSTAHT VALUFS
1

R A

t2
0.
=1,n50E40>
.
al 0ARE+07
.
»1,0848E402
ol
w1, 080407
ol
ni 0BOESDR
0.
wi,08QE+02
0.
i, B8RE40D
.
=l ,0B5E402
.
wl,nBYE4Q R
a,
i, 089E+07?
0,
=],089E+07
[

wi,0B89E402
3o

1,0B9E 407
0,

#1,000FE+0p
Qu-

=], 089E4+07

1, 089407
0,

=1 ,089E402
0

-l:onn£+0?

e
7a114E40]
2.597E+0p
T,110E401
2,59TE+0p
1.110E401
2,597E+02
Tei14E40]
2.597E+02
Teti1aE+0y
2,597 +02
TL110E+0)
2,597E+02
To116E40Y
2,597E+0p
Tofhake0y
2,897E+07

H
13

[

.t 317F402
o,

i, TITF 40P
9,

=f 31 TF4n?
[+]
=1,%17F 402
-lt!!TFGﬂ?
oﬂ

IS {EITY
o

»1,51TF 407
[}
vl,!!?#*h?
b,
1,31 7F 402
OF-

w1, 51TFa02
L

1,81 77402
0,

=1,31TE402
0

1,3t 7Fenp
0, .

w1, AFTF40P

w1itTEL02

=118 7ran2
e,

=1, 7Fs012
Oy

1,1 TFeA2

14
=1 DA U0
=1,568F 408
-1 NAPE4D0
=1 SRAF4U?
«1,089t 400
-1 Sa8Fs02
=1, 0p9F 400
=1,568E402
! 0RFF 400
wl SKBEL02
wl, 0a%L400
o, ShBFs0P
«1,089F 408
ol,5pbEs02
«1,089E400
=1,540F 402
w1 DEBE400
wl ShBEs02
w1,08%E4+00
-l SuBEs02
b MASE40N
=l SHAE4D?
=l 0a%E400
-l SARE+02
-l NATF4D0
«l SHAFLNZ
=l Da%EL00
=] JSKBE 402
wl BASEL00
=1 BRBE+02
«l ORFELO0
=1, 5hBF 402
=1 0R9E400
=1,548E402
=1,089E400
=1,50BEs02

2 ]

A3 4
Talt&Fsnf  7,303E401
2,393F402 3, UpbE402
Teh10FanL 7, 3p3E401
2.393F¢02 3 UphELD?
T 11aFent 7, 503Ea01
2,99%F+02 ¥ Ua6Ee02
Tattdre01  7,3038401
2 99BF4n2 3, 4abEs02
TpltaFent 7 343401
25%93F+02 Y, da6E40P
Tal10Fe01 7, 5058401
P 9093F+02 3 Hable02
T 1tdFentr 7, Ta3Eany
2.993F402 1 UphE402
Tot14Fen1 T 3Ia3E401
2,99FF 42 I Up0F402

GSE 402 RHDZ 1, 020% 0k »0n

GAHHASE  Un0000t +00

ALpbss, 000000F#01 LFOCNL®Y,000000E400

S¥=4,
Jk= 12 LU ¥
THLL 3 JFoconobany

@
§5
wl YS54E, 00
w] B4NE 02
i 354E,00
i, B40F 02
il 354E .09
«1,A20E,02
wii A54E, 00
=1,BU0E,62
wi, 354E G0
=1,Bu0E, 02
=i,354E .00
-l ,BU0E 02
=i  35AF ,00
=t BUBF 02
v, 3SUE 00
wi, 840E,02
v, 354F 00
-1,840E, 02
.u,}SﬂF,Do
»1,840E,02
wil ,35dE 09
~-1,800EL02
=i, 354E 00
- BOOE 02
=it 35AE 00
w1, 840F,02
wid, 354E 00
»1,640E402
.u.ssaa,nu
=1,B800E 02
-H.SSHE,DD
=1 BAQE,02
wit, 3SHE 00
~1,B40E,02
wii, 354E 00
wi BUNE, 02

4

15
7,86BE,01
3,B98E,02
7,86B8E,01
3 HYBELD2
7,868E,01
3,890E,0p
7.868E,01
3,B98E,02
7.86BEL0}
5,895E402
7,8686,01
3.898E 002
7,868F L0y
3.893E,02
7.848BE,0¢
3,89RE,02

L]
1]
w9, 797L 400
«?2 136E4p2
w9, TOTE4 00
=2, 138k 40P
-9, 197k 4p0
w? § 38Es g2
=9, T97k+00
2, 1306402
w®, T9TE4n0
-2, 13E402
w%,797Esq0
w2, 13dEsg2
»?, 797E4n0
w2, 13E+g2
9,797k 40
w2, 1 34Ewp2
=9, TRTE4p0
w2, 1 34E45?
w®,797E400
«?,13dE4g2
w9, 797E+g0
w2, 1 30E492
u?, 797E4 40
=2,134E+a2
w3, 797E+g0
w2, 13dE+g2
«%,797E4+90
=2, 134E492
«? TSTE4q0
=2,13dE4g2
9, 797E4g0
w2,138E+02
w9, T97E400
2, 1S4E02
w9, T91E g0
=2, 13UE+p2

5

16
B,811E401
4,807E4g2
8,811E¢g1
4, 40TE+pR
8,811E+qn!
4,80TE+pR
8. 811E4p1
a,807E4p2
B, B11E+pt
4, U4QTEspa
8,811E+p1
U 407F+p2
4,8 1E+401
&, 207E+g2
B.BiiE+p)
& 807E+p2

Jstkz 10
RBX w

]
=1, 742401
., T02E 401
=1, TU2E40)
wl TUZEL0]
.l TUBEL0L
»1,T42E401
w1 TUZE401
=1, TH2E401L
»1, TU2E40L
=i, TU2E401
=1, TU2E40}
wl T42E4D}
»1 TH2E4DL
wl TU2E40 ]
~t, TUZE 40
wl,TU2E40)
w} JUZE«0]
w1, TU2E+0]

&
1,013E¢02
1,013E+02
1.013E+02
1,213E402
1,013E402
1,083E402
1,013E+02
10138402

WGASx =]

100000EeD}

7
=2, T21E+0)
«2yT21E401
w2, 721E401
=2, T21E40t
v2,T25Es01
w2, T2tEs0L
=2, T2IEM01
w2, T21E4+04
=2, T21E01
2, T21E401
«2,T21E+01
=2, T21E4014
w2, T21E401
=2, T21E+ 01
w2, T21E+01
w2, T2{E4 01
w2, 721E401
w2 T21Ee01

k)
1,183E402
14183E+02
1.183E402
1+ 183E402
11838002
1,183E402
1 1B3E+02
t+1R3Ee02

Figure 12 - Selected sample output data from

a
“3,919F+01
bl TR A0 )
=3, %19E401
*31,919E+0 )
3, 919E401
=3,919E¢0!
=3, 919F401
*3,919E4+01
=3, 919E4014
a3, 919E401
=5, 919€+01
»3I,919E401
«3,919E+01
=3, 919E+01
u3,019Es01
“3919E401
=3, 919E+01
=5, 919E+0)

]
14390E 402
1, 390402
14390E402
1,390E+02
1,300E+a2
14390E+02
1:390E+02
1,390E+02

program 1

[
w5, 334601
w& 33JE 401
wh, 330E401
«5,334E401
w5, 334E 401
«5,340k40]
=5, 534E401
%, 33UE401
o5,330E401
w5, 334E601
=5,334L401
=5,334E401
wt, 330E401
=5, 33aE401
=5, 330E40]
=5, 339E+01
=5, 330E401
«5,3530E401

9
1,638E402
t,635E402
1,5635€402
1, 635E402
£ OISE02
1,635E402
1,635E402
1,8356002

10
b, 96TE+01
wb, Y6TE40Y
w6, 90TE4+0]
wh, SbTE+0]
et 95TEe0]
b, 96TE401
wb,F67E+0]
b, 95TESDY
w6, 967E40)
b, P6TE40Y
b RETE4D]
b, 96T0+01
ub,96TE+0)
wb,96TE+D]
wb,96TEe0]
b, 967E40}1
wb, 96TE 40}
wb,PTE+D]

to
1, 7188402
1,918E+0D2
1,%18E402
1,918E+02
1,910E+02
1,318E+02
t,918£+402
1, 9188402

3
3,81 TE+01
=8, B17E+01
=8,817E401
=B, B17EC01
=8,817E401
w8, 817EeD1
uB,BiTESO)
=R, BITE40Y
o8, 81Tk+01
-8!0171401
=8,8{7ke0y
w8, B1YE+p!
wB B1TEC
=8,81TE+0)
=B,BL7E+01
w8, 81TE01
=8,817E404
“8,817E+01

it
2,239L002
2,239E402
2,239E402
2, 239E+07
2,230€402
2,239E402
2,239E002
2,239 02


http:2.2390.02
http:1.390F.02
http:1,.113E.02
http:2,239E.02
http:2,3900.02
http:2.9e3F.02
http:1,390E.02
http:1.013E.02
http:2,'930.02
http:1.635E.02
http:2.239E.01
http:1.013E.02
http:7.lo3C.02
http:7,1140.ol
http:2,219E.02
http:1,390E.02
http:2.597o.Op
http:1,183E.02
http:7,868E.01
http:2.2396.02
http:1.635E.02
http:l.080.00
http:3,919E.01
http:8917E.01
http:5,417t.01
http:2,721.01
http:9.197E.00
http:2,721E.01
http:6,967E.01
http:2,721E.01
http:8,817L.01
http:2,721E.01
http:a.35E.G0
http:3.919E.01
http:2.721L.01
http:2,13'E.02
http:6,967C.01
http:2.721E.01
http:5,183981.oo
http:3b1,1L.01
http:nnonoI.n2

9
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1
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13
14
15
14
17
18
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2,597 407
T 8B40
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2,597E+0p
ToAtHE Dy
2yRITE4+D)
T.114E+0¢
2,597E+0>
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12
Te11HE+
2,733L402
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Tytlakeny
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2,44uE402
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1.438E402
Te1luEe0y
1,403E405
To118E401
$.382E+0p
TotlaEely
L, 3T5E402

TaituFsay
2 99%F40p
Tod1UFans
2 99%fsn
T 114F4ny
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2 QIF4n?
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3, 102F02
Tet12Fen)
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TpiiTEe01
2,9T5F402
Tatt2Fe0L
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T 112F+01
2 a03F+02
To113Feny
2p030F 402
Tul13Feh)
Pa20BFen2
TalldFedi
2 170F+02
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TattuFang
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7 113E+01
L.RIOF4N2
Ta112€401
{1 Y17F+02
TabtOFsnd
1,520FeD2
Ta109Fs0)
1,555F402
TaI0TFeny
1,008¥N2
T4 T05F401
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o ZeH93EA02 G4 1G4E402 4.SOLEH0R 4, 39GE+02 b I34E+02 beseSE402 _ S.6186e02 - R
BOSY RARIUS
4 GSYERDZ L ATTRACZ 1459002 1 821E+D2  .TS4ES02. L.92UE+0Z 241195462 240426402, 2e207E402 22076802 2.2638+07
2o 43BEAC? 2 5550402 2.622cH0Z  24B54E+02" 2.604EF02 2.6HLEF02 5o GobE+DZ
)
————— e am — n— - ——— L - s
,Fluh‘ VARIABLES, NADY EQUALS 31 .
1 =
i - ——
DENSITY
1 i‘ IR 1 4 7 [ 9 10 11 s
12 14 1 17
-1 _2,4816=06, 2 3-‘.&@-5;1!9__35&%%5?_&?1, 593 £k RAE—R6 R STHECO6  Le4BSE-0A  LalORE-04 . L.GREE-0G __9.451E=0F
=07 24+350DE-07

6eB6IE~0T 4 ,5F0E~07 a.osas 07
A D POE=CH_ 3, 9LTESDE
Be224E-07 64,12GE=07 HoShBEwDT 3,472E-UT7  24924E=27
-uaﬁs.s__cw by gTBE= AETT ] =06 4, 202600 _
GeTHOE-O7 Te32IE~0T Bon4BE=DT 44 302E=0T 34 57BE-07
4 _%e592E=06 4o ST3E=06 4.520E=06  4,445E=06 _ & 37IE=06_
1.2C0E~06 9 342E-C7 7.230&-01 5 GTLE-DT 4.6TTE=D7
A A 0Z0E-00 . 85 80UE=08 4, TRIE-05 6 68 E=lh, .4, 53PE=06 .
1 43¢E=06 1.116E-GE qumnr:-o? ToTOKE-07  baB17E~DT
o EeQITE-06_  5.021E<06 5,995E=06 _4,904E=0k %,7225=0
1.TBGE=0E 1.494E-06 1.24BE-06 1. 060E~06 9 195E~07
15260806 5 161€-06 . 5,180C~0k =Rt 6+ QETE=DE
2,276E=06  1+980E-CE 1 71IE=)€  Le500E-G6 L1.323E=06
8 D,207EC06  5:F93E-0C & RUTE~0b  b.2HeE-db 04
2 893k-06 24607E=06 2.316E~06 2.08TE~06 1eB889E-04
9. _5.415E=0k_ 5 4OBE«0& 5 _3__65-0_@__ 5 _3T3E=0b
T 3 I23E~DG 3 30BEwBE 3, 248E-96
0 ] I-OZ_E:QQ__hQ}.IE;L_J:.QZIE.:M_mmaﬂ
z‘u-—oa T+027E=Go 1.0315-05 1e0G27E-06 1.02TENQS
=06

3

b L 02 7E-Q6._0a0 . Lo O2TE=0L_ 1027620
D2TE=V6 1 0Z7E~QE 1-02?‘-00 1+027L=08 1.027E~06"

)
3.279E~OT

1GHE=06 , 4.

eddie-0e 5 18
2.913E-96 2.T09E=06

2
2. 336E=07

.. 32%826-06__3,930E=006_ 3,950E~0h __3,827k=ub ..LMQ‘J:._O.#.. Le831EmR6_  1.436E~006 1o 1BRE=00 . 1e049E=Q6 . .

F 91?E-
255E=0f 2+106E=06. . JebtOR=06. 1.374E-06 1223606 .

“%%%LWJA_Z:M_%--lME'Qﬁ_MM-Ob JadB0E=QO_.

AASE~06 . 3.703E=0f, _2.732F=06.. 242300=00 .1.309E-06 _L.GAE=0G . .

8-009E-—0? 329B6E=06__32177Em06 2,616F=06 _ 25250Ex0f . 22029608 __
1235288.._& 220480k, 325316208 3.Q15E~06_ 2. 721E=0b_ 2u.521F208, . e o
E%%EE%? 4a996F=06 . 9.01YE=04. 5095206 3, 19E-06 3. 1I2E=0R

3 '5"05.2.36_54_0.0_&5 =06 42 308F=06 _5.402E-06_ 43 )86E=0b... A+95RE-06. . .¢

E=0_ 12027F=0p, Ja027E=06  14027E~0f 1.027EwDh  1.027E=08_ . .

Sa,
5 -6695-07

1027
1.027Ex06 \

3 OWILM__LJHMQ__L BRTE=Rb la02TEa0h  1W02TE-CH. ...

- LT

Figure 25 - Concluded
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RESULTS OF INTEKFACE PETREEN ELULNI BOOY CODES
AND STREAMLINE FETRIC FRGGRAH

UNSTEADY sLUNT-BOLY TAFE REsD. 1& STATIUNS ON IT.

4

STEADY BLUNT-BOLY TAPE READ. 4 STATIONS QM IT. TOTaL NG. OF STATIONS = 19

ALPHA =
RINF =
PINF =
HINF =
SAMMA =

30,0060 DEG
L 993E-05 SLUGS/FT#*3
J1GEEEHCL LB/FT*#2
10,0000
1,4C(00

Z7IMAX-LOCATIONS REQUESTED

«6250
- 0300
0750
« 1000
«125¢
+ 1500
+1750C
« 2000
V2256

22500

25750
+ 6000
6230
6500
6750
+7000
#7250
« 7500
7730
+ 8000
«3250
28500
«56750
+«90C0
+9250
+ 9500
#5750
1.0000

ERROR IN BODY SURFACE DATALSTATION 43684 DISREGARDED

Figure 26 - Selected sample output from interface program
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04

-

Y- N U N

D = AN U

I-5TATIEN HO.

J=

1

PHI

[

1 12506491
2.25C0E+4I1
3.3750E+31
4.5000E4+31
Get 20041
o« TEGLE4D]
TeATEOEHI])
G.00C0E+]]
1.01252402
1.1256L+32
1.2375E+402
1 350(E+02
l.46258402
1+5750E+02
l.b875E+02
1.5000E+92

PhI

0.

1.1250E+401
24250CE+01
3e3TH5CEHD]
4«5 CO0E+0L
5.6250e401
6.7T5COE+D]
TWATECE+DL
Ge0000c+01
1.0126E+02
1.125GE+02
1.2375E8402
1.350GE+02
le46ziE+02
1.5750E4(2
1 68T7LE+D2
1.80C0E4G2

2

PRI

0.

141250€401
Z+250CE+D]
3+3750E+0]
4.56G00c+01
5462508401
5. TS00E+01
T+8750E421
T.D000E+01
1.0125E402
l.1250E+02
1,23758402
1.3500E+02
1.4625E402
1.578CE4D2

Z

FRESSL R
. $632E4(2
1.9627E+02
1 b431E+52
1.7L91F+C2
1. 5460402
1430641F4C2
1.1687E+02
9.733CE+C1
T+ GETE+CL
t.295TE+C]L
G.5492E4(1
3 5513E401
3431L29E+CL
2eEclTE40L
2+1600F+C1
2:0029E401
2 Cb29E+01

cu2
T«2813E-03
7 2013E-03
T.2813E-C2
Te2013E-03
Tae¢bl3E~03
7 £613E-G3
T+¢B13E-03
7.2813F-03
T«28Ll3E-03
T+2613E=03
To2813E-03
7+2813E-03
T.26136~-C3
To¢bl3E~03
T«Z2813E=-L3
T+.2813E=-03
742813£~C3

PRESSIIPE
1.5562E402
1.5339£+02
l.647GE+02
1 7212E+62
l.5E£12E402
1.3744E4+02
}.1b874E+02
G« S3ITIE+Q]
B+1130E+G)
6.5154E+01
5+167GE+4Q1
4.3041E401
3. L759E401
3.0722E+01
2.4814E+401

TFE

VENSITY
1.,1379E-05
141329E-0,
L COTaE=DY
1.,0447t-L5
& 7324E-0n
845215F-06
7 v3%8E-06
£.9T09E-06
. GY¥80E~D5
5.07T27E~D6
4.,2666E=06
3.,£175E-086
3,0795E-06
246%50E~06
2+3101c=00
2.2355E-ué
2+2355E-06

Chz
2.7377e-02
24T377E~D2
2.7277E-02
24737702
2 737TE-D2
2.737TTE~L2
2.T3T7E-02
E«T377E~C2
247307202
2.73T7E-02
2«73TTE=Q2
2.7371E~02
247377602
247377E-0G2
2.7377E-02
247377E-02
2.7377E-02

DENSITY
1,1485E-05
1,1399E-D5
1.1G41E-05
1.0526e=0%
S.0555E-06
9+0062E~06
841529E-06
T.2164E~-06
Es2E15E~Db
5.4L3BE=06
GoebLlEE~06
46079506
3.5T713E-06
3.2131E=06
2 7354k-D6

U-veEL
L.082RE+03
1,25371E+403
1,3p12E+03
L.oQ35sE+03
1,675 7E+03
La83THE+0Q3
241802:4+03
2.5218E+403
249250_403
3.3792=+04
3.854CE+03
442933403
4,71342403
50255403
543406E+03
5.4%30L+03
5+5329E+03

CND
0s
Q.
0.
0.
G'
0.
Q.
O
[+
Ce
cl
0.
0.
Qe
0.
0.
0.

H=VEL
1e3G64E+03
1.5030E+03
1 560GE+03
1.6670E+03
1.8499E+03
2 0536E+03
2.24¢5E+03
2+6944E+03
3.1062E403
3.5478E4+03
3.,9753E403
4 3856E+03
4, T543E403
5.0969E+03
2.4319E+03

Figure 26 - Continued

V=VEL
9445T4E+02
1,1937E+02
1.2201£403
1. 43826403
1.52656+03
1.7077E+03
2.0614E+03
2 4134£+93
246131E+03
3.2641E+03
3 TZBBE+G3
4.144TE+03
4. 5403E+03
4 H24TE403
5.1031E+03
b,2328E+03
5,2650E403

oly]
Q.
0.
Q.
0.
0.
0.
Q.
Q.
0.
Ds
0.
C.
0.
Ge
Q.
G
Os

V-VEL
9«781BE+02
1.0739E+03
1.,1431E+03
1.2903E+403
L.4y56E+03
1.7604E403
2.0829E+403
2+45633E+03
2.9458E+403
3e42T4EH03
3.8860E+03
443369E+03
446913E+03
G.9BABE+D3
5.2C60E+03

wn=VEL

G.

2493BHE+02
1.4072E+C3
1 7790E+03
2.4439E+03
2+8903E+03
3.2991E+0Q3
3.0006E+03
3.7470E+C3
3.7339E403
3.6016E+C3
3,290LE+C3
2.8654E+03
2.,2857E+C3
1,7000E+03
2.8235E+02
1. 7975E=0%

o}

W—VEL

0.

6., 7681LE+02
1.3293E+03
1.9366E403
224944E403
2298278403
3+3462E4C3
3 6320E+03
3,.7742E+C3
3,.7690E+03
3.6328E+03
3.2942E+403
2.8356E+03
2+2413E+03
L.65345403



J= 11

K PRI DESSLRE CenSITY U=Vl V=VEL W-VEL

1 v LyduyIE4C2  1.1306c~u5  3.3L73r+03  8,2£36E402 D

2 1e1Z25uz+ut  L1.7G11E+22 lelso4beulb 3432958403 8.76)7c4(2 J.L99T7E402
3 2 250uE+0]  1,73R1F4C72 lara37.~0% 3,37117+#03 1,0400E+403 Ll.72uuvE+Ca
4 3.47500 401 LacH25E4C¢  L1,12578=)5 3,64062E+03 1.3133E403 2.5341E+C3
5 4,30L00 4] 1 LG02E4+02 1.,1330:-35 3,58R0F+403 1.,7049E+03 3.2224C+G3
& BebcMOE4)] L, 4LTE=+07  1.0YT72C-0Go 3.7002E+403 2.1720E402  3,7713E+03
7 beT ilLu+0L 2,2713E4u2 | GtCoE=25 3 §500F+Q3 2,7060E+4D3  &6,1803E+03
8 TomThus4dl 1,126HE4C2 140540E=05 4 17CEE+03  3.3144E403 4.4235E+4(C3
9 GuJ{CLEHDL G, eT7TPE4CL 1.01441~L5H 4,48765+03 3.96J96E+03  4.5013E+0C3
10 1.J12YE402 8 20R3E401 9.7144E=-06 4.7%T7T9E+D3  4,6Jd07E+403  4,37Z5E+03
11 1.12502402  7.C484E 401 $,23330-06 5.J705E+02 5,2809E+403  4.06u0E+C3
12 1o22750402 54604CE40L B 4rybf=~Lo  2.3536E+03 5.b006F+03  3,589LE+C3
12 1.3500+C2  2.5601E+C02  6,2447c-C6 5,3416++03  H.1312F+03 2,9556<+03
14 1ladL 255402 EL4003E+C) r.2334E-Lr 5,2928++303 o0.4215E403 2.3033E+G3
15 1407505402 5.3920E401  “o1834c=06 9.2358%+03 6.7€43E+03 1.6453E+C3
16 L STE0402 L 3RTLE+CL  Foet370=08 Z.219%E+03  0.9435E+03 3.7752E+02
17 1.3C00E+32 5.3%31E401 b5,3033c=C6 J.220BE+D3  6.947TE+C3  1,7877E-LS
K PH] (1} inz2 CNO co [}

1 Qe T.2813E=03 2,7477E=02 L. (1Y O.

2 Lel 25uEe+0l  7.2013E=C3 2.7477=32 0. 0. : Y

3 2.25VCE40]1  7.2613F~-03 2.73776-02 C. 0. 9.

& 3,A7E0E+21 TF.2813E-C3 2,7377t-22 0. O. Oa

5 449 GLCE40) T,Zol3E-C? 2,7277:=-C2 (. C. J.

& Setr 2500401 TLE2813C0=L35  Z,7377u-02 0. 0. De

T GeTLlun+ul  7,2u13E=03 2,73770~02 0. 0. .

8 T8 750E+3)  7,2013L=03 2,.73277c~02 <. G [

G 9,0000LF+01 T7.2513E-03 2 7377E-0G2 Q. 0 0.

ic 1 JBZLE+I2 7,2013E-03 2,7377E-02 O. 0. G.

11 1.1 25CF+C2 T.2013E-C3 2.7577E-02 0. Qe Qs

12 1.2375:40s 7.2013E=03 2.7377e-02 O, [+ 1+

13 1.3500E432 7.2013E-05 2.7377E-02 6, Oe Q.
14 lef62.c402 7.20l3E~03 2,7377c-02 0. G 0.

15 1.5750c+u2 7,¢813E=C3 2,7377E=-02 O. [+ 0.
16 LeOBTEE+DZ  To2K13E=03 2.7377k~L2 O G Y

17 1.9000E422 7.2613c~03 2.7377E=C2 O O 0.

RB FROM GFOKF2,r8 FROM INTERPOLAMIGN, THE RELATIVE ERRORs DERIVATIVES WeRaTe Z AND PHL + RS

kb PX kBD RBZ REPHI RS
lio913E+490 1.6s27E+CC £,1093€-03 J.7345E-C1 0. 2s1862E+00
L1.6G]CE+Ll  1.Ew3BE4CN  4,2370.-03 PJTTOEE-D1 —3.4452F=-03 2.19195+C0
1e5GCOE+I0  Le6TIEE4CL 640439603 E.8725E~01 -~6437V21E-03 2.2065E+00
Lab6HBSESDC L LTECE4GD  7.3%05E-03 9.0238E-01 =B8.3423E-03 2.2264E+00
LatbEBE+00 LJ€721E4CC H.7172E-0d4 G.2001lE=01 ~9.07456E=03 2.265BE+00
L6050 +00  1.ET13E+00 04171203 09.3730E=01 ~&£,4797E-03 2.3C70E+00
1,683LE+00 1,cbab4E+00  14134%E=02 F.5150E=D1 =b6.b&B1E=03 2.367ZE+CO
1.6825E+0C 1.6613E+4G5 1.286uc=02 9.6035E~01 —3.9274EL-03 2.4335E+00
1e652CE+0C 146530E400 1,72530=02 9.6230E=01 2.2393E-08 2,5141E+00
10 Ll.obP27E+00 1.¢6451E400 2.2323E-02 9.6198E=01 6.4792E~03 2.6120E+00
11 l.604%E+00 Le£454E+CT 2,3222E~02 G.6JB5E=-0) 1.2011E-02 2.7339E+C0
12 168735400 1.625264C0 3.60CTE-02 S.5%14E=01 1.5771E-02 2.8B2LE+00
13 1.09C5E+490 1.6075E400  4.%137t=02 9.5709E-01 1.7170E~02 2.8312E+C0
14 1.693PE420 1.56T2E4C0 T7.4785E~u2 9.5501E-0L 1.5956E-02 2.8727E+00
15 1let9e6L400 1.5B96E+GC  6.3C32E-02 9.5321t=~01 1.2273E~02 3.0295E+00
1€ 1.6SFLE40C 145327E+40C 9.TE1RE-02 §.5200E-01 6.6642E-03 3.Gd54E+00
17 1.6G092E+400 L1.,5C1IE400 1.2635:-01 9.5157E=01 1.2517E~10 3.0244E+00

DOt L= R

Figure 26 -~ Contanued
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2=STATIGA NO, 40

J=

J=

1

PrI

a.
1,125GE+31
2425605471
3,375GE401
4.5C00E+01
5.6 2506401
€.7500E+01
787508401
9.0000E+01
1.0125E+02
1.1250E+02
1.2375E+(2
1.35C0E+402
144625E+02
1.5 7506402
1.6875E+02
1.800CE+02

PHI

Qe

1.1250£+01
2+25C0E401
3.37E0E401
445 00Q0E+01
B.62EQE+01
G 7 OUOEFDL
T.47FOE+0]
9.0000E+01
1.0125E+02
1.1250E+4)2
1.2375E+02
1 3500102
l.4625E402
1.5750E 402
l.6875E+02
L.6CLOE+D2

2

PHI

[

1.12350E401
2425006401
3.3750E+401
429G00E+01
5.6250E+01
6.7500E+01
T.BT50E401
F.00Q0E+01
1.0125€E+)2
l.1250E+Q2
1.23758+02
1.35C0E+02
1.4 6255402
1.575GE+22

Iz 12.3€9

PRESSULRE
T.2836E401
T«2318E401
T+ LITLE+C]
7.1042E4(1
TeCHASE+C]L
caTHO3E+0]
e lo94E+01
2 5E03E+L]
1.7272E401
1,4299E+Q]
1.228CE+C]
T L334E4CO
4. 0LT2ZE+Q0
2. 3334E400
1.07F1E+00
1.7327E+LD
1. G793E+0C

co2
7,2812E-03
7.2813E-03
7.2613E-03
7+2613E=03
7 2813E-03
7.2813E-03
T.2313E-03
7.2813E=G3
7+2p13E-03
T+2b13E-03
T.2813E-03
7 2813E-03
7.2613E=-03
Te2413E=C3
Te2813E-03
7+2813E~03
T.2813E-03

PRESSURE
T.2233E401
7+2304E+01
7.2000E+01
T«1219E+01
T+C349E+0,
L. ETH54E+(L
5.CH93E+C]
2.83811 401
1.5019E+01
l1.3940E401
1.,1392E+01
7+666EF+G0
44 BTS59E+00)
3.2200F+(G
2+3737E400

LENSITY
6.3215E-06
£.2T20E=06
£+ 2363E-06
£.323LE-06
& 3053E-06
£.G17IE=UE
L.LEGEE=00
2 £10lE=0¢
1.9t 02E-Gb
1.8342c=06
1.cEG0E~L6
1.1236E-06
6. TC34E-GT
4ub275E=-07
3.4 40E-07
34H50E=07
3.5%L6E-07

Ch2
2.7377E=02
2.7377E=02
2. 73TTE=02
2.73776=02
2.7377E~D2
2.7377E=D2
2. 737T7TE~02
Z.7377E-02
2.7277E~02
2.7377E=02
Z.T377E=02
2.7377E~02
2.7377E=02
2.7377E-02
2+T37TE-02
2473T7E=D2
2« 737TE=-02

DENSITY
T« GToHE=DS
7.0656E~06
T+ LO0T2E-D6
T+1290E=06
Telc3BE-06
7+ J10BE~06
Let260E-06
3e566BE-D6
2.A39TE-CE
2.0%37E=06
1.6751E-06
Le3229E=-06
9. 2104E-07
&« 70CS0E=D7
S5.1734E~07

U-VEL
Ga4d45E+03
E+4T1LE+03
6+5219E+4C3
64Y400E+03
&¢3994++03
£LOBETEHD3
5.7740E+03
Ge4FrEE403
£ TOHTOEF03
o 8707E+03
£.6665E+403
5.81325+03
T.2231E+03
T+T234E+03
8,2001E+03
B.5392F+03
B.7362ZE+03

U-vEL
7.1313€+03
7.1220E+03
7.1269E+03
7.1302E403
7.0530E403
649555E+03
7.0307E+403
7.2354E£403
7+34257+403
7.4738E403
7+4781E+403
T«5268E+03
T 66TTE+03
7.9059€+03
8.2053E6403

Figue 26 ~ Containued

V=VEL
4. TUTIEHD2
5.1984E+02
5. T692E+02
G.6E17E+D2
L.4118E+03
L.9523E+403
Z.21H4E+03
9.4532E402
La6342E+03
22 5640E+03
343706£+03
3.4120E+03
3.3447E+03
3,3G61E+03
343338E+03
24 3903E+03
Jaa491E+D3

co

v—-VEL
446120E+02
5.3413E+02
b.8567E402
G 4845E4+02
1.410LE+03
1.8846E403
2+ 0935E403
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APPENDIX

CARD INPUT DATA FOR PROGRAM 4

The input data for program 4 (called CHACS, ref 4), are described
below, The data produced by programs 1 and 2 and processed by program 5
are read by a subroutine called FPVDAT, while the data produced by pro-
gram 3 are read by a subroutine called SCDAT Note that ENGLISH UNITS

are used in these data.

CARD INPUT DATA DEFINITIONS

CARD INPUT DECK

Card Format Input Parameter
1 {13) JTOTAL
2 (313) NMTAPE, NSTAPE, DIMENSION
3 (213) NI, IOUT
4 (213) NPHT , NREC
5 {(213) IN(5),IN(6)
6 (213) JJR, NPSASF
7 (313) NPRINT, NPLOT, NPUNCH
8 {2F10. 3) PSCALE, PHIMAX
9 (2F10. 3) ALPHA, SCALE
10 (3F10. 3) FS(13),FS(3),Fs (2)
i1 (3F10. 3) FS(5),Fs5(6),Fs(8)
12a (3r10.3) {PHTAQ (1) , CDEL(J) ,CEX(J) , J=1,NPHI)
13 (313) NMTAPE, NSTAPE, DIMENS TON
14 (213) NI, IOUT
15 (213) NPHI, NREC
13aP {313) NMTAPE, NSTAPE, DIMENS ION
14a (213) NI, IOUT
153 (213) NPHI, NREC
16 {A30) HEADL
17 {A30) HEADZ2
18 {13) NUM
19 (8(13,7%)) (J1(J),d=1,NUM)
20 (I3) NO
21 (8F10.4) (ZL (J) ,T=1,N0)

SNPHI cards are read.

bCycle back to card 13 as many times as required for ZNREC = JTOTAL - 4
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DATA DEFINITICNS

Typical
Name Value Descraption

AT.PHA 30. FS8 (1) angle of attack (deg.)

CDEL 0.0 Cl = boundary laver thickness
parameter for delta=Cl*S+**(C2

CEX 0.0 C2 = boundary layer thickness
parameter for delta=ClxS#**%C2

DIMENS TON 17 index giving array size for input
data read in MCDAT (=NUMK from
CTI)

FS(2) 1716, gas constant

FS(3) 1.4 gamma, specific heat ratio

FS(5) PINF, free stream pressure, psf

F5(6) RHOINF, free stream density,
slug/€t3

FS(8) VINF, free stream velocity, fps

FS(13) 1.4 gamma-INF, free stream specific
heat ratio

HEAD] 'SHUTTLE 147° plot heading

HEAD?2 'PERFECT GAS' plot heading

IN{5) 0 gas type index, 0 for perfect,
and -1 for equilibrium gas, and
1 for nonequilibrium (note that
this 1s different from programs 1,
2 and 3)

IN(6) 0 gas file number for equilibrium
gas, 2 for air

IouT 2 output control index for boundary
layer data

J1{T) array of station numbers for heat

transfer crossplots, Jp,, = 20
112



Name

JJIR

JTOTAL

NT

NMTAPE

NO

NPHI

NPLOT

NPSASF

NPUNCH

NREC

DATA DEFPINITIONS (Containued)

Typical
Value

0

19

Descraption

number of points above the body

surface used for edge conditions

total number of points to be calcu~
lated, four plus the number read

from various tape files

index to control type of input data,
1 for SCDAT, 2 for MCDAT data,
and 3 for FVDAT data

number assigned to the tape drive
for input data from MCDAT

total number of interpolated
stations at constant span loca-

tions, ZL
nunber of streamlines

index to control type of data
plotted, 0 = no plot, 1 = prant
plot only, 2 = praint plot, calcomp,
3 = prant plot, calcomp with dash
lines, 4 = prant plot, calcomp,

data praintout, 5 = contour plot

0 to fill Newtonian streamlines to
stag point, and 1 to start
directly from input data

\

1
0 for no cards punched and 1

for punching cards for bhoundary
layer ainput data

number of records of data to be
read in for the pregent file on
tape drive NMTAPE
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DATA DEFINITIONS ( Concluded)

Typical
Name Value Description

NSTAPE number assigned to the tape drave
for input from SCDAT or FVDAT

NUM number of values for Jl

PHIAO initial circumferential position
of streamlines, deg. from leeward

PHIMAX 20, value of @® for terminating plots
of streamlines

NPRINT 0 for debug print, 1 for standard,
and 2 for special print in CHAOS

BSCALE used for scaling of length dimen-
sions for plotting

SCALE used for scaling boundary layer
data, not used now

ZL location for interpolated data at

constant span, number of values =NO
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