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FOREWORD

This Program Users Manual and the associated computer programs represent
the final objectives of JPL Contract 951070, Several of the computer programs
covered in the manual were largely developed under a prior contract (JPL-
950626) and are partially described in the final report Avco/RAD Mars Venus
Capsule Parameter Study, Vol, I, "Introduction and Analysis, ' TR-64~1,

dated 21 March 1964,

The two JPL contracts leading to the development of the computer programs
and the Users Manual were performed in the Advanced Space Systems Direc-
torate at the Space Systems Division of Avco, Lowell, Massachusetts, Mr, P,
Levine was the Project Engineer responsible for all technical work, and ‘
was assisted by other members of Avco's technical staff, including Messrs, .
P. Dicarlo, A. Robb, M., Russell, J, Cloutier, O, Zappa, M, Moge, J. Brown,
P. Norton, G. Waldman, J, Serpico, R. Davis, and D. Flinn. The program
ming was done principally by Miss S. Sillers, Mr. D. Gillespie and Mr, J.
Klugerman of Avco's Technical Programming Staff with assistance from
Messrs, A, Picado, M, Greenberg, E. Sova, C. Berndtson, and with overall
guidance from Dr, J., Warga, Manager of the Mathematics Department.

.

Minor typographical corrections made by JPL 1 December 1966. The
following pages are affected:

Program 1880; pg 16, 23, 48, kg, 67, 69
Progrem 1882; pg 31, 47, 48

Program 1883, pg 33, 50

Program 1885; pg 3, 12, 18, o2

~iiia



CONTENTS
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The sections are listed below, and each section may be easily located

by referring to its tabbed cover.

BOOK I
INTRODUCTION

Objective
Information Flow
Program Format
Programming Method

PROGRAM 1880

Trajectory Kinematics
Rigid Body Dynamics
Laminar Heating Pulse
Turbulent Heating Pulse
Radiant Heating Pulse
Loads

PROGRAM 1881

o Newtonian Coefficients
e Radii of Gyration

PROGRAM 1882

Parachute System Size and Weight

L]

s Impact System Size and Weight
o Packaging

e Internal Structure

e Center of Gravity

¢ Moments of Inertia

~viia




PROGRAM 1883

e Gas Dynamics
® Radiation Heating

PROGRAM 1884

e Heat Shield Weight
e Ablated Weight

¢ Insulation Weight
PROGRAM 1885

¢ Pressure Distributions

* Heating Distributions

e Shock Shape
PROGRAM 1886

e Buckling of Shells
e Structural Weight

SPECIAL ROUTINES

¢ Mathematical Routines
* Numerical Methods

BOOK I
PROGRAM 1887

e Integrated Design Program

e Linking Programs 1880, 1882, 1884,
1885, and 1886
Component Weights

¢ Center of Gravity

o Moments of Inertia

PROGRAM 1888
e Displacement and Bending

of Shells
¢ Structure Weight

-viii-



PROGRAM.1889

e Integrated Design Program

e Linking Programs 1880, 1882,1884,
1885, 1886, and 1888

e Component Weights

e Center of Gravity

e Moments of Inertia

~ixe

o



INTRODUCTION

A, OBJECTIVE

The objective of this manual is & /provide the program user with the necessary
understanding of the approximations contained in the series of entry, vehicle
design programs) developed under contracts JPL 950626 and 951070(and of the
input procedures,/ so that the programs can be utilized with ease and confidence.
In view of the stited objective, {the manual contains a description of each
program and its specific purpose. The mathematical model used in each
program and a list of basic limitations is provided, so that the user can esta-
blish the applicability of the program to the particular problem at hand}

Should the program user wish additional information about the calculations
being performed in the program, the specific equations which are programmed
are provided) Furthermore, should questions arise as to the manner in which

the programming was one,(a section describing the IBM routines is also
provided in the manual,

The intent of the set of computer programs is to ascertain the effects of all
important parameters known to influence significantly the choice of vehicle
shape and the calculation of the heat shield, structural, descent, and landing
system weights. To cover the complete design problem, one must consider
the interrelated aspects of the vehicle aerodynamics, heat transfer, thermal
protection, and structural design., Furthermore, the entry problem is often
bounded by overall systems considerations as to vehicle diameter and weight
limitations, range of entry conditions, descent and impact system require-
ments, and special heat shield and structure material and shape requirements,

Although it is indeed commendable to achieve a complete set of computer
programs which utilize the very "best" calculation models, the use of such a
set of programs would not be compatible with the overall objectives to provide
a set of computer programs suitable for preliminary tradeoff and parametric
studies. A compromise was sought in formulating the computer programs,
whereby the necessary inputs are not unduly excessive and are readily avail~
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able. Programming compromises were also needed to avoid excessive
computational time and wasteful generation of information that is not directly
usable for the problem at hand. The computer programs are not intended to
be used for detailed design studies but rather to screen the range of design
parameters, to narrow their scope, and to establish trends.

B. INFORMATION FLOW

The thermo-structural design problem of evolving the heat shield and structural
weights centers about the heating and loads predictions arising from the entry
trajectory calculations. The degree of sophistication in the whole design
approach is therefore related to the nature of the approximations used in
computing the trajectory. The simplest trajectory approximation considers

the vehicle as a particle without lift and of constant drag coefficient. For the
particle trajectory calculation, the exact shape of the vehicle is not necessary
to compute the trajectory as the entry vehicle is completely characterized by
its ballistic coefficient (M/CDA).

The limitations of a particle trajectory are often prohibitive for the prediction
of accurate heating and loads environment, except in the cases of spherical
bodies or where the entry angle of attack and angular rates ave very small,
Hence, in the most general case, an aerodynamic configuration and the corre-
sponding aerodynamic force and moment coefficients must be assessed prior
to a trajectory calculation, Program 1881 provides a first estimate of the
hypersonic aerodynamic coefficients based on Newtonian flow theory 1f wind
tunnel data is not available. Frequently, limited test data is sufficient for
preliminary design studies when combined with the results of Program 1881,

Specification of the entry vehicle geometry provides only part of the information
necessary to calculate the angle-of-attack motions during entry. A major
aspect of the entry motion centers about the vehicle's stability, which is highly
dependent on the center-of-gravity location and the moments of inertia. The
first estimate of the center of gravity and the corresponding moments of inertia
can be obtained from Program 1881, based on prescribed stability criteria.

As the preliminary design studies progress, the estimates of center of gravity
and moments of inertia must be updated and certain changes could significantly
alter the entry vehicle's stability and further change the heating and loads
environments. The information flow diagram depicted in Figure 1, indicates
the manner in which Program 1881 can provide aerodynamic coefficients and
the first pass estimates of the center of gravity (XCG) and the moments of
inertia about the roll and pitch axes given in terms of the respective radii

of gyration (RGX) and (RGY). The trajectory computation performed by
Program 1880 provides the angle of attack, velocity, and altitude history
during entry, The variation of the drag and lift forces arising from the angle
of attack motions 18 computed, and the effect of their variation on the trajec-
tory kinematics is accounted for. As part of Program 1880, dynamic pressure

~xiv-
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and convective and radiative heat pulses are computed based on the instan-
taneous flight conditions; hence, the heating and loads environment 1s related
to the vehicle dynamics which, in turn, depends on the estimates of the co-
efficients, center of gravity, and the moments of inertia.

The heat pulses calculated in Program 1880 are considered to be reference
values, and the heating at a point of the body is expressible as a fraction

{or multiple) of this value., Similarly, the pressures about the body are
expressible as fractions (or multiples) of the dynamic pressure. The factors
by which the reference pulses evolved from Program 1880 must be multiplied
to provide the local pressure and heating may be found using Program 1885,
if test data is unavailable. As shown in Figure 1, the output of Programs
1880 and 1885 are required simultaneously to compute the first pass on the
structural weight, Program 1885 requires the vehicle geometry, atmosphere
composition, and flight conditions as input, as well as the angles of attack
for which the pressure and heating distributions are required. The output of
Program 1885 is set forth as factors which can be applied directly to the
heating and dynamic pressure pulses using the results of Program 1880. The
distributions of Program 1880 are given for the windward and leeward meri-
dians only. In actuality, a point on the vehicle is subject to a heating and °
loads environment which is affected by the roll attitude of the vehicle as

well as its angle of attack, From the viewpoint of structural design, identi-
fication of the roll history of a particular point on a shell is unnecessary,
provided thermal effects are not important. In order to perform an exact
heat shield analysis, a streamline pattern around the complete vehicle would
be required and a statistical treatment of the entry conditions would generally
be required to establish the design requirements. With the view of obtaining
preliminary design evaluations with assurance that the heat shield weights
will be conservative, a simple approach can be taken (and is used in Programs
1887 and 1889) which considers the heating on the vehicle as if it were in a
lunar motion utilizing the maximum angle-of-attack envelope generated by
Program 1880,

An important structural consideration is that environments obtained from other
trajectories on launch conditions may be more critical than the one for which
the heating environment is most severe, By permitting optional inputs on peak
dynamic pressure and deceleration (or acceleration) arbitrary combinations

of heating and loads environments can be studied.

The information flow diagram of Figure 1, indicates that the appropriate
outputs of Programs 1880 and 1885 are input to Program 1886. In addition,
structural materials data and design criteria are input for Program 1886,
Program 1886 provides for several options of construction: sandwich,
stiffened, or monocoque. The failure criteria considers buckling and yield
stress with further limitations due to minimum gage.

~XVi -



As the structural weight may be dependent on its temperature rise due to loss
of strength at elevated temperatures, an interaction exists between the heat
shield and the structural analyses, Furthermore, the heat shield interacts
with the structural calculation by creating inertial loads on the structure.

Following the initial sizing of the structure, from Program 1886, and the
heat pulses via Programs 1880 and 1885, sufficient information is on hand

to perform the heat shield analysis. Program 1884 calculates the heat shield
requirements, if indeed one is needed. The heat shield material properties
and design criteria are required input as well as the results of Programs
1880 and 1885, There are several interaction mechanisms between the heat
shield and structure, two of which are noted above; hence, the flow diagram
of Figure 1 indicates a thermo-structural loop.

The internal payload is dependent on the total entry weight, the heat shield
and structural weight, internal structural weight, and various system
constraints placed on the descent and impact systems. Program 1882 inte-
grates the system constraints and the results of Programs 1884 and 1886

to determine the net usable payload weight., In order to provide sufficient
flexibility in a program of this sort, numerous options are possible, e.g.
single chute, two parachutes, parachute and retro-rocket combinations,
spherical payloads, cylindrical payloads, and conical payloads. System
constraints (as impact deceleration limits) are inputs to Program 1882,

Upon solving for the weight of the subsystem and determing the size and
weight of each element, and of the payload, a packaging calculation is per-
formed to ascertain whether the payload fits into the vehicle satisfactorily
and provides a suitable center-of-gravity position., In addition, the overall
moments of inertia are computed based on the detailed heat shield and struc-
tures and subsystems information evolved. As noted at the very outset, the
initial estimates of center of gravity and moments of inertia may be sufficient
for preliminary design purposes; however, the refined values arising from
Program 1882 can now be tested by rerunning Program 1880 and observing
the changes in the heating and loads environment, If the heating and loads
change significantly due to the moment of inertia and center-of-gravity changes,
then a complete iteration on the structure, heat shield, and subsystem weights
is required,

The last step in the design study is the complete shell analysis by Program
1888, including the effects of payload attachment, bending, and shear. In
order to perform this analysis, detailed pressure distribution information

is required for which Program 1885 may be used, The inputs to Program 1888
include the preliminary structural sizing and the heat shield thicknesses, as
well as the structural material properties and failure criteria. As a result

of the refined structural analyses of Program 1888, any significant changes

in structural weight can alter the complete internal structure and subsystem
weight breakdown, requiring further iteration on these weights.

-xvii-
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The final overall loop, including Programs 1888 and 1887, 1s considered as
Program 1889, The input of Program 1889 is clearly the input and output of
all the other programs and/or experimental data when available. The results
of Program 1889 are the complete vehicle weight breakdown of the heat
shield, structure, internal structure, descent system, impact system, and
usable payload. Program 1889 closes the aero-thermo-structures-systems
loop, and as such arrives at a preliminary design suitable for a particular
entry problem,

C. PROGRAM FORMAT

A primary objective sought throughout all the programs is the achievement of
uniformity of format, such as notation, units, and input procedures. The
problem of units arises due to the multidiscipline nature of the various pro-
grams. In dealing with each program a set of units was established which
appeared both convenient in that they are in widespread use and logical.

In dealing with gas dynamics and atmosphere calculations, temperature is
commonly given in degrees Kelvin ( K), whereas in dealing with the heat
shield and structure calculations, temperatures are commonly given in
degrees Fahrenheit ( F).

The aerodynamicist deals with density in slugs/fts, whereas the thermo-
dynamicist and structural analyst prefers 1b (mass)/ft” and these conventions
are observed, The gas dynamicist deals with pressures in terms of atmos-
pheres, the aerodynamicist in PSI or PSF, and similarly the thermo- and
structural analysts., The units of length are restricted to either feet or inches
throughout the programs.

D. PROGRAMMING METHOD

All programs are written in Fortran IV computer language. All data is read
into the computer through use of the NAMELIST feature of Fortran IV, The
use of machine language subroutines (other than the standard IBM library
subroutines) are avoided whenever possible, All Fortran IV input and output
statements refer to specific logical tape units.

The program linking for 1887 and 1889 employs the IBSYS overlay feature.
As much independence as possible is retained among the links.

This users' manual provides input forms and the Fortran variable names of

input and output quantities, This manual includes sample results, along with
instructions for preparing data and running the programs.

~xviii~-
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1. INTRODUC TION

A, GENERAL DESCRIPTION
The purpose of this program 1s to determine the flight path, angle of attack
envelope, heating, and loads as a function of time for an axisymmetric vehicle
during its entry trajectory into planetary atmospheres, The general inputs re-
quired include:

1, Vehicle mass and moment of inertia data

2. Aerodynamic coefficients

3. Entry conditions

4, Planet and atmospheric data

5. Heating factors based on vehicle shape.
Convective heat pulses are computed at the stagnation point {laminar) and at
the sonic point (laminar and turbulent), In addition, both equilibrium and non-
equalibrium radiative heat pulses are computed.

B. CALCULATION MODEL

A detailed description at the calculation model is given in Reference 1. A brief
summary description 1s provided herein for the program user.

1. Coordinate Systems

The treatment of the force equations during atmospheric entry 1s simplified
by considering a coordinate system which uses only the elevation angle
gamma to define its orientation relative to the local horizontal space plane.
A heading angle is unnecessary because of the assumption of a spherical,
nonrofating planet The velocity vector is specified by its scalar value
and the elevation angle ¥ measured positive above the horizon,

Since planar trajectories are of primary interest, only two equations of
motion are required to calculate the flight path of the vehicle in the plane
of the velocity and gravity vectors.

The body axes are oriented with respect to a system of wind axes using a
conventional system of Euler angles, The curvature of the flight path 1s re-
flected 1in a rotation of the wind axes with respect to a set of fixed (inertial)
axes.

i4<



The coordinate systems used in deriving the force and moment equations
are depicted in Figure 1. The wind axes are X , Y , and Z , where

X coincides with the velocity vector, and Z Ii¢s in the plar?e of the
veolocity and gravity vectors. The origin of the body axes XB’ YB’ ZB,
and of the wind axes are taken at the c.g. of the vehicle, The total angle
of attack ¢'is the angle between the body axis XB and the velocity vector
(or Xo)'

2, Aerodynamic Coefficients

The aerod;rnamic coefficients utilized in the program may be either ex-
perimental or theoretical values. The coefficients can be input as a double
table of angle of attack and Mach number dependency, including Cy» Cxs
C_(oxX ) (C + C__ ). The coefficients can also be input to solve

m ep’?’ T m 4
the angle-of-attack motions using linear coefficients in which case the
values are required only at zero angle of attack, but as functions of Mach

i i Cc cC . T i

number including CD, La’ Cm , and Cmq + ™. he sign and axes
conventions used in the aerodynamic coefficients are depicted in Figure 2.

The damping coefficient 15 nondimensionalized by -2%— , for example,
3C
m

C,. =
& & d
&)

The reference area corresponds to the reference length, which is the
vehicle diameter,

3. Force Equations

The calculation model assumes a spherical nonrotating planet, The force
equations are written in wind axes (Xo, Yo’ Zo) aligned along the instan-

taneous velocity vector as shown 1n Figure 1. The side force equation
was omitted, and the resulting drag and lift equations describe the motion
of the vehicle'!s center of gravily in the instantaneous plane of the tra-
jectory.

The component of the total lift that lies in the plane of the trajectory
depends on the orientation of the vehicle, Using a set of Euler angles,

¥, 6, @ as shown in Figure 1, which determine the orientation of the body
fixed axes (XB, YB’ ZB) with respect to the wind axes, the force equations

have the form,

DRAG: m’\} = - CDAq - mg sin y

LIFT: (In the plane of § a.nd:\l.'-) M

. sz cos y sin @
mV-y:—R—Z~ - mg cos y+ CLAq cn o

-2-
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Figure 1 COORDINATE SYSTEM FOR ENTRY TRAJECTORIES
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where o' 1s the total angle of attack and is related to the Euler angles by,
2 2 2 2
sin” ¢'=sin P+ cos” YPsin 8

The gravity vector 1s taken as radial, and pointed towards the center of

the planet, The gravitational field assumes an inverse square relationship.
The force coefficients required to solve the force equations can be specified
as a function of angle of attack and Mach number.

4, Moment Equations

The moment equations are derived using the body axes indicated in Figure 1
and the total angular rates are taken with respect to a fixed set of axes, The
angular rates are divided into two parts; those with respect to the wind axes,
and those due to the motion of wind axes with respect to the fixed axes. The
motion of the body axes with respect to the wind axes is given by the changes
in Euler angles and also in a set of rate components P, O, R about each axis,
where P, Q, R are related only to the changes in the Euler angles. The
additional angular rate effects arise because of flight path curvature (changes
in the direction of the velocity vector) due to lift and gravity,

The changes n flight path curvature due to lift is used in its entirety, i.e.,
the total 1ift force is used including the out of plane component., The analysis
proceeds along the lines of Reference 1. An order of magnitude analysis 1s
made and only those terms which could affect the results significantly are
retained, !

The total angular rate & with respect to a set of fixed axes has components
P, Q!, R' along the body axes such that,

Q=1P+jQ +ER
The calculation model is restricted to axisymmetric ballistic vehicles for
which the products of inertia are zero, and IY = IZ’ hence, the external
moment vector is related to the rate of change of angular momentum by

- - T s

- 3 i [ 1Rt -

M=1 1P [IYQ PR (I, IX)J
.
R! PrQt - ]

+ Q (IY IX)

v iy

The external moment vector may be expressed as
ﬁ:M' (w + k sin 8 > +N,(—Jsm§ + ksina)

sin off sin o sin o sin !



The aerodynamic moments (M') and (N') are given approximately by

2

984 .., N =(C. +C
m

d.
Cm-) 2V ol
o q

> .
M! = Cqud + (Cm + 7sin o' .

! q

) Ad
m, 2V
o

where 17 is the rate of precession of the plane containing V and 1.

The wind axes pitch about the Y0 axis due to gravity at a rate,

N _ g cos vy

YT v
(Gravity term in above lift equation. )
Due to lift, the flight path curvature can be out of the plane of the
trajectory and is given by

> L (Laft term in above lift equation 1s in-plane
7L v component only. )

-

As ‘;'L lies along M, the expressions for P!, Q', R' can be written as,

P = P+§/TX

v o N sin o .
QU =04y, S ¥ Yy
Ve . sin .
Ri= R4y, S ¥ Y12
where Yo YTy and Vg 2T the components of Y along the body axes
XB’ YB’ and ZB’ respectively,

Introducing the further approximations,

. A at
L =% wH ¢T
e
vy, <<@'
VTX<<P i

then the resultant expression for the moment equations are,

C C C . I
« A i .
Q=qd Cm sin o Qd mq+ me LaIY + PR 1.2
IY sin ¢! v > IY
. 2 md
PI C._ A .
-_%X L ! sing Px g COS Y (si in 6 cos cos Psin o)
I mV sin ¢! I T (sin § sin 6 cos o - @
Y Y
6~
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Cc C C I

* qAd | € sma Rd mo + ome L eV ea - 2K
Ro=3 T e TV z Ty
Y 2 md
P, A
+ IX GL 9 sin g PIX g cos ¥y (cos Pcos ¢+ s P sin 8 sin @)
] 1 - -_ =

IY mV  sin o IY v
Q
P =0

C
The moment equations display the coupling of the plunge damping term La
frequently found,e. g, References 3, 4, and 5. It should be noted that the
CL 1s now a function of angle of attack (and also of Mach number if desired),
v
The terms yielding the coupling effects of flight path curvature due to lift
and gravity with spin have also been retained.

The occurrence of the CLO( explicitly is of interest as the usual sixdegree

of freedom computation effectively computes CL& implicitly by interpolating
CN and CX from input tables. Hencecdifferénces between the two formu-
lations are likely at small values of m_+ m. and especially at large
negative values of c:L where the CLa controlsathe angle-of-attack envelope
below peak dynamic pressure. The present program provides for accurate
simulation of CLaby direct mput tables or by curve fitting computed values of
CL obtained from CN and CX input data.

To permit elementary studies of lifting vehicles, the (é) equation given above
has the additional aerodynamic term,

- CX . ZCG qAd
IY

By input of the quantity Z . |, a trim condition at other than zero angle of

attack can be achieved, resulting in a lifting trajectory. The use of the

off-set center of gravity is restricted to planar motions, i.e. zero spin, and zero

sideslip angle.

The dynamic solution is programmed for the two moment equations discussed
above and also for the linearized solution discassed inReference 1. The
adequacy of the approximate dynamical treatment for most practical entry
problems of ballistic vehicles has been studied and comparisons made with
six-degree-of-freedom solutions in Reference 1 (Vol. II) and a typical re~
sult is shown in Figure 3, for a planar oscillation and for a spin case.
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5. Heat Pulses

Convective and radiative heat pulses are computed along the trajectory.

The convective pulse at the stagnation point utilizes the stagnation point velocity
gradient data for the particular shaped vehicle being studied. The stagna-
tion heating is based on the correlations of Reference 1 for COy, Np, Oy
mixtures, Turbulent heating at the sonic point 1s computed by testing a-
gainst a specified local {not ambient) transition Reynolds num‘tber criterion,
The turbulent heating correlation is for air as given by Detra,  Comparison
of the program calculations with data of Reference 3 1s shown for the
stagnation point inFigure 4, Limited data on turbulent heating in NZ -~ CO,
mixtures given inReference 4, indicates a negligible difference in the heat
rates due to composition when compared with air data,

The equilibrium radiationheating is calculated via Program 1883 which 1s
connected directly to the trajectory computation. A description of the e- ~
quilibrium radiation model is given in Program 1883. A comparison of the
program calculations with data and other predictions is given in Figure 5.

The nonequilibrium model is discussed in Reference 1 and summarized in
Figure 6. The relative features of the model can be controlled using ex-
perimental data to adjust the ratios of g /IE by input of IRNE, and the ex-
tent of the nonequilibrium zone by input of KNE,

An alternate, nonequilibrium model is possible wherein the nonequilibrium
radiation contribution is assumed to be independent of density (except for
truncation effects) and only a function of velocity. A simplified model is
utilized such that Iyp Ang = £ {V), with the nonequilibrium intensity speci-
fied as a function of velocity based on experimental data, e, g.,References
5 and 6.

6. Summary of Calculation Model

The calculation model can be used to study any of the following problems,

a. Parachute Problem--The vehicle m/CDA requirements for
achieving a prescribed Mach number at/or prior to a specified altitude.

b. Vehicle Stability--The adequacy of the vehicle's stability as a
function of entry pitch, yaw, roll rates, and angle of attack.

c. Vehicle Performance~-The change in the trajectory, heating, and
loads caused by the effects of the angle-cf-attack motions on the flight
path (velocity-altitude history),

-10-
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d. Convective Heating--The stagnation-point and sonic-point convec-
tive heating pulses as well as an indication of transition,

e. Radiative Heating~--The stagnation-point equilibrium and non-
equilibrium radiative heating pulses,

f, Loads--The dynamic pressure, and axial and normal load pulses,

g. Atmosphere--The effects of atmosphere composition and vertical
structure on all the trajectory variables,

h, Planet--The effects of planet parameters on all the trajectory
variables,

i. Scaling--The effects of changing vehicle diameter and/or mass.

C. PROGRAM LIMITATIONS

The calculation model imposes several basic limitations on the range of tra-
jectory problems that can be simulated with the program. These limitations
include:

1. The approximations utilized prevent the entry vehicle from

developing an angle of attack due to flight path curvature alone; hence, ve-
hicles entering with zero rates and ¢, = 0 or g, = 180 will remain at the same
angle of attack throughout entry.

2. The vehicle motions which can be simulated are limited by the assump-
tions of an axisymmetric inertia ellipsoid (spin rate stays constant through-
out entry).

A&
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REGROER Mo, G~

11, USAGE
A, INPUT DEFINITIONS
Preset Symbol Parameter “Units
Name Yalues
ALAM 0.5 ap, Density exponent in QS formula. -
ALPCR 0. Critical angle of attack; if angle degrees
of attack at peak dynamic pres-
sure is < ALPCR, the dynamics
. computation switches to the lin-
earized equations.
ALPHAE a, Angle of attack at entry. degrees
- 2 2 o
AR 89516. R Gas constant ft”/sec -mole- K
ATMOS ! Number used to identify atmos-
phere used for the calculations, -
ATRB 0.8 ap Density exponent used in QSTAR - R
formula after transition occurs. !
BLAM 0. by {Velocity/10%)exponent used in QS -
e formula, If = 0 (preset value), it
. is computed by the program to be
3.909 - . 0229M where M is the
molecular weight of the atmosphere, )
BTRB 3,18 by { Velocity/10%) exponent used in -
QSTAR formula after transition
occurs.
CASE Number used to identify the case ~s
being run, .
CDFM S Table of zero angle of attack drag -

coefficient variation as a function -
of Mach number only, Maximum
number of entries = 10, See

MONLY, ¢

-15- -
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Name

CDRQP

CLAFM

CMAFM

CMCQD

CMFA

CMIN

CMQFA

Preset Symbol
Values

2.

s B A S

Parameter Units

Number used to delete moment -
equations after peak dynamic

pressure, Switches to MONLY
coefficients . When,

m gy
1/2pV2 < COR@P |-
Cph

Table of lift curve slope varia- per radian
tion as a function of Mach number

only, Used with M@NLY table;

maximum number of entries = 10,

Table of pitching moment de- per radian
rivative
(acm), as a function of Mach num-
da
ber only, Used with M@QNLY ta-
ble; maximum number of entries
= 10,

Nondimensional center-of-gravity
location for CMFA data.

Table of pitching moment coeffi- -
cient as a function of angle of at-
tack and Mach number. Used with
CMCPD and CMIN = 1, 0. Max-
imum number of entries?19 angles
of attack (corresponding to TABAL)
and 5 Mach numbers when used
with MANDAL table. ~

Number which if > 0 provides the -
pitching moment from CMFA and
CMGCPD, and if <0 from XCPFA.

Table of demping coefficient, ~  per radian
aC M
m .
Qd | » 2¢ a function of an~
0 =—

gle of attack and Mach number,
Maximum number of entries: 19
angles of attack (corresponding
to TABAL) and 5 Mach numbers
when used with MANDAL table,

-16~
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External Preset Symbol

Name Values
CMQFM Cp *C
q
CNFA Cyn
CXFA Cx
d
DATE
DELMAC 0.5
DELMT 0.00001
DELG@RC A/Rc

Parameter

m s Table of damping coefficient

@ variation as a function of Mach

number only, Maximum num-
ber of entries = 10, Used with
MOPNLY table,

Table of normal force coeffi-
cient specified as a function

of angle of attack and Mach num-
ber. Maximum number of entries:
19 angles of attack {corresponding
to TABAL) and 5 Mach numbers
when used with MANDAL table.

Table of axial force coefficient,
specified as a function of angle

of attack and Mach number, Max-"
1mum number of entries- 19 an-
gles of attack (corresponding to
TABAL) and 5 Mach numbers,
when used with MANDAL table.

Vehicle diameter (reference length).

Number used to wdentify the
problem being run,

When the Mach number <5, out-
put will be provided whenever the
difference in Mach number from
the last output value is > DELMAC

This is the lower limit in At to
which the predictor-corrector in.
tegration method 1s allowed to
cut Ac¢ to improve accuracy.
See description of ADAMS4,

Table of stagnation shock standoff
. A
distance D72 corresponding to

TABDR, Maximum of 10 entries.

Units

per radian

feet



Name

DELTAT

DIRNE

DNBND

FALR

" GAME

GSL

GTST

IPHEAT

IPRINT !

IPRQRD

Preset
Values

0.01

Symbol

0.001, 1.E-6,
0.01, 0.0001,
0.0001, 1,E-5,
1.E-5, 1,E-5

0.

L

Ye

&s1,

Parameter Units

Initial A: used by the predictor- sec
corrector integration method,
See description of ADAMS4.

Total nonequilibrium radiation m'Btu/ftZ—- sec
tensity. (Twice the body rate).

Array of lower limits used by the --
predictor-corrector subroutine

* ADAMS4, as accuracy bounds

on V: Y Za Q: R: ll’: et ©.

Temperature gradient in tropos- -
phere expressed as a fraction of
the adiabatic lapse rate.

Entry flight path angle (positive degrees
up),
Gravitational acceleration at the ff:/sec2

planet surface,

When the reference convective degrees
heat pulse is > 1, output will be

provided if the difference in the

current flight path angle from the

last output value is » GTST.

When IPHEAT > 1, tables of time, —_—
QS, QSTAR, HM/RT@®, and QRNE

are provided on punched cards

from logical Tape 7.

When IPRINT > 1, output is pro- -
vided at each integration step.

The angle of attack (not the en-

velope) is printed, Use of this

option more than doubles running

time and increases output by 3 to

4 orders of magnitude,

When IPRQRD is > 1, the com- -
plete output (chemical composi-

tion, etc.) of each radiation heat-

ing calculation is provided.

-18-
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Preset  Symbol

Name Values
IRNE 10, Ing/Ig

KNE 2.3

LS -5

LTH Ly

MANDAL

MASS m

MEM®

M@NLY

Parameter

Non equilibrium intensity ratio.

Multiplicative constant used to
compute the nonequilibrium thick-
ness Aygp.

Sentinel used to control the pre-
dictor-corrector integration meth-
od, used for initialization and to
follow the course of the integra-
tion. See description of ADAMS4.

Temperature gradient in ther-
mosphere.

(Preset = 0 for coefficients as a
function of « only). Mach nurnber
table (maximum 5 values) for coeffi-
cients as function of both Mach
number and angle of attack. When
this table is specified, tables
CXFA, CNFA, CMQFA, and either
XCPFA or CMFA must be speci-
fied for each Mach number in
MANDAL, At Mach numbers be-
low (or above) those specified in—
MANDAL table, program uses co-
efficients corresponding to lowest
(or highest) Mach number listed.

Mass of vehicle.

Number, used to identify the pro-
blem being run.

Independent variable table of
Mach numbers used to compute
coefficients as a function of Mach
number only. Maximum number
of entries is 10. See CDFM,
CMAFM, CLAFM, CMQFM.

_19-
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Name

MVE

NPTST

PE

PTH

PTMAC

QDYPT

QE

QTST

RE

REYT

Preset Symbol
Values

1.
51
P
€
Pry
-100,
-100,
QE
200,
R
e
3.E5 R

Parameter

I MVE = 1, 0 (preset value), the
atmosphere is computed from the
input parameters., If MVE = 2.0,
the atmosphere 1s computed from
tables in which the altitude (ZTBL)
is the independent variable.

Maximum number of lines of trd-
jectory output per page.

Spin rate at entry,

Atmospheric pressure at base of
thermosphere,

¥ PTMAC >0, linearly inter-
polated values of the trajectory
output quantities will be printed
at the Mach number = PTMAC
Do not use simultaneously with
QDYPT (see below).

K QODYPT >0, linearly inter-
polated values of the trajectory
output quantities will be printed
at the dynamic pressure =
QDYPT . Do not use simultane-
ously with PTMAC (see above)

Pitch rate at entry.

When the reference convective
heat pulse is > 1, output will be
provided if the difference of the
integrated reference convective
heat pulse from the last output
value is > QTST.

Yaw rate at entry,

Transition Reynolds number for
QSTAR based on SSGD.

-20-
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Preset
Values

Name

RGX

RGY

RHQSL

ROTBL

RSL

SSOD

TABAL

TABDR

TETBL

THF 1.

Symbol

ps/pa

Parameter

Nondimensional radius of gyra-
tion for roll moment of inertia.

Nondimensional radius of gyra~
tion for pitch moment of inertia,

Density of the atmosphere at the
planet surface.

Dependent variable table of den-
sity used with ZTBL to compute
atmospheric density when MVE =
2.0 (see above). Maximum num-
ber of entries is 101,

Radius of the planet.

Ratio of distance from sonic point
to the stagnation point at zero angle
of attack to the vehicle duameter.

Independent variable of angle of
attack used to compute coeffi-
cients as a function of Mach num-
ber and angle of attack., Maxi-
mum number of entries is 19.

Independent variable table of stag-
nation point density ratios (pg /
pa)s used with DELORCG (see above)
and VGFDR (see below). Maxi-
mum number of values is 10,

Dependent variable table of tem-
perature used with ZTBL to com-
pute atmospheric temperature
when MVE = 2, 0 (see above).
Maximum number of entries is
101,

Turbulent heating factor used to
compute QSTAR after transition
has occurred.

21-
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Preset  Symbol
Name Values
TSL ToL
TST Tgr
TSTQP 1000.
TZERG 0,
UPBND 0.01, 1.E-5,
0.1, 0.001, 0.001,
0,0001, 0.0001,
0,0001
UPDN 0,2
VE Vv,
VEHICL
VIRNE
VGFDR d {du
2V \ds s

Parameter

Atmospheric temperature at the
planet surface.

Atmospheric temperature in the
stratosphere,

Maximum permitted value of the
independent variable time for the
integration of the trajectory equa-
tions,

Initial value of the independent
variable time for the integration
of the trajectory equations.

Array of upper limits used by the
predictor-corrector subroutine
ADAMS4 as accuracy bounds on
Ve v 2, Q R, 3§ 6, o, respec~
tively.

Factor by which the predictor-
corrector method increases or
decreases At (depending on ac-
curacy) during the integration.
See description of ADAMS4.

Entry velocity,

Identification number for
vehicle.

Velocity table used when DIRNE
is specified maximum of 10 val-
ues,

Dependent table of velocity gra-
dient, used with TABDR (see
above). Maximum number of en-
tries is 10,

seconds

seconds

ft/sec

ft/sec



Preset Symbol

Name Values
VSTQPRQ *12000.
VIST 600.
XA
XC
XCGPD
XCPFA
XN i
X0
XPRIN 1

RE-GRIER L.

Parameter

The slowest velocity at which the
radiation heating calculation will
be done, It must bex 5000.

When the reference convective
heat pulse 1s > 1, output will be
provided if the difference between
the velocity and the last output
velocity is > VTEST,

Mole fraction of molecular Argon
in the atmosphere,

Mole fraction of COy in the atmos-
phere.

Center-of-gravity location of the
vehicle as a fraction of vehicle
diameter,

Aerodynamic center-of-pressure
location as a fraction of vehicle
diameter. This table as a func-
tion of angle of attack and Mach
number is used to provide the
pitching moment when CMIN = 0,
Maximum number of entries: 19
angles of attack (corresponding
to TABAL) and 5 Mach numbers
when used with MANDAL.

Mole fraction of Ny in the atmos-
phere (must > 0.001),

Mole fraction of O3 in the atmos-
phere,

If the value of LS {see above) is
1,0, output will be provided in
even intervals of XPRIN, Using.
this option will generally invali-
date the angle-of-attack envelope
values printed in the output,
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RGO b Lol -l

Preset
Name Values Symbol Parameter Units
ZCG@D Center~-of-gravity offset. feet
ZE Z, Entry altitude. feet
ZSTOP 0. The integration of the trajectory -
equations is terminated when the
value of the dependent variable Z
is< ZSTQP
ZTBL Independent variable table of alti- feet
tude used with R@TBL and TETBL
to compute atmospheric proper-
ties when MVE = 2.0 (see above),
Maximum number of entries is
101.
ZTST 2, B4 Where the reference convective feet’

heat pulse is > 1, output will be
provided if the change in altitude
.is > ZTEST,

B. INPUT PROCEDURES

L

General

a. Decimal points can be used on all inputs. However, omitting
decimal points on integers will not cause difficulty,

b. A preset variable need not be inputAunless a different value is
desired,

C. After the first data case of a set of stacked cases, only changed
inputs must be specified,

d. Inputs DATE, MEMQ, CASE, ATM®S; and VEHICL have no ef-
fect on the computation and may be omitted. They appear at the top
of the trajectory printout as a convenience in identification,

e, All independent variable tables must be specified in monotonic
ascending order. co

f. The output is adjusted to allow for a maximum of 150 lines of

printout; the amount of printout is adjusted by optional program con-
trols,

-24-



g. A set of computer input forms are provided for the user. All

the data shown on the form is keypunched when the variable 1s
supplied,

2. Atmosphere

a. The atmosphere may be specified by either of two methods, para-
metric or tables, Optional input MVE,preset for parametric inputs,
selects the input method.

b. The parametric input method is more convenient for theoretical
atmospheres such as JPL Mars models G, H, I, J, and K7 and NASA
Mars models 1, 2, and 3. The program inputs are readily obtainable
from the definitions of these atmospheres (see Table I),

c. For precise atmosphere specification, e.g. Earth, complete
tables of density and temperature versus altitude may be input.

d. Additional to the temperature and density properties of the atmos-
phere, the composition is input as mole fractions of oxygen, nitrogen,
carbon dioxide, and argon. The sum of these fractions must equal 1.
The nitrogen fraction must not be less than 0, 001,

3. Calculation Tume

The input CDRQP was introduced to permit a reduction in computation
time where a vehicle undergoing large oscillations has reached closeto
terminal velocity at high altitude. Calculation of the angle of attack mo-~
tions until impact, using the moment equations, would consume a great
deal of time for such a case. Hence, specifying CDRQP places a restraint
on the computational time,

Other controls on calculation tume are possible by specifying TSTQP, the
maximum permitted trajectory time, or by specifying ZSTQPP as the al-

titude at which the trajectory calculation must be stopped,

Use of the linearized dynamics solution below peak dynamic pressure, when
appropriate, also can save considerable time.

4. Amount of Output
The output 1s limited to 150 lines, which can be regulated by program con-
trols on the interval of printout, The printout interval controls include

successive output points in mtegrated stagnation point heating, altitude,
and velocity,

-25+
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MARS MODEL ATMOSPHERES

TABLE I

Inputs JPL NASA

Program Name Unats G H I J K 1 2 3
RSL £t 11.E6 11.E6 | 11.E6 11.E6 11.E6 11, E6 11.E6 11, E6
GSL ft/sec? 12.3 12.3 12,3 12.3 12,3 12,3 12,3 12
RHOSL slug/£t3 || 4,21E-5| 4.21E-4 5.9E-5| 1.042E-4| 9. 5455 3. 97E-5 | 6, 94E-5 | 4,19 E-5
TSL °K 260 260 230 210 230 300 250 200
TST °K 130 230 180 130 230 260 180 100
PTH 1b/£t2 1.E-2‘0 1LE-20 | 1.E-20| 1.E-20 1.E-20 | 6.636E-2 1,454E-3| 4, 939-E9
FALR - 0.935 0.935 | 0.952 0.982 0 0.987 1,032 1. 053
LTH °K/ft 1,E-20 | 1.E-20| 1.E-20| 1,E-20 1.E-20 | 6.096E-4 6, 096E-4| 6. 096E-4
XN - 0.001 0.001 0.245 0.765 0.765 0.951 0.892 0.512’
X9 - 0 0 0 0 0 0 0 0
XC - 0. 647 0.647 | 0,433 0.105 0.105 0.049 0,108 0.488
XA - 0.352 0.352 | 0.322 0.13 0.13 0 0 ' 0

*Note Values of FALR have been adjusted to account for the difference between the
CP specified for the atmosphere model and the Cp computed in the program
to provide the intended temperature variation (see Equations {3) and (6).




Vehicle Data

a. Mass and diameter are the key inputs which affect the trajectory,
coefficient calculation, heating, and scaling.

b, The radii of gyration and center of gravity, which affect the dy-
mamics, are input as fractions of the diameter to simplify scaling.

If these ratios can be assumed independent of size, only the mass and
diameter need be respecified when the vehicle size 15 changed.

Aerodynamic Coefficients

a. Coefficients which are functions of angle of attack are specified
only from 0 to 180 degrees, corresponding to the angles of attack lis-
ted in TABAL (up to 19 values). The program computes values of co-
efficients between 180 and 360 degrees,

b. When MANDAL table 1s specified, tables of all coefficients based

on TABAL must be specified for each Mach number in MANDAL (maximum

5 values). At Mach numbers smaller {or larger) than those listed in
MANDAL, the program uses coefficients corresponding to the smal-
lest (or largest) Mach number specified.

c. An option is provided to input CMFA in place of XCPFA. To use
this option, CMIN is set = 1,0 and specify CMC@D. With either CMFA
or XCPFA input, the progzam computes the correct pitching moment
for the input center-of-gravity location XCGQPD.

d. For constant coefficients (invariant with Mach number) MANDAIL
1s set = 0, in which case the program uses the first table of coefficients
(lowest Mach number),

e. Computation of the dynamic motions can be switched to the linear
solution at peak dynamic pressure by specifying ALPCR larger than
the angle of attack envelope at that time,

f.  Coefficients which are functions of Mach number only are specified

for each Mach number listed in MPNLY (maximum 10 values), These
are used by the program in the linear equations of motion, and to
compute D/W, M/CDA, and frequency,

g. CMAFM must be specified ‘if printout is desired in the FREQ
column,
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h., CDFM must always be specified (will switch to CDRQP at peak
dynamic pressure otherwise). )

Entry Conditions

a. ZE; VE, and GAME must always be specified.

b. As the integration interval is determined by accuracy limits, large
angular rates may lead fo excessive computational time. To prevent
usage of excessive computer time, a stop exists in the program,
whereby a requirement for an integrating interval less than a pre-
scribed value stops the calculations and a message is printed out
DELTAT TOO SMALIL, A possible source of this problem are inputs
which create very large angular rates,

Particle Trajectories

Trajectories which do not allow for any effects of angle of attack can
be computed by using the MANDAL coefficient table and specifying
ALPHAE = 0.0 and ALPCR = 0.0.

The MANDAL table must have data at o = 0 and for at least one other non-
zero angle of attack. Tabular input for CDFM 1s required if M/CDA
and D/W printout is desired.

Heating Data

1

a. Velocity gradient (VGFDR) and shock standoff distance (DELPRC)

at the stagnation point are input (wind tunnel data or theory) as functions
of the stagna’cio& point density ratio (TABDR), Figures 7 and 8 obtained
from Vinokur's’ results show how these parameters vary theoretically
with nose shape; comparison with the methods of References 10 and 11
are also shown, Correlation of Vinokur's ’ results with those of Tra_ugott
and Kaattaril® is shown in Figure 9, wherein all of Vinokur's’ results

are seen to compress into a single correlation curve at low density

ratios (which agrees with Kaattari's10 recommended correlation).

b, The stagnation point quantities VGFDR and DELORC are required
to predict the convective and radiative heating., Sufficient information
is provided to estimate these quantities using Figures 6 and 7. The
suggested use of these curves for vehicles with various nose shapes
is_depicted in Figure 10.

c. SS@D defines the approximate sonic point for turbulent heating
calculation, and is determined by the nose shape of the vehicle,
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Sharp Corner on Spherial Cap.
Define 6* as sonic point {low angle,

Case 1

7
N 2(y-1)
Yt (1)

y+1 SONIC

POINT

Two possibilities

@ Oy > 6*

b = Ry (1—sm6y)
a = Ry cos Oy

Oy < 6

b

—-=1,a=Kg
a # N

(b}

Case 2 Nose Cap With Two Radn

Three possibtlities:
(a)
(b)

Oy < 6%, b/a = 10
6y > 6, bow wave follows body contour
b = Ry (1-sm8y) + Rgy s by)

a = Rycos Oy + Rgy (1~ cos fy)

{c) &y > 9*,bow wave stands off.

'

For stagnation point velocity gradient,
b/a =1, a =Ry

For stand off distance,
Asdy - x

Ry and 8, for flat nosed cylinder of radius y*

Bow
WAVE ——a—p)

Figure 10 METHODS FOR ESTIMATING VGFDR AND DEL/RC FOR VARIOUS NOSE SHAPES

-32-

45+<




d. REYT specifies the Reynolds number (based on S%) at which trans-
ition occurs at the sonic point. The Reynolds number computation is
based on the viscosity-temperature dependency of Josl3 for nitrogen
and is shown in Figure 11,

e, IRNE and KNE are noner}uihbrlum radiation heating parameters,
preset at typical air values. 4 Additional data for N,-CO, mixtures
15 given in Reference 5,

f. DIRNE specifies the nonequilibrium radiation intensity as a tab-
ular function of the velocity (VIRNE), When DIRNE is used, IRNE

must be specified as equal to zero.

10. Tabular Inputs of Coeifficients

Since much of the input data for Program 1880 consists of one~ and two-
dimensional tables, time and effort can be saved by understanding the fol-
lowing facts.

All independent variable tables must be specified in monotonic ascending
order,

The total range of the variable of interest should be covered by the inde-
pendent variable table, I the variable 1s smaller than the first entry of
the array, then the table lookupis done by a linear extrapolation. If the
independent variable is greater than or equal to the lasl entry in the array,
then either an incorrect answer, a loop, or an unexpected stop 1s the re-
sult, The only exception to this 1n Program 1880 1s 1n the calculation of
coefficients of a function of angle of attack, since for angles between 180
and 360 degrees the coefficient is computed by a change of variable and a
simple transformation of the coefficient in the range between 0 and 180.
Hence the independent variable table TABAL need be specified only to the
value 180,

Constant functions must be described for the table lookup by at least two
different values of the independent variable,

The only (optional) exception to the above rule, applied to tables of coeffi-
cients as a function of angle of attack and Mach number, and in the special

case where there 1s no Mach number dependence for the coefficient, 1S
described below.

~33.
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The tables of aerodynamic coefficients have as independent variable tables
TABAL for angle-of-attack dependence and MANDAL for Mach-number
dependence. The coefficient tables are matrices of maximum size 19 rows
and 5 columns (or 19 angles of attack and 5 Mach numbers). The program
has assumed that for Mach numbers less than the first (smallest) Mach
number in the array MANDAL, the coefficient is equal to its value at the
angle of attack and the smallest Mach number in MANDAL, Similarly, for
Mach numbers greater than the largest entry in MANDAL, the coefficient
is assumed to have the value of the angle of attack and the largest Mach
number in the array MANDAL., Thus the Mach number dependence of the
coefficient is treated as piece.meal constant off the ends of the table.

The coefficient matrices may be regarded as of the form a;;, where i re-
ferences the angle-of-attack value and j the Mach number, he coefficient
is specified on a punched card as, for example,

CNFA (1, 1)= 1., 2., 3., 4., CNFA(l, 2)=4., 3., 2., 1.

The double subscript specifies that the array 1s two-dimensional and that
the left-most index varies the most rapidly. Hence, given a starting
location such as CNFA (1, 1), the program loads information into succes-
sive storage locations (columnwise, in matrix notation), until a new
starting location 1s specified., Since the maximum dimensions of the
array are referenced for loading, here (19, 5), the above example could
not be rewritten as

CNFA (1,1) = 1., 2., 3., 4., 4., 3., 2., 1. —_—

All columns of the matrix do not have to be filled, but there must be a
one-to~one correspondence between columns and entries in MANDAL,

It was stated above that for constant functions at least two different values
of the independent variable must be specified with the corresponding {equal)
values of the dependent variable. The single exception to this rule in Pro-
gram 1880 1s for aerodynamic coefficients which are dependent on angle of
attack and independent of Mach number., For this case, two different val-
ues of Mach number may be specified, and the first two columns of the co-
efficient matrix made identical (a; | = ay 20 I=1, 2..., 19). How-
ever, the same effect may be achieved by making all entries of MANDAL

= 0 and specifying only the first column of the coefficient matrix. This

latter may be done either by the Cl}IFA (1, 1) a;qs 6-2, 1, 331, s
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C. OUTPUT DEFINITIONS

External
Name

ALBAR

ATM

CASE

DATE

D/wW

DYN-PR

FREQ

GAMMA

HD/HS

HMRTG

X

Iy

MACH
M/CDA

MEMQ

Internal Symbol
Name
ALENV a
ATM@S -
CAS -
D d
DATE
XowW D/W
QDY Q
FRNAT f
GAM ¥
HDHS Hy/Hg
HRT HM/RT(
ZIX Iy
zZIY I,
XMCH M
EM@CDA m/C A

MEM®

Parameter Units
Total angle of attack envelope degrees |

{max. envelope, interpolated
linearly between peak ampli-
tudes),

Atmosphere identification, -—-

Case identification, ---

Diameter of vehicle (reference feet
length),

Date identification. -

Zero angle-of-attack decelera- Earth g
tion,
Dynamic pressure, 1b/£t2

Natural undamped frequency of cps
the vehicle based on CMAFM
input.

Local flight path angle, degrees

*
Ratio of dissociation enthalpy to ~-~
total gas enthalpy,

Stagnation enthalpy, ——-

Moment of inertia about roll ax- slug/f.‘:2
is,

Moment of inertia about pitch slub/ﬁ:2
and yaw axes.

Flight Mach number. _———
Ballistic coefficient, slug/ft2

Memo identification, ———

-36-
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External Internal Symbol Parameter Units
Name Name

N/W ENGW - N/w Normal acceleration at angle- Earth g
of-attack value.

PE PI LA Spin rate at entry, rad/sec

QE Q1 Q, Pitch rate at entry. rad/sec

QI QI* ql* Radiative heating contribution Btu/ftz-sec
of each specie,

QR QSUM R Same as QRE (below),

QRE QR 9 Zero angle-of-altack equilibri- Btu/ft2-sec

um radiation heating rate at the
stagnation pomnt,

QRNE QRNE 9RAD Corrected value of QRE account- Btu/ft?-sec
ing for nonequilibrium effects,

Qs QS qs Zero angle-of-attack stagnation Btu/ftz-sec
point convective heating rate,

QSTAR QT q Zero angle-of-attack convective Btu/ft?_sec
heating rate at the sonic point
(laminar before transition, tur~
bulent after transition),

RE RI Re Yaw rate at entry, rad/sec

REY RTX — Free stream Reynold's number ---
based on vehicle diameter.

RHQA RO e, Ambient density. slug/ft3

RHGS/RHUG RHUPST Ps/Pa Normal shock density ratio at  ~--
stagnation point,

TIME TIME t Flight time measured from en- seconds
try.

TS T Tg Stagnation temperature, °K

v v Flight velocity, ft/sec

-37-
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External Internal Symbol Parameter Units

Name Name

VEHICL VEHICL Case identification -

X X X Specie Concentration moles

XCG/D XCG@D XCG/D Center-of-gravity location as a ---
fraction of vehicle diameter

z 4 z Altitude feet

zs z Compressibility factor; number ---
moles per initial mole cold gas

ZST ZsT Zer Altitude of the base of the strato- feet
sphere

ZTH ZTH Zry' Altitude at the base of the ther. feet

; mmosphere
D. SAMPLE PROBLEM

1, Statement of Problem -- Determine the angle~of-attack envelope and
heating history for a Mars entry of a blunt cone configuration, The vehicle
parameters entry conditions, atmosphere, and planet data are to be pre-
scribed as input. An orbital entiy was chosen, for which the entry velo-~
city is low,

Two trajectories were computed to provide both the heating and load data,
for a typical entry to Mars following the orbit,

x
2. Computer Input Forms -~ The computer input forms for the two sam-
ple cases containing all the necessary input data to be keypunched are
shown on the following pages. All of the input on these forms are
written with decimals, and everything shown on the forms are keypunched.
Unused copies of the input forms are provided on pages in this report,
from which the program user can make copies and use for further cases.

3. Output -- The output lists the cards read in and should be checked to
ensure that the data have been keypunched correctly, The trajectory
output format 1lists key data across the top of the page. The output of
the two cases are given on pages following the input pages.

-38-
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The trajectory of Case 1 indicates a peak deceleration of 25,8 g (Earth g),
negligible radiation, an impact time of 301.28 seconds, and a subsonic
impact, The time of transition was 189,97 seconds at which time the free
stream Reynold's number was 2, 1E+06, occurring at peak laminar heating.
The data requested at Mach 1.2 are given at the end of the ovtput as well
as integrals of the heat pulses.

The trajectory for Case 2, which has the smaller entry angle and is the
heat shield design trajectory, has a peak deceleration of 6,7 g and an
impact time of 473 seconds., Transition did not occuxr on this trajectozry.
Additional messages are printed out for this case indicating (no valid
solutions 1n zones) which refers to points along the trajectory where no
solutions were obtained for the equilibrium gas composition. The reason
for this occurrence is because of the nature of the approximate solution
and requirements that the solution, in order to be valid, satisfy physical
criteria,

E., DIAGNOSTICS

A number of messages are given in the printout reflecting the following program
diagnostics,

1. N¢ WPBBLES

The angle of attack did not oscillate, and the envelope value ALBAR 1s equal
to the current angle of atack,

2. DELTAT T@@ SMALL

The integration mterval required decreased to less than the input (preset)
minimum allowable value.

3. N@ VALID SOLUTIGN

The equilibrium gas dynamics (1883) solution was not able to obtain a solution
with positive concentrations for all the species satisfying the elemental and
charge conservation relationships. In this case the data 1s linearly inter-
polated between the last and the next pomnt for which a solution 1s found.

4, NYT CONVERGED IN 30 ITERATIONS

The equilibrium gas dynamics (1883) solution was unable to converge within
30 iterations to withmn 1 percent on the enthalpy; use the last value found.

_39-
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RAD 2 0963
s 82

MEMO NO

REQUEST FORM
[SECTION NG | WORK ORDER NO

DIGITAL COMPUTER INPUT [7Ro2-5 No

1880

PRO!

sramver D, Gillespie

nivee Trajectory Dynamics Program

(E240 USE ONLY}

REQUESTED 8Y

EXT EST TIME

PAGE ]OF ¢ PAGES

S53<

$ INPUT

DATE= , MEM®D= , CASE= , ATMOS= , VEHICL®
ALAM = s IRNE = , TSL = "
ALPCR = s KNE = , TST = s
ALPHAE = , LS = , TSTOP = ,
AR = , LTH = , TZER® = _ ,
ATRB = s MASS = , UPDN = ,
BLAM = ) MVE = ; VE = ,
BTRB = s NPTST = _ , VSTOPQ = )
CDROP = ; PE = , VTST = s
CMCPOD = R PTH = ., XA = s
CMIN = s PTMAC = , XC = X
D = s QDYPT = , XCGPD = s
DELMAGC = s QE = , XKT = s
DELMT = , QTST = - XN = s
DELTAT = s RE = ;. X0 = s
FALR = . REYT = , XPRIN = s
GAME = ) RGX = , ZCGQD = s
GSL = s RGY = , ZE = s
GTST = R RHOSL = , ZSTQP = ,
IPHEAT = s RSL = , ZTST = s
IPRINT = , sspD = s
IPRQRD = s THF = s
MANDAL = s s s s ,
CDFM = s s s , s
CLAFM = s , s s s
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RAD 2-0964
5 03

DIGITAL COMPUTER INPUT
REQUEST FORM

PROBLEM RO |MEMO RO SECTION NO
1880

CONTINUATION SHEET
PAGE 2 OF § PAGES

CMAFM = N s N s s
CMQFM = L, - s > > »
DELPRC = 5 N ; 3 »
DIRNE = s ; > > g
DNBND = > ; » 2 ,
MONLY = : N > s »
TABDR = 5 N s ; s
UPBND = N N N s N
VGFDR = s s s » s
VIRNE = N > » > 2
CMFA (1, 1)= ) s N N ;
54<

-4]-




RAD 2-0064
563

DIGITAL COMPUTER INPUT
REQUEST FORM

PROBLEM NO,  [MEMO NO SECTION NO
1880

CONTINUATION SHEET
PAGE 3 OF ¢ PAGES

CMFA(1,2) = s R s , ,
? ? 4 ! 3
CMFA(1,3) = s s , R ,
k] £ k] > ] F]
CMFA(L 4) = R s s . s
CMFA(L,5) = R s s , ,
CMQFA(L, 1) = . N N : 2
CMQFA(1,2) = B N B s 5
CMQFA(1, 3) = A s R 3 N
42
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AD 2-0984
5-63

DiGITAL COMPUTER INPUT
REQUEST FORM

PROBLEM NG |MEMO NO SECTION NG
1880

CONTINUATION SHEET
PAGE 4 OF 6 PAGES

CMQFA(1,4) =

s , s s
CMQFA(1,5) = s s R N s
s s , s ,
CNFA (1, 1) = s s s ; R
s s s s s
s s s s
CNFA (1,2) = s . s . s
s s , s ,
CNFA (1,3) = s s s R ,
CNFA (1,4) = s s s s s
2 2 b £ 2
s s s s
CNFA {1,5) = s s . R R
, s s s .
, s s s
_43-




RAD 2-0054
[

DIGITAL COMPUTER INPUT
REQUEST FORM

PROALEM NO  [MEWO RO, SECTION NO
1880

CONTINUATION SHEET
PAGE 5 OF 4 PAGES

CXFA (1, 1) = s s s s
s s s s
, s s s
s s ,

CXFA (1,2) = s s s s
s ; s s
’ s s ,
s ; s

CXFA (1,3) = , s , ;
s s s s
s s s s
s s s

CXFA (1,4) = s s s )
s s s s
s s s s

CXFA (1,5) = s s s s
s s s s
s s s s
2 2 L

XCPFA (1, 1) = s s s ;
s . s s
s s s

XCPFA (1,2)= , s s s
s s s s
s s s s
£ t ?

44—
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RAD 2 0984
5-63

PROBLEK NO MEMO NO SECTION NO
DIGITAL COMPUTER INPUT CONTINUATION SHEET
REQUEST FORM 1880 PAGE 6 OF 6 PAGES
XGPFA (1, 3)= s , , , ,
s s s s s
XCPFA(L 4)= , s , , s
XCPFA(L, 5)= s s , s ,
, s s s ,
. s s s ’
, s s s
TABAL = B > > 2 2
s s s , s
$
-45.-
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*42555°* | DIGITAL COMPUTER INPUT [Proet=vne 1880 . procRauMEr D Gillespie
REQUEST FORM nTLE: RAJECTORY DYNAMICS PROG
MEMO NO SECTION NO | WORK ORDER NO {E240 USE ONLY) |REQUESTED BY [EXT EST TIME
PL-167 | K420 |W305-050-0005 . Levine {2996 PAGE 10F6 PAcEs
$INPUT
DATE=_5.11 ,MEM@= 167, ,CASE=_; ,ATM@S=_3.8 , VEHICL=_60.
ALAM = , IRNE = , TSL =, 2000 ,
ALPCR = , KNE = , TST = 100.0
ALPHAE = 142.3 , Ls = , TSTPP = ,
AR = , LTH = 1,0E-20 , TZERD = s
ATRB = , MASS = 57.6 , UPDN = ,
BLAM = , MVE = 1.0 , VE = 15,200.0 ,
BTRB = , NPTST = , VSTOPQ = s
CDROP = 0,0 , PE = 1.045 , VTST = s
CMCOD = 0,27 , PTH = 1.3843E-11, XA = 0.0 s
CMIN = 1.0 , PTMAC = 1.2 , XC = 0,999 3
D = 15,0 , QDYPT = , XCGPD = 0,25 s
DELMAC = , QE = 0,0 , XKT = s
DELMT = , QSTST = , XN = 0.001 s
DELTAT = , RE = 1,77 , X0 = 0.0 s
FALR = 1.11367 , REYT = , XPRIN = ,
GAME = 17.5 , RGX = 0.30 s Z s
GsL = 12,3 , RGY = 0.22 , ZE = 8 0ES5 s
GTST = , RHOSL = 2,56E-5 , ZSTOP = ,
IPHEAT = , RSL = 11.1089E6, ZTST = s
IPRINT = , SSPOD = 0,57 ,
IPRORD = , THF = s
MANDAL = 0,5 s 1.5 3,0 _ 9.0 ; 19,0
CDFM = 1,0 L0 . 1,52 , 1,55 _, 1,59
1.63 163 , 5 s N
CLAFM = -0, 675 , -0.675 , -1,231 , -1.227 _, -L163
-1,212 , -L2iz . s ,

4
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REORDER fo. Go =17

maozooe | DIGITAL COMPUTER INPUT | o [T ne , [Feemene CONTINUATION SHEET
REQUEST FORM 1880 PAGE 2 OF ¢ PAGES

CMAFM = 0,183 , -0,183 , _-0,12 , _-0,115 ., _-0.138
-0.138__» -0,138 , » s s
CMOFM = _.9,392 , -0.392 , -0,392 » =0.392 » =0.392 ,
-0.392 , -0.392 s , . s
DELORC = 0,0192 , 0.0104 , 0,0054 , s s
DIRNE = , s s s ,
2 2} F] 2 2
DNBND = , s , , ,
, N , s _
M@NLY = 0.0 , _0.5 o L5 s 3,0 . » 9.0 "
19.0 , _100, s s L ’ s
TABDR = 6,25 , _12.5 » 25,0 ’ s ,
. ’ » , s ’
UPBND = s . , ) . .
, : ’ , s

VGFDR = _ 3.90 , _2.70 , _1.80 s N s .
i ’ i i -
VIRNE = , ’ N » - ,
, s , , s
CMFA (1,1)= 0.0 , -0,032 , --0,062 , -0.083 , -0.095 ,

-0.095 , -0.084 , ~0.064 , -0,043 , =0.024 N
-0,010 , -0.002 » _=0.0003 -0,0003 , -0.0002 ,

-0.0002 , -0.0001 , -0,0001 , -0.0 . M
Y '
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RAD 2 0984
583

R o, Gk ~tH7

DIGITAL COMPUTER INPUT PW sremien e CONTINUATION SHEET
REQUEST FORM 1880 PAGE 3 OF 6 PAGES
cvmFail,2= __g o ; _=0.021 + _-0,040 » 0,053 __» _-0,057
-0,-57 , _-0.050 , -0.038 , -0.026 , -0,0140 ,
-0,006 , _-0,001 , _-0,0002 , -0.0002 . -0.0001 ,
-0,0001 , _-0,000]1 , _-0,000} , -0.0 :
cMmrall, 3= _ 0.0 , _=0,020 , _-0,040 , =-0.053 _, -0,057
-0,057 , _-0,050 , _-0,038 , -0.026 , -0.014
-0.006 , _-0.001 , _-0.0002 , -0.0002 , _-0,0001 ,
-0.0001, _-0.0001 , -0,0001 , -0,0 s
cmrall, 9= _ 0.0 , -0.024 , -0,058 , -0.077 , -0.089
-0.089 , -0.079 , -0,060 , -0.041 , -0,022 ,
-0.009 , 0,002 , -0,0003 , -0.0003 , -0,0002 ,
-0,0002 , -0,0001 , -0,0001 , -0,0 N R
cMFa(L5= _ 0.0 , -0,024 , -0,058 , -0.077 , -0.089
-0.089 , -0.079 , -0,060 , -0,041 , -0,022 ,
-0,009 , -0,002 , -0,0003 , -0,0003 , -0,0002 ,
-0.0002 , -0,0001 , -0.0001 , -0,0 -
C'MQFA(l, 1)= -0.392 , -0,386 -, -0,369 , -0.340 , =0,301 ,
-0.253 , -0.197 , -0,161 , -0.131 , -0.102 _,
-0, 150 , -0.200 , -0.254 , -0.326 _, -0.387
-0.437 , -0.474 , _-0.497 , -0.505 s
cMQrFa {1, 2)= -0,392 , _-0,386 , _-0,369 , 0,340 » =0,301" ,
-0,253 , _-0,197 , _-0,161 , -0,131 .~ _-0,102
-0.150 , _-0,200 , _-0,254 , -0,326 _, -0,387
-0,437 , 0,474, _-0,497 , -0,505 _ -
cMorFall3= __-0.392 , -0.386 ", _-0,369 , -0,340 .  _-0,301 .
-0.253 ,_-0,197 , _-0,161 , -0,131 _ , .-0,102
0,150 , _-0,200 , _-0.254 , -0,326 ., -0.387% ,
-0.437 , -0.474 _, _-0.497 , -0,505 .

6d=<
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REORCER . Golo U177

PROBLEM NO,  |MEMO NO SECTION NO

RAD 20984 | DIGITAL COMPUTER INPUT CONTINUATION SHEET
REQUEST FORM 1880 PAGE 4 OF 6 PAGES
CMQFA (L, 4)= _-0.392 , -0.38 , -0,369 , -0.340 , -0,301

-0.253 , -0,197 , -0,161 , -0,131 , -0.102
-0.150 , -0,200 , -0,254 , -0.326 , -0.387

-0,437 , 0,474 , -0.497 , -0.505 - ,
CMQFA(1,5)= _ .0,392 , _-0.386 , _-0.369 , -0.340 , -0.301
-0,253 , _-0,197 , -0.161 , -0,13%1 , -0,1020 ,
-0,150 , _-0,200 , _-0,254 , -0.326 , -0.387 _,

-0,437 _, _-0,474 , _-0,497 , -0.505
CNFA (L, D)= _ 0.0 » _0,053 » 0,114 , 0.155 > 0.177 s
0,181 _, _0,167 » 0,139 , 0,108 , _0.081 ,
0.062___, _0,052 , 0,050  , 0,048 , 0,043 ,

0,050 .
0,036__, 0,026 , 0,014 , 0.0 s
CNFA (4, 2)= __ 0,0 ; _0,041 »_0.080  ," 0,107 » 0,122 s

0,124 , 0,115 _, 0,096 _, 0.074 _ , 0,051
0,043 , 0.03 _, 0,034 , 0.033 _ , 0,030
) 0.025 , 0.018 _, 0.009 _, 0.0 , ;]
CNFA (L, 3)= _ 0.0 , 0,040, 0.100 , 0.133  , 0.152
. 0,155 , 0,143 , 0.119 , 0.093  , 0.069
0,053 , 0,045 , 0,043 , 0,041  , 0.037
0,031 , 0,022 , 0,012 , 0,0 ,
CNFA (1,4)= _ 0.0 , _0,060 , 0.130  , 0,174 ~ , 0,198 .
0,204 , 0,188 , ©0.186 , 0.121  , 0,091
0,070, 0,058 , 0.056 , 0,054 _ , 0,048

0,041 , _0.029 ; _0.016 , 0.0 T,

CNFA (1, 5)= 0,0 » 0,060 > 0,130 N .O. 174 » _0.198 »
0,204 , _0, 188 s 0,156 » 0,121 » _0.091 N
0,Q70 . _0,058 » 0,056 ) 46,1354 » _0.048 ’
0,04F , _0,029 s 0,016 + 0,0 ’

-49-
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RAD 2-0984
v-82

BECHEER Mo, Glo-

a1/

DIGITAL COMPUTER [NPUT PROBLEM NO MEKO NO SECTIOR NO CONTINUATION SHEET

REQUEST FORM 1880 PAGE 5 OF § PAGES
cxFa (L 1)}=_1.0 , 0.98 , _0.93 , _0.82 , _0,67 ,
0. 53 , 0.39 , 0,27, 0.16 , 0,07 s
-0,04 |, -0.18 , 0,34, -0.52_ , -0.69

-0.85 , -0.98 , -1.04 , -1.06 .
cxFa -(1,2)= 1.52 , 1.47 , 1.37 , L23 , 1.07 s
0.78 , 0.56 , 0,38 ,0.22  ° ,0.11 s
0.02 , -0.21 , -0.44 , -0.72 , -1.0 s

-1.24  , -1.45 , -1.55 , -1,57 ,
cxFA (1,3)= .55 , L46 , 133 , 117 , 1,00 A
0.76  , 0,54 , 0.36 , 0.2 . 0.09 ,
-0.04 , -0,23 , =0.46  , -0,74 , -1.02 .

-1.26 , -1.47 , -1.58 , -1,60 s
cxFA (1, 4)= 1.59 , 1.51 , L3 , L12 , 0.94 ,
0,74 , 0.52 , 0,34 , 0,17 , 0,06 s
-0.07 , -0.26 , =0.49  , -0.78 , -1.06 |,

-1.3 , 1,51 -, -lL62 , -1.64 s
" cxFA (1,5)= 1.63 , 1.56 , 1.34 , L15 , 0,97,
0.76 , 0.57 , 0.38 , 0.2 , 0,08 s
-0.06 , 0,25, =047 _, -0.77 , =105 .

-1,3 , -1.52 . =167 ;=169 ,
XCPFA {1, 1)= . , s . ,
s N ) " ] i}
XCPFA (1, 2)= , ., , . s
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DIGITAL COMPUTER INPUT
REQUEST FORM

PROBLEM NG |WEWO NO. SECTION NO
1880

CONTINUATION SHEET
PAGE 6 OF 6 PAGES

XCPFA (1, 3)=

, s 5 ,
s s s ,
, s s s
5 , f
XCPFA (1,4)= N N 2 ;
, . ) s
s , , ;
s s s
XCPFA (1, 5)= 5 N » :
s 5 , ,
, , , s
s , s
TABAL = 0, , 10 , 20, , 30, » 40, s
50, , 60, , 10, , 80. . _90. 1}
100, , 110, , 120, , 130, , _ 140, ,
150. , 160, , 170 , 180, s N
$
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DIGITAL COMPUTER INPUT [PTO5LEM NO
REQUEST FORM nree  Trajectory Dynamics Program

1880

FroGraAMMER ), Gillespie

MEMO NO SECTION NO

P1.-167 |Ka20

WORK GRDER NO
W305-050-0005

{E240 USE ONLY} [REQUESTED BY |EXT
P. Levine 996

EST TIME
PAGE] OF {PAGES

$INPUT

DATE= 5.11

ALAM
ALPCR
ALPHAE
AR
ATRB
BLAM
BTRB
CDROP
CMCOD
CMIN

D
DELMAC
DELMT
DELTAT
FALR =
GAME =
GSL =
GTST
IPHEAT
IPRINT
IPRQRD

it

1

u

1

n

1

-13.

MEM@= 167., CASE=

, IRNE

, KNE

, LS

, LTH

, MASS

, MVE

, NPTST

, PE

, PTH

, PTMAC

, QDYPT

, QE

, QSTST

, RE
0.994 , REYT

, RGX

, RGY

, RHQSL

, RSL

, S5¢D

, THF

.525E-3 ,

0.132E-4

2, ,ATM@S= 3.8

TSL = 2750 -
TST = _200.0 ,
TSTYP = s
TZERG = s
UPDN = R
VE = 14000.0 ,
VST@PQ= s
VTST = s
XA = s
XC = 0.2 s
XCG@D = »
XKT = s
XN = _0.8 s
X@ = ;
XPRIN = s
ZCGYD = s
ZE = s
ZSTQP = R
ZTST =

, VEHICL=__ 60. |




- 12701766

SYSTFH 00000 THRY 02717
“FILE-BLOCK-DAAGIN.. — oo 272
FILFS 1. UNETOS
—_ P UHITOS o oo .- i -
. UNITOT
FALELISEORIGIN A e - e 0275 e
PRE=EXFCHTION INITIALIZATION 02772
CALL-ON-SRIEGI-PROGRAN 3023
0BJECT PROGRAM 03030 THRU 66025
DECK  ORIGIN CONTROL SECTIONS (/NAME/=NON O LENGTH, {LOCI=DELETED, *=NOT REFERENCED) -
1. 1880 03030 17 7173566} sesees 14650 % -~
2. SHVST 14671 VST 2
3. SGFTK 21676 GETK 22230
SINIRP—22370.-- - INTRR——— 23173
5. SDERQD 23367 770 It73566)  DERQD 25500
e Bo~SGETGL—.25613  — ETCLA—250
T. SHEAT 26126 HEAT 26775 .
8 SNDNEO— 2721 NONEQU— 27402
9. SCKTRB 27472 CKTRB 27612 _
10— SGEENnr 2765 |- - GETN— 31555 —
11. SGETQ 31620 GETQ 33674
12 SEIHDTv 34016 o FINDT— 36247 -
13, SCOOL 34363 cooL 34725
15. SZONES 35506 ZONES 41242 7
17. SARTLU 44710 ARTLU 45235 _
- 18— s LXEON—45415s - —— o LXST) LXOUT
-LXCAL 45504 *  .LXERR 45504 «DBCLS 45666 *  +LXARG 46035 L0 46060 *
19. .IODEF 46075 .DEFIN 46075 SATTAC 46101 *  LCLOSE 46103 JOPEN 46105 -READ 45107
e~ HALTH 14 BSR 121 ADR—46131 RELES— 46133 CAREA
WLFBLK 46162 SLTSX 46165 *  LAREAL 46177 WLUNBL 46205 SENTRY 46211
&0 2 BERR——462 NORXE 265 GHXL
JEX34 46311
20— LXSL 31 CXSEL—4631 LXGSEL 217 Yt ARG
CLXIND 46442 &  .LXDIS 48445 * .LXFLG 46446 * LLTCH 46447
23 _getan 55 SRRt M 1 FPAR 33 e COUE. 5 % QuFL 66—
22. JERAS, 46715 E.l 46715 E.2 45716 E.3 467117 E.% 46720 z
25 %6 6721 1 a1 223
24, XIT 46725 EXIT 46725 SEXIT. 46725 %
25 FXFX. 572 EXEH 22. ATH
26. FDUT 47356 WFOUT. 47356
2, sguy 72 REQNn b T 720 RENV— 47743 ENDRS—4TT5: WEPEE £ 23
WEDXZ 47765 JDBC 47767 .DBC8 50110 .0BC 50113 -DBC10 50120
DE 20501 Pt 1 PBRIX—50165 £1. 20173 DDEG—8025
<DDRSL 50522 <DDRS2 50524 D1 50527 .02 50531 <FERRZ 50816 *
WFLT 51164 <DEXPN 51254 <EXD 51255 <HOUT 51405 «INTG 51455
WLIST 52356 .DONE 52367 -0UTBF 52433 <BUF 52461 £QSTG 52462
TBEDR T270TTe%
<DDFLG 52521 .MQD 52522 SPEX 52523 <FEXP 52524 «DIG 52525
<FILL. 52730 JFCLS 52732 *  .FOPN 52736 * REOF 52742 #  .TOUT. 53105
29. FIDH 53201 -FIOH, 53201 -FFIL. 53770 <FRTN. 54015 =
31. FWRU 54226 -ENRU, 54226
33. FROY 54657 ~FRDY. 54657
35. UNO6 54721 -UNO6. 54721 <BUFSZ 54722 -
37. FIOU 54726 -FIOU. 54726 +CTUIO 55401 <NKLST 55424 <NAME. 56527 SINTAP 56530
39. JPLRT 57256 POLROT 60443
41. JPRTL 60615 POLRTL 61000
43, FXPF 61240 EXP 61240 i
45. FSQR 61571 . SORT 61571 3
47. FXP3 62104 «XP3. 62104
«CLOS. 62463 SATTC. 62476 .SHL 62710 *  ,SH9 62752 *  .OPEN. &2773
-READ. 63141 -RERL1. 63164 SHRIT. 63166 SHNTIA 63354 *  .EOFEX 63435 %
.SEL59 64726 *  .BSR. 65337 <EOTOF 65464 -ETOF3 65472 #+  JSWITC 65521
49. JI0CSM 66026 "
-53-
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9

9r
Ty
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9
9
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9y
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T80000000E-137 5200000000613, Z0200000000E 19 000000008157 700000000E- 19, R
-0, 9y -0, 9,y -0, 9y -0 19: 0, 5,
v ¥ ¥
- o 9y -0 94 -0, 9, -0 N . ~0. L9,
“ =0.00000000E~19, i
MANDAL = 0.50000000€ 00, 0.1 o1, o o1, 0. 01, ©.19000000E 02,
HONLY = 0. 0 . [ 00, 0.1! 0L, 0 o1, G.S0000000E 0,
0.16300000€ 01, o oLy -0 N -0 5 ~0. I
ve = 0.15200000E 05,
GAME = ~0.17500000€ 02,
€ = 0.80000000E 06, -
MASS = 0.576000008 02,
TSTOP = 0.100000008 04,
ISTOP = 0.00000000E~38,
FALR = 8,11136700 01,
L = ©0.16000000E-19+
RSL = 0.11108900€ 08,
&L = 0.123000006 02,
XN = 0.10000000E-02, T B "
xc = 0.99900000€ 00, N
TSL = 0.20000000F 03,
TST = 0.10000000E 03,
PTH = 0.13843000E-10,
RHOSL = 0.25600000E-04y z
DELTAT = 0.10000000E-01, B
UPBND = 0.1 . 0.1 N 0.1 a0, 0. .
P — o o ; ot ’
UPDN = ©0.20000000€ 004 - -
XPRIN = 0,10000000E 01, o - -

Gl



F2ERD »
~DELHT = 0. -t ———ar —
2z - o
T
L - ———
—HPYST—= 51 - ——
—2E =. 0. 01 ol l
OE = 0. " —— - - -
RE- = 0.-17700004 01. l el
—ENEA . o 1 8 & .
018100000 00, 0.16700000E 00, 0.13900000E 00, 0.10800000E 005 0.81000000E-01,
o. » o 1, 0.1 , -0 - ’
0.11500000€ 00, a. 1, 0. . o 1, 3000000£-01,
P
0.1 N 04 Y 0 3 o »
ol 5. 35 6. — o o, o,
0.11900000& 00, 0. 1y » o 1, .
o Suat p— 3. 31
o1 N 0 ’ o v 0 1, 1 0E 00y
0.17400000E_00. 31 0. & b
0.12100000E 00, 0.91 . . v [ 1. 56000000E-01,
o
0 B [ . 0, v 0.1 004 0.17400000E 00,
— 0.1 1 ¥
0. . 0. 1y [ N [ » [ “0L,
EHRA = P = .
~0. v -0 + ~0. v -0 * 5 *
0.1 2 o
-o0. -0, . -0, N [ e o .
-0 . -0 1y -0. 1, -0.1 v -0, .
Set o i
-0.1 N -0. N 2 v 0. -0, i,
o
-0 v ~0 ’ —~0eL: » 0.1 .
o 3 5 ol
-0.1 [ N [ N -0 1y -0 1o
2 3 s. Pe 2 o
-0, ' -0 1, -0 . -0 3 -0, ,
0. 5. o
o v 2 1] =0. 3 -0 )
0 9 ¥
=0, v =0 . -0 v -0 +
—XGCREA o
o M o 197 o, . Y -0, 9
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OE=T9T 08197 0=00000000E=197 Iy UE=193
~0.00000000E-19, ~0.00000000E~19y ~0.00000000E~19, -0.00000000E-29, —0-00000060E-19¢

-0, 3 -0 s, -0, o ~0. ¥ —0g 0E-19,
=0s 9y -0 9: -0, 19, -0 9: 0. 9: -
0. 19, -0 o -0 . -0 ) -s. 9,
-0 5, -0 . -0 ! -0 19, -0 9,
-0. 9 -0 9, -0. 19, -0 9, 4
-0 9y -9 % - 19, -0 4 o 5 -
9 ~0 9y -0, . ~0. M N 5
ud =03 &
-0.25300000F 00, -0.19700000E 00, ~0.16100000€ 00y —0.13100000E 00, -0.10200000E 00
~0.43700000E 004 -0.47400000E 00, ~0.49700000E 00, -0 00, “-gs 00, -
-0, 19700000E 005 -3.16100000€ 00, ~0.13100000E 00y ~0-1 a0, o0, .
~0.47400000E 00, 0. 43700000 00, -0 00, -0 o0, 00,
-0,16100000E 00, -0.131000008 00, ~0-10200000€ 00, -0. o0, 0 o0,
-0.49700000E 005 -0.50500000E 005 -0. 00, -0 o0, 00, -
-0413100000€ 00, ~0.10200000E 00, -0.1 00, -0 00, 00,
~0.50500000E 00, -3439200000€ 00, -0. 90, -0 00, J000E. 08y~
-0.10200000F 00, ~0.15000000€ 00, -0 00, -0 00, 06e
, : : "
0.53000000E 00, 0.39000000E 00, 0.27000000€ 00, 0. 0o, . 0. .
~0.85000000€ 08, ~0.98000000E 00, ~0-10400000E 01, -0. o1, " 0.1 o1,
0-56000000€ G0, 0.38000000€ 00, 0.22000000€ 00, 0.1 a0, 02 |:
~0.14500000€ 01, -2+15500000E 01, -0.15700000€ 01, o. o1, 0,1 of,. |
o 00, 0 00, o. M -0 1s g 001
-0.15800000E 01, ~0.16000000E 01, 0.15900000E Ol, 0.15100000€ 01, " 0.13000000E 01
E.noonnuoe 00, o }. -—o.‘ d -0 0 004 2 m’);" -
0. 16400000E 01, 0.16300000€ 01 0.15600000E 01, 0134000008 01, ~ 0211500000€ 01,
0.8 oL, R 1 0.2 a0, —o. a0, 00,
ALPHAE =-- - ——=- 0.1
STABAL % e e a0, b 4 ¥ v ¥ 27
-57-
70=



0.500010000€ 02, 0.60000000E 02, 0.70000000€ 02, -  0,.80000000E 02, ~ 0. 90000000E~ 02
0.10000000€ 03, 0.11000080E 03, 0.12000000& 03, 0.13000000E 03, 4GOUQO0E 03
0.15000000F 03, 0.16000000€ 03y +17000000€ 03, 0.18000000E 03¢ - -

.
=0.567500000E 00, ~0 «67500000E 00, —0.12310000E 01, —~0v12270000E Oly~ ~— —0s11630000E-01y--~
~0.12120000€ 01, ~9.12120000€ 0L, -0 'y 0 -0, 9s

-0.39200000€ 00, 0. 00, -0 00, -0 00, a0,
—~  —0.39200000E 00; - - -~0. 00, -0. 2= -C 5
~0,18306000E 0y - 00y - -0.L ¥
-0.13800000€ 00, ag, 0. 9, -0 19, -0, 19,
XCGOD " 0.25000000¢ 00, )
] o.150000008 Oz, o Tt T
VIST = 0.60000000€ 03, T Tttt T
0.20000000% 01, o
0.20000000E 05, 3
0.20000000€ 03, N
—~0.00000000E-15, N
0.800000008 00, T -
ey 0.31800000€ 017 B
corop = 0.00000000E-38, :
s = 7 p.000000008-38, ) - -
DELMAC = 0.50000000E 00,
PIMAC = 0.12000000E 01, ’
QovPT w =0, 10000000F 03, ToorTmmee - T
cHin_ - 0.10000000F Ol, - - -
CHCOD = ™7 6.27000000F 00, -
TTrragp = o T - T T - ) B
TIRRINT = - 0, - T T
TPHEAT oo T N
“vsTora " oZ120000008 05, . - T .
= " 0200000000£-38, T - T :
IRNE < 0.10000000€ 02, ) T
KNE = 0.230000008 OL, o TTTTT T
VIRNE = o, 9 -0, 9y 0 E-19, -0 9 -o. v
-58-
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9y Iy v = gy £ 5 ==
u v 2 ¥ g ¥
-0. e -9 9y -0 v -0 19, 19, .
VGFOR = 0.3900000D€ 01, 9.27000000E 01, 0.18000000E Oly -0 9 =0, 9 -
¥ . v v T
-0, 9y -0 9y -0 9 -0, 4 -0. 194
BLAM = 0.00000C00E-38, -
DELORC = 0.1 1, 0. . [ -0 19, 3 -
—sson .- , -
. -
—veeL = - -
_2668D= o - -
UNDRFLDW AT 60545 IN HQ ILL. CRG.
_UNSRELOR AT 5 1w - L
UNORFLOW AT 40535 IN MQ ILL. CRG.
UNDREL 1NN
UNDRFLDN AT 60541 IN MQ ILL, CRG.
OnFE %3 i 00-—HE! oo =B0—VEHEGEE— 60+
n pE _— s £ N M HrCDA 257 T
150008 01— 1.0ASOE. 3. 1 7700E—00——2. N 2 2728602 1485-C
Trus v 2 R4 AKHA—_HAGH. s e . & 4 N -
0.00 15230, 800000. 3.97-24 ~17.50 29.18 0.0 6.28-12 208.9 142.3 0.0 0.0 0.0
1200721 2331 116610 ~12+02 205 158 52 —220+a_144u2 e
144.50 15624, 218110. 3.73E-10 -12.72 29.99 0.0 6.0B 02 220.6 l44.l 0.0 0.0
15003815639 19805 Lo l20E. 12052-30002. 0196, 223014201 by
156.36 15652. 177916. 3.89E-09 —12.31 30.05 0.0 6.2 03 2Z1.4 143.3 0.5 .1
162 156810 152768.— 1.276-08 12,09 30.0 0.0 2.0% 2210714001 3 z
168.61 15654. 137756. 4.12E-08 -11.85 30.05 ~0.0 6.6E 04 221.5 143.1
179.64 15459, 102958. 3.226-07 —~11.44 29.68 4%.0 440 0.0 541E 05 216.0 76.4 0.0
185.70 144964 84907. 9.43E-07 —11.21 27.83 54e1 6441 0.0 1.4E 06 130.1 46.6 0.0
1389 301 1o 25506 ~L1o18—26.67. i 6ul 0e0_ 18 17 1oy
188.81 13293. 76438, 1.56E-06 —11.13 25.52 65.7 65.7 0.0 2.1E 06 160.1 37.1 0.0
180.89 12488, 23437, 1-B7E 11s2 3. AR Fard 3 E A
191.06 12085. 70875, 2.18E-06 —11.31 23.20 80.2 18.9 0.0 2.7E 06 132.6 31.5 0.0
197,07 11432, a5 22495 1111 220 55 17 bbby 12
192,96 10881. 66515, 2.B0E-06 ~11.29 20.89 5044 16.6 0.0 3.1E 06 107.8 27.1 0.0
19397 10281 s 14t 1117 157 A5 5.2 ai3s H
194. 78 9677. 62987, 3.48E-06 —11.28 18.58 40.0 13.6 0.0 3.4E 06 8545 23.9 0.0
196.61 84T1. 59732, 4.236-06 -11.30 16.26 29.9 10.4 0.0 3.7€ 06 65.9 21.3 0.0
93 787 S8195 5 $1e38-14495— a5, s o 3eéb 1
198.62 1266, 56632. 4.B856-06 -11.31 13.63 20.5 Te1 0.0 3.5E 06 48.9 19.1 0.0
. 55 Set 11043 1235 165 H 3
201.06 6051 53416, 5.51E-06 —11.55 11.09 12.9 bk 0.0 3.1E 06 34.6 16.9 0.0 1.0
253 8457.  BiTi4e—58 11 0308 1508 o
204,21 4855. 49935, 6.30E-06 ~11.94 B.66 7.3 2.4 0.0 2.7E 06 22,9 14.8 0.0
206 8020, 4 2043 Sui 5
208.74 3652, 45921, T.28E-06 —-12.61 6.33 R 1.1 0.0 2.3E 06 13.8 13.1 0.0 T 7.3 : 0.3
31,97 205 35300725 13023 o0 1 + 2e0—2u0; 10ua 1203 >
213.82 2775. 42295. B.24E-06 -13.67 4,69* 1.6 0.5 0.0 1.9E 06 8.8 1l.8 0.0 : 4.7 0.2
575 95 a5 EPA S EDAR AN - 1o s iis 3
218.63 2218. 393B7. 9.07E-06 =14.78 3.68 0.9 0.3 0.0 1.6E 06 6+4 10.9 0.0 343 7 0.1
2191 1535. 37 3 15 3,18 M a2 bos 4 10u5 2 3
226.16 1649, 35433, 1.03E=05 -17.5) 2.67 De4 0.1 0.0 1.3E 06 4e5 10.1 0.0 2.1 0.1
731511 32 1A Farid a h .t 3 s
240456 1070. 28772, 1.25E-05 =24.45 1.67 0.1 0.0 0.0 9.5E 05 3.2 9.6 0.0 l.ﬂ: 0.0
5. £ 33 1o 5—1ir7 286083, — o
301.328 556« 1 ~S1. 2.56E-05 —-65.55 0.75 0.0 0.0 0.0 T.8E 05 3.2 6.7 0.0 0.4‘:—0.0

V<



http:2.18E-06-11.3t

§S_INTEGRAL = 1.63741E 03 QSTAR INTEGRAL 1.28206E 03 QRE INTEGRAL =  1.13303£-03 QRNE INTEGRAL =  3.49088E-03
~-AT MACH =  1,20000€ 00, THE DATA ARE AS-FOLLOWS.
P tmnd H——0S — QSTAR- QRE REY  HM/RTO ALBAR ODYN-PR- FREQ GRNE  O/W  N/R
255.68  797. 22071, 1.51E-05 —34.88 1.20 0.1 R 0.0 7.9 05 3.0 9.7 4.8 0.0 0.6 0.0
TIHE AT TRANSITION = 169.99
2184 = 0. 3 £y 0. 19+ 0. 9 - 0 i
s 9, -9 s o . -0 9, -o. 9: ..
o 3 0. S 9y v -—
o 9 -0 9, ~o. —o 1oy —o. A
=04 9 -0 9 -0 9 ~0. 9y N
5. o e -0 - -
-0.00000000E-19, -0 -0, 9y -0,
5. 5 e 5 o
~0.00000000E~19, -0.00000 JGE—195 0. S, -0,
0. 0. 18 o.
-0 9, “o -0, 19, 0,
0. 9. b 9. 9, 6. - -
-0 9y -0 9, -0. 9y 0. 19,
Py a o 9y - .
o, M -0 M o. 9 Zo. 9, Zo. .
0 0- 0 Do - . -
o o, o o —o 9y o y -0,
o —
-0 9y -0 9 -0 19 -0 N 0
o . e
TRIBL = 0. - : 0. - - —
-0 9y -0 2 -0, , -0 19, -0, 9,
o S 2 5 2 3 o M
-0, 9, o 9, -0 M =3 o 1oy g
o Py 5. o 2
0 9¢ -0 9y -0 9, -0 9s -0 -
o 2 5 o
0. 9, -0 y -0, 9, -0 19¢ -0, ’ :
-0, 9 -0 9y -0, . -0 19¢ -0, 9y -
-0, 9, -0 3 -0 9y -0. v .
o. 3 . :
-0. 3y -0 95 -0, 19, 0 9, -0.
S 5. 9y
-0, 9y -0 0 9y -0 9s . =0 » I
5. 2 2 o. o o. 19 -
-0. 9 -2 N -0 -0 9 -0, 95 N
5. 2 9y —
o 9, -0 a o -0 M ~0. 9,
ROTBL-—== 0 4 3 .0 - 0. 9 ¥
-0, 9r -0 9y -0 19, -0 -0, 9y
-0 , -0 9, -0 N -0 M -0, M T
0. S 0. 0 0
0. 9 -0 9y -0 9, -0 19, -0,
5. 3. 2 5 o
0. -0 , 0. -0 9, -
-0, 9y -0 0. 194 -0 9y s
Q- - 9y o- e
-0, 9y -0. . -0, 9y -0 -0, 9y K
b 9y ——
-0, 9, -0 o —o. o 19y 9 -
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MDA . 02, -
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o1 h P
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5 5 e
< Py o —— -
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o, ' 0. v 0.
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P oe1 1 —_ PR
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IIl, COMPUTATIONS

A, BLOCK DIAGRAM

In the following pages are presented a block diagram (Figure 12) illustrating
the operation of Program 1880, and a list of equations which are solved by the
computer. The block diagram is arranged to indicate the sequence of opera-
tions as they are performed within the computer. Input data are located at
the top of the diagram, computations are shown in the center, and outputs are
grouped at the bottom. The list of equations which follow the diagram is
divided into groups corresponding to the computation blocks in the diagram.
Symbols used precede the equations.

ATMOSPHERE ENTRY CONDITIONS [ VEHICLE DATA 1
PARAMETRIC (MVE = 1 0) | TABLES (MVE =2) 26, | ALPHAE, | MASS, D [ ROX RGY l XCGD '_—
RHOSL, TSL, TST, ZTBL, ROTBL, VE, | PE,QE, =
PTH, FALR, LTH TETBL GAME | RE 1
E |
g
E TEATCOATA AERODYNAMIC COEFFICIENTS
= — MONLY ITABAL (MANDAL'= 0 }| TABAL, MANDAL
TABDR _| VGFDR, -
[ATM_composiTIoN] { PLANET DATA | DEL@RC| REVT, CDFM, ICXFA, CHFA, CXFA, CNFA,
—1ssép” CMAFM, | XCPFA OR CMFA, |XCPFA OR CMFA,
| XN, X0, XC, XA l I RSL, GSL | _l CMOFM,CLAFM| CMQFA CMOFA
¥
w MOLECULAR WT. ATMOSPHERE TRAJECTORY | COEFFICIENT I
5 & SPECIFIC HT CALCULATIONS CALCULATIONS YRAMICS CALCULATIONS
2 I 7 "EALCULATIONS
3
3 Y ¥
= RADIATIVE CONVECTIVE'
© HEATING |—F>{ HEATING
{1883 PROGRAM)

RADIATIVE HTG. CONVECTIVE DYNAMICS
P UTPUTS HTG. OUTPUTS OUTPUTS
2 QRE, QRNE QS, OSTAR N
E NS
a ‘ JQRE, fQRNE [0S, [QSTAR

TRANSITION
N

65-115894

Figure 12 BLOCK DIAGRAM ILLUSTRATING OPERATION OF PROGRAM 1880
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B. SYMBOLS:

a Speed of sound, ft/sec

a (with subscript) density exponent in convective heating formula

A reference area (17:2) , ftz

b (with subscript) velocity exponent in convective heating formula

e specific heat at constant pressure, Btu/lb

<p drag coefficient

Cy, lift coefficient

Crg lift coefficient derivative, per radian

Cn pitching moment coefficient

Cos pitching moment derwative, ‘per radian

Cmq pitch damping coefficient, per radhan

Cn normal force coefficient

Cy . axial force coefficient

d reference length (diameter)» feet

D drag, pounds

g local acceleration of gravity, ft/sec2

IR Earth gravity at sea level, 32.17 fi:/sec2

H enthalpy, fl:zlsec2

I roll moment of inertia, Slug—ftz

Ly moment of inertia in pitch and yaw, slug-ft:2 )
-67-
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Re

S*

(with subscript) heating constant
temperature gradient, °k/tt
mass, slugs
molecular weight and Mach number
normal force, pounds
2
pressure, 1b/ft
vehicle roll rate, rad/sec
dynamic pressure (p, V%/2) , 1b/f(:2
(with subscript) heating rate, Btu/ftz-éec
vehicle pitch rate, rad/sec
vehicle yaw rate, rad/sec
. 2 2 o
universal gas constant, 89,516 ft /sec -mole~ K
radius from center of planet, feet
Reynolds number
distance from stagnation point to sonic point, feet
time, seconds
o
temperature, K
velocity, ft/sec
Earth weight, pounds

distance from nose to center of gravity, feet

distance from nose to center of gravily for Ca data, feet

distance from nose to center of pressure, feet
mole fraction of argon in atmosphere
mole fraction of carbon dioxide in atmosphere

-68-.
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XN mole fraction of nitrogen in atmosphere

%) mole fraction of oxygen in atmosphere

Z altitude, feet

a angle of attack, degrees

a’ total angle of attack (angle between vehicle axis of symmetry and

velocity vector), degrees

a total angle of attack envelope, degrees (max. value)
B angle of sideslip, degrees

B‘ inverse scale height, feet-l

¥ flight path angle (positive in climb), degrees
y adiabatic exponent

é pitch angle, degrees

r viscosity, 1b«sec/fl:2

4 densaty, slug/ft3

a non-dimensional radius of gyration, ﬁ

é roll angle, degrees

] . yaw angle, degrees

@y - undamped natural frequency, rad/sec
Superscript: .

. sonic point

Subscripts:

2 ambient
L laminazr
RE radiant equilibrium
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RNE radiant nonequilibrium
S l stagnation point

SL sea level

ST stratosphere

T turbulent

TH thermosphere

TR troposphere

zZ at altitude Z

C. EQUATIONS

1. Molecular Weight and Specific Heat

Xy +Xp+Xc+¥y = 10
M = 28Xy +32X, +44Xc + 40X,

< 35Xy + 3.5 Xp + 4.0 Xc + 2.5 %,
R M

2. Atmosphere Calculations

a. Troposphere
T = Tgr + LTR z

Mggr,

RECRIER g, e-tH7

(6]
@)

(3)

4

Z Rgp,

P = P
SL T,

2
Ltr Rsr In {

Rgp (Ts, + Ltr 2
Tgp (Rgp + Z)

T -
SL . ( R(Tg — Lg Rsp) | LRSL +Z

{5)

. TsL — LR RsL,

=70-
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where,
Lig = -Ly g5/, (6)

Ll = temp gradient n troposphere expressed as a fraction of the adiabatic lapse rate
b. Stratosphere
BsrZsy - Bz Z
b= b SSTHT ¢ Bz
M gsp Rgp

g = —
R TST(RSL + Z)

Meggy, ZsT RgL
T _
SL, (R (Tsp -~ LyrRs1) | Rgp + Zsy
TsT

PsT = PsL

Rsp. (Tst + L7 Zs7) |

Lrg Rgi® In {

ToL Ry +Zsp %)
. .
TsL — Lrp Rgr. _l
p Megr Rgp (10)
s = ————
R Tt (Rgp + Zgp)
2 (Tt - Tsp) iy
ST =
Ltr
c. Thermosphere:
T = Tgr+Lrg(Z - ZtR) (12)
MesL l Rsi® (2 - Zqpp)
Tst RI[Tgr — Loy (Rgp + Zup)l I_(RSL +2) (Rgp +Z7yp)

N

5§ Tsr+ Lyn @ - Zyp) Rep, + Zr
Lyg Rg? In

1 TsT ®RgL +2) S (13)
.

Tst = Lyn Ry +Zrn)
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3.

pry = Py WRTgy

R Tgr Rgp ln @/ PTH)

z
TH T =
Mgg Rgp —'R Tgy In (p/py)

(Bst ZsT
p o= pgpe °F
d. Speed of Sound:

. 1/2
)

R

[
I

R

Trajectory Calculations

a. Equations of Motion:

’

-Cpq4
V = — ~ gsiny
m
. VZCosy CLAq
Vy = ——=—— —gcosy +
Rz

b. Supplementary Relationships

Z = Vsin ¥y
M = V/a
q = p, V22

2
& = ggL Rg/Ry)

RZ = Rgy +2

f(Z) from atm calcs,

©
]

Re = p, Vd/p

g = f£(T) from built 1n viscosity table
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(14)

(15)

(16)

(17

(18)

(19)

(20
(21)
(22}
(25y

(24)
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T = f{(Z) from atm, calcs,

DV = (Cp), qa/mg,

Cp = f(M, a’) from coefficient calculations

Dynamics Calculations

a.

Equations of Motion

The Q equation is given in Section I, B.4 (Calculation Model)

The R equation 15 given in Section I, B, 4 {Calculation Model)

Supplementary Relationships:

x[;’ = (Rcos ¢ + Qsin¢) sec 8

é = (Qcos ¢ — R sin ¢)

<2> = (P + g[;sm @)

IX = m axz 42

Iy = m ayz a2

stna = (sin @ cosyh cosP + sin ¢ sing)
smfB = (s cos ¢ — sinf cos ¢ sin @)
sina” = (sm2 ¢+ cos? ] s1n? 0)1/2

N/W = Cy(@) qA/mg,

Cns Cas Cmq, CLa = (M, a”) from coefficient calcalations

Lanearized Equations of Motion t

Co % |VE 12 fPIVd:
0

< E> - -
— = €
% P=0 —Cmaq
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(28)
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(30
(31)
(32)

(33)

(34)
(35)
(36)
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*d

-
1
I

t

1/4
3
. <IXP > f Arde
Y
2y o, 0 1+K)e 0

Eal I al
1

o

s

FH oar

>p=0 1+<prn>2 L :

ZIYa)
4
_/’A/\dt
(A-K)e 0
2
Cn qAd
m2 = -
n IY
C,
X P pAV mg
—_— = L+
Iy 2 m a 20.2
A = R J
2
. <IX P)
@, —
n 21y
Freq = wn/Zn-
5, Coefficients Calculations
Cy = Cycosa+ Cy sma
c c Xeg “ ep
m - N s 3 3
or
X X
Cn = Cp + Cy (i - cm)
XCm d d

(39

(40)

(41)

(42)

(43)

(44)

(45)

(46)



(D) - €

c _ a+ A a {47)
Ly = Aa
where,
CL = Cycosa — Cx sma (48)
C — (G 49
@0, 5 180 W10 — (o~ 130 @9
(© - © (50)
%5180 = Rpgo (a - 180)
(51y
C = -(C
( m)a> 180 ¢ “’)180- (a -~ 180)
X - X (52)
¢ cP)a>180 ¢ CP)ISO—(::— 180)
C = (€ (53)
“Ld us180" “Ldigo - (an 180)
7. Convective Heating
a, Lamiar
b
K L
_ L 1/2 < V> (54)
(a/2/? 104
where,
%
d /du (55)
Ky, = (1.1 +0.075Myx10%x |— (———)
L = 1+ 0075 X[zv s/
by = 3.909 — 00229M (56)
M = molecular weight
d (du) loci a N R .
2—v E s = velocity gradient at stagnation point
b. Turbulent
vy 318
57
ar = K xp "8 x (*) 67
104
75~
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where,

Kp = [540000/(s%)%2] (THF) (58)
§* = distance from stagnation to sonic point at Zero angle of attack
THF = turbulent heating factor
P, P: *
Rer = _: ._S o u* S*
r* \ra/ \ps
(59)
where,
ps/Pa = density ratio at stagnation point
p* = £(T*) from built-in viscosity table
1
2 71 (60)
* =
#/ps (y + 1)
2H /2 (61)
wt o= ——
PS/Pa
(62)
H = (HM/RT,)24.4522 x 105/M
(63}
T = 2Tg/ly+1)
Tg = temperature at stagnation point
(ps/Pa) + 1 (64)
T (pglp) —1
2 Me, Ta
V4 M
EM/RT, = —L (65)

+
2RT, RT,

-6«
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8,

9.

Nonequilibrium Radiation Heating

. Kng x 1076
NE T v \43
o | —
a(104>
~G
np - OBx10
V33
ra )
(104
A > ANE

9RNE = 9E |:1
Ap <A <Ay
®NE = € |!
A< Ap

1

RNE = E 5

Ig A

qr =
E 2.

Ig (¢, N, T) » see Program 1883

NE
Ig

A

Ap

Alternate Nonequilibrium Model

NE A

Ig Ang

DIRNE (VIRNE)

DIRNE

QE
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Ing

Ang

Ay
24

1 (Ayg - A7

2A

2 (Ayg - ApA

G

(66)

(67)

(68)

INE

(70)

(71)

(72)

(73)

(74)
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IVv. IBM ROUTINES

A, PROGRAM FLOW

The program flow 1s illustrated in Figure 13,

MAIN | \REQUIRE :3003] SUBROUTINE 13013} SUBROUTINE
INPUT GETCLA HVST

607 1090| IF @ AT 700| COMPUTE «
LINEARIZED PEAK q < ALPCR, PKS., @ , AND AT
DYNAMICS, DELETE 3 MOMENT LPEAK D (NAMIC
INTEGRATE | EQUATIONS AND PRESSURE
EQUATIONS FOR INITIATE * INITIAL COND-
ANGLE OF INTEGRATION ITIONS FOR
ATTACK LINEARIZED
ENVELOPES | IDYNAMICS

WRITE OUTPUT FOR
EACH INTEGRATION |
STEP |

1+ FINISH

|YES
RAJECTORY
?

RADIATION HEATING

PROGRAM 1883
-SUBROUTINE
‘CooL

222 éoMPUTE
ENTRY Fi
OUTPUT TABLES»

'SUBROUTINE “SUBROUTINE
INONEQU ICKTRB

1001]1€ IPHEAT ¢ - | 351] PROVIDE 11520] [:3043] cOMPUTE
>0, PROVIDE “INTERPOLATED . ‘HEAT PULSES
TABLES OF TIME, 10UTPUT AT A WRITE AFTER

QRNE, HM/RTO, ! SPECIFIED MACH OUTPUT  TRANSITION TIME,
QS, AND QSTAR ' NUMBER OR | TABLES JAND INTEGRATE
FOR PUNCHED . DYNAMIC '0S, QSTAR,
:CARDS N PRESSURE 'QRNE

GO TO NEXT:
CASE i

851556 A

L Figure 13 FLOW DIAGRAM OF PROGRAM 1880
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B. COMMQ@N STORAGE

Much data are transferred between the main program and the subroutine
DERQO which computes the values at time (1) of the eight possible differential
equations being integrated. Many other tables are placed in COMM®N storage
to prevent an overlap of the loading tables and the program when Program

1880 1s placed in core.

COMM®ON data are as follows:

Stratosphere altitude. Used
to compute atmospheric

Thermosphere altitude, Used
to compute atmospheric

Ambient density at trajectory
Altitude table for tabular
Temperature table for
tabular atmosphere.

Density table for tabular
Drag coefficient as a function
of Mach number XMACH.
Mach number table used with
Troposhere temperature grad-
ient, Used to compute at-
mospheric properties,

Sea level gravitational accel-

eration. Used to compute
atmospheric properties and

DERQO
Name Quantity Source Input oxOutput Description
ZsT ZgT Main Input
properties,
ZTH ZtH Main Input
properties.
RHO P DERQO Output
time t.
ZTBL Program Input
Input atmosphere.
TETBL Program Input
Input
ROTBL Program Input
Input atmosphere.
CD Cp Program Input
Input
XMACH Program Input
Input CD above.
XIL1 Ly Program Input
Input
GSL GSL Program Input
trajectory.
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DERQO

Specific heat divided by gas
constant. Used to compute
atmospheric properties.

Stratospheric temperature,
Used to compute atmos-

Sea level temperature. Used
to compute atmospheric

Sea level density. Used to com-
pute atmospheric properties.

Planet radius. Used to com-
pute atmospheric properties

Mean molecular weight of
atmosphere. Used to compute
atmospheric properties.

Gas constant, Used to com-
pute atmospheric properties.

Thermosphere temperature
gradient,. Used to compute
atmospheric properties.

If = 1, parametric atmos-
phere if = 2, tabular,

Troposphere temperature
gradient. Used to compute

atmospheric properties,

Drag coefficient at trajectory

Name Quantity Source Input or Output Description
CPOR CPp/ R Main Input
TST TgT Program Input
Input
pheric properties.
TSL Tg1, Program Input
Input
properties,
RH @SL  rgp Program Input
Input
RSL Rg1, Program Input
Input
and trajectory,
XM M Main Input
AR R Main Input
XL2 Ly Program Input
Input
MVE Program Input |
Input
XLG Lo Main Input
CSUBD Cp DERQO Output
time t,
CL CL No current use.
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DERQO

Mach number at trajectory

Ambient speed of sound at

Vehicle area. Used to compute

Mass of vehicle, Used to com-

Ambient temperature at tra-

Stratosphere density used to
compute atmospheric prop-

Thermosphere density Used
to compute atmospheric

Angle-of-attack table. Used
as independent variable table
for coefficients as functions
of ¢ and M to compute tra-

Cy table as function of a
and M to compute trajectory,

Xcp table as function of «
and M to compute trajectory.

Cmq tables as function of a
and M to compute trajectory.

Ci, table as function of M
to ézompute trajectory.

Cinqg table as function of Mto

Name Quantity Source Input or Output Description
XMAC M DERQO Output
time t.
SMA a DERQO OQutput
trajectory time t.
A A Main Input
trajectory.
SMM m Program Input
Input pute trajectory.
TEMP T DERQO Output
Jectory time t.
RPBAR Main Input
erties,
RHPTH ppy Main Input
properties,
TABAL Program Input
Input
jectory.
CNFA Cn Program Input
Input
XCPFA X cp Program Input
Input
CMQFA C mq Program Input
Input
CLAFM Cj, Program Input
¢ Input
CMQFM Cmq Program Input
Input compute trajectory.
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DERQO

C table as function of M to

XCG/D center of gravity. Used
to compute trajectory.

I, moment of mnertia. Used to
Iy moment of inertia. Used

to compute trajectory,

Vehicle diameter. Used to

Number of equations being
integrated: 3 for particle
trajectory; 8 for trajectory

Angle of attack at trajectory

Constant spm rate used to

Used to prevent loading table,

Used to prevent loading table,

Used to prevent loading table,

Used to prevent loading table,

Used to prevent loading table,

Used to prevent loading table,

Name Quantity Source Input or Output Description
CMAFM C_ Program Input .
@ Input compute trajectory,
XCGPD XCG/p Program Input
Input
ZIX Iy Program Input
Input compute trajectory,
AR 4 Iy Program Input
Input
D d Program Input
Input compute trajectory.
NOEQD Main Input
and dynamics,
ALDG a’ DERQO Output
time t,
P P Program Input
Input compute trajectory.
RTX REY
program overlap.
HRT HM/RT
program overlap.
Qs s
program overlap,
QT g%
program overlap,
OR q
R
program overlap,
TIME t
program overlap.
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DERQO

Independent variable. Mach
number table used to com-
pute coefficients as a function
of « and M for trajectory,

Cx table as a function of a
and M used to compute tra-

Cyp, table as a function of
and M used to compute tra-

Cy table as a function of «
and M used to compute tra-

Largest value of XMBCH,
Smallest value of XMBCH,
Index of XMAX in XMBCH,
Index of XMIN 1n XMBCH.
If CMIN >0, use CMFA and

CMCQD for Cp; if CMIN
<0, use XCPDD for CM'

Used to compute Cyy for tra-

Name Quantity Source Input or Qutput Description
XMBCH M Program Input
Input
CXFA CX Program Input
Input
Jectory.
CLAFA Cjy, GETCLA Input
jectory.
CMFA Cm Program Input
Input
Jectory,
XQW D/W Drag force ratio.
ENGW N/wW Normal force ratio.
XMAX Main Input
XMIN Main Input
IXMAX Main Input
IXMIN Main Input
CMIN Program Input
Input
CMCJD Program Input
Input Jectory if CMIN > O,
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SUBROUTINES

Variable

GNFA, Cy costficient
table

CXFA, Cy coefficient
table

TABAL, d independ-
ent varaable table

CLAFA, Cy,_ coef-
ficient table

GETCLA Subroutime Input or | Input Input Input Output
output
SOURCE Program Input Program Input Program Input GETGLA
Varrable NXG, Atmos table X®, 82 mole fraction | XN, N, mole fraction |XC, G, mole fraction|
number
Input or Output Input Input Program Input Program Input Program
cooL SOURCE MAIN Input Input Input
XA, A mole fraction | IPRG, print RHO, ambient densaty | VY, Vehcle ORIG, total - |ZNAML table of %
sentionol velocity equilibrium radiation |specae mames
Input Input Input Input Output mput
Program Input Program Input DEREQ ADM4RK GETN MAIN

ZNAM2, table of
radiation source
names

Input

MAIN

ENTQT, stagnation
ent

Input

MAIN

[RORZ density ratros

Output

HEAT :

DELYRC, table of
A/RC

Input

Program Input

TSSZ Stagnation
Temperature

Output

HEAT

TIM, Trajectory
time

input

JADM4RK

TITBL, Zone 1

T2TBL, Zone 2

T3TBL, Zone 3
tabl

HITBL, Zone 1

E2TBL, Zone 2

[E3TBL, Zone 3

table table e enthalpy table enthalpy table enthalpy table
Input Input tnput Input foput nput
HVST HVST HVST HVST VST ST
DENR, table of D, vehicle * DELDG, 4
densuty ratios dameter detachment distance
Input Input [Cutput
Program Input Program Tnput HEAT
Variable v, Veloeity RHG, ambiext density |XN, Np mole fraction |X@, 92 mole
fraction
HEAT Subroutine Input Input Input Input Input
or Qutput
SPURCE ADM¢RK DEREQ Program Input Program Input
XC, CO, mole XA, A mole NX Gble | P, kS 2, moles of gas
fraction’ fraction numbera pressure temperature muxture at T & P
Taput TInput Input Output Output Output
Program Input MAIN HEAT HEAT Z@NES

Program Input

RAGST, density
a0 f5/p,

Output

HEAT

QSUM-total
radation heating

Output

GETN

QI-component
radiation heating

Output
GETN

X-moles of species
n mxture of T&P

Output

ZONES

HDHS dissociation
energy-enthalpy

Output

FINDH

HRT, enthalpy

Output

FINDH

DELURC, table of

DUM-moles of 07,

ENTQT-stagnation
HRT)

fHITB}, Zone 1

H2TBL Zone 2

H3TBL Zone 3

A/RC N*; Gt e~ in Zone 2 | enthalpy ( enthalpy table enthalpy table enthalpy table
2 Tnput Output Input Input Tnput Input
4 Program Input ZBNES MAIN HVST HVST HVST
TITBL, Zone 1 T2TBL, Zone 2 T3TBL, Zone 3 DENR, table of D, vehicle diameter |DEL, & detachment
table table table density ratio distance
Input T ¢ topue Input Input Iput Output
HVST - HVST HVST Program Inpdt Program Input HEAT -
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CKTRB

Variable

Subroutine Input or
Cutput

RORZ = Density ratio
P/Pa

Izput

TSSZ stagnation

TMPYVS, temperature

Input

for va y

Input

VISC, viscosmity
table
tnput

ENT@T, stagnation | DUMREY

enthalpy conatant to compute
Reynolds No

Input Input

MAIN / MAIN

RG (1}, ambient
densaty

Input

MAIN

55T, S* to compute
Reynolds No

Output
MAIN

Output
CKTRB

REYS, local Reynolds [sc
No

:Ca.lling sequences for ADAMS4 and DERQO are described in-the section of
special routines

Calling sequences for HVST, GETN, ZONES, GETK, FINDT, FINDH, and
GETQ are the same as for those routines in the 1883 program description.

Z

Varaable DELDG, detachment | DSP, distance to + DNE it XIRN, i
distance eak nonequibibrium | distance ntensity ratio
intensaty

Subrouting Input Input Input Input Input
NONEQU or Output

Source HEAT MAIN MAIN Program Input
QRA1}, Equilibrrum | QRNE (I) non-
radiation heating equilibrium

radiation heating
Input Output
GETN NONEQU

)
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2.

Subroutine DERQO

Purpose: DERQO computes the atmospheric properties for the altitude

at each time step of the numerical integration of the trajectory and
dynamics differential equations, and provides the values of the derivatives
of the differential equations for the succeeding integration step.

Method: The values of the dependent variables of the integration are
contained in the array X of the calling sequence, at time = TIM, and
the derivatives are computed and stored in the array DERX, All

other data are passed through COMM®N. The quantities in each X are:
Velocity (V), flight path angle (y), altitude (Z), pitch rate (Q), yaw
rate (R), and the Euler angles (¢, 6,4). .

Knowing the altitude at time TIM, DERQO first computes the atmos-
phere temperature TEMP and density RHQ corresponding to that
altitude. It does this with tables (MVE = 2, Statements 10 and 12) or
from a parametric representation (MVE = 1, Statements 20 to 70}, By
the execution of Statement 93 the Mach number and speed of sound
(XMAC and SMA) are calculated, as well as the value of dz/dt.

After Statement 92 the number of equations (NOEQD) is tested, and

if this 1s 8 the remaining trajectory and dynamics derivatives must

be evaluated using coefficients that are functions of angle of attack

and Mach number. If NOEQD = 3, only the two remaining particle
trajectory derivatives (dv/d, dy/d) are evaluated using a drag coefficient
as a function of MACH number (XMACH) only, and the RETURN before
Statement 99 returns control to ADAMS4 so that the integration may be
continued. If all eight derivatives must be evaluated, transfer i1s made
to Statement 99 and by Statement 1000 the angle of attack at time TIM
15 computed from the Euler angles. Statements from 1000 to 1019
compute the aerodynamic coefficients by double interpolation in angle
of attack (through ARTLU and ALPHA) and Mach number. Tests are
first made (before 1000 or before 1001), and 1f the Mach number is
lower (higher) than the lowest (highest) value in XMBCH, In addition,
for values of ALPHA above 180 a transform is made to the value of the
coefficient in the range between 0 and 180. The values of the deriva-
tives are computed between Statements 1019 and 9999.

Subroutine CEQGL

Purpose: Subroutine COPL accepts data from the trajectory calculation
in such form as is suitable for the radiation heating calculation, initiates
the heating calculation, and returns radiation and gas dynamic data to
the main program. If IPRQRD is > 1.0, CPGL also causes data to be
printed out each time it is called. -
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4.

5.

Method: Subroutine C@@PL is analogous to the main program of
Program 1883 (see 1883 description). The program flow for 1880 de-
scribed above contains the logical position of the subroutine and, in
fact, the "radiation heating Program 1883" division reflects the logical
flow of Program 1883 (call HEAT, and so forth). If the sentinel
IPRQRDis> 1.0, subroutine CO@L will provide the normal 1883 output
each time it 1s called, along with the trajectory time for identification.

Subroutine NONEQU

Purpose: To compute the value of the nonequilibrium radiation heating
for each time recorded on the output tables.

Method: Immediately before NONEQU is called for some TIME entry,
the equilibrium radiation heating calculation (subroutine COQL, et al)
has provided the equilibrium radiation and the detachment distance

(QR (I)and DELDG). Given the distance to peak nonequilibrium inten-
sity and the nonequilibrium density (computed :n the main program as
DSP and DNE, plus the input factor IRNE, the nonequilibrium radia-
tion is computed from one of three relations (Reference 1, p. 104.Equa~
tion {78)) which relation 1s used to compute QRNE at time TIM, depend-
ing on the relative magnitude of DELDG, DNE, and DSP,

Subroutine CKTRB

Purpose: Subroutine CKTRB computes the local Reynolds number at
the somic point each time the equilibrium radiation calculation is
successfully performed during the trajectory.

Method: Using output from the equilibrium radiation calculation, density
ratio, stagnation temperature, and stagnation enthalpy, plus the am-
bient density, viscosity (known as a function of temperature), and S%
from SS@D in the program input, the Subroutine CKTRB evaluates

the local Reynold's number at the sonic point from a straight-forward
algebraic solution.

Subroutine HEAT
Purpose: See 1883 description

Method: The method used by HEAT inProgram 1880 is the same as

1n 1883 wath the following changes. HEAT no longer calls the sub-
routine HVST, but has the output from that subroutine given to it by
subroutine COPL, which recerves it from the 1880 mamn program which
calls HVST once for each trajectory. HEAT does not compute the
stagnation enthalpy, but receives it via COPL from the trajectory
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calculation., Also the detachment distance 1s not supplied by direct
input or the correlation in b/a and inverse density ratio, but from a
direct correlation between detachment distance and density ratio
supplied as program input (tables DELGRCand TABDR in the 1nput).

6. Subroutine GETN
Purpose: See 1883 description

Method: Same as in 1883, but the effective emissivities and detach-
ment distance are deleted from the program output.

Subroutines HVST, GETK, GETQ, FINDH, FINDT, and Z@NES are
the same as in Program 1883,

7. Subroutine GETCLA

Purpose; GETCLA will compute a table of Cp, from the input tables
Cn and Cy. :
Method: Subroutine GETCLA computes the coefficient C, by a linear
approximation of the derivatives which depend upon tables of Cy; and
Cx. A value of Cf  1s computed for each of 5 Mach numbers and 19
angles of attack in the loop ending at Statement 1005.

8, Subroutine INTRP

Purpose: To interpolate trajectory data at a specified Mach number
or dynamic pressure, and print the results,

Method: Linear interpolation.
D, MAIN PROGRAM

Purpose: The purpose of the main program is to acquire input, provide
for the integration of the trajectory and vehicle dynamics equations (done
by ADAMS4), exercise suitable options during the course of the trajectory
calculations (depending on the value of certain input quantities), provide
for the calculation and storage of all quantities which appear in the output
tables, and provide output from the calculation.

Method: To easily follow the logical flow of the main program, one must
remember two facts, First, the integration of the trajectory equations
is arranged under normal operating procedure so that ADAMS4 returns
control to the main program after each integration step. The size of
this time interval depends only upon the behavior of the differential
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equations and the accuracy requirements, Second, since these time
steps are usually rather small, to provide output for each step would
be quite time consuming. Therefore, only some integration data .
appear on the output tables and the points selected depend upon the
rates of change of physical quantities of interest to the user, For
example, if the altitude is changing rapidly, finer resolution is

shown on the output for the time span in which this occurs. All out-
put points selected are stored on tables which are printed after the
entire trajectory has been calculated,

The maximum number of lines of output is 150, and it is solely the
responsibility of the problem submitter to assure (by judicious selection
of values for VTST, GTST, ZTST, QTST, and DELMAC) that these
tables are not exceeded. All statements before 500 either specify
variables, or define preset input or tables. ZNAMI and ZNAM2 are
arrays of Hollerith names which define species and radiation contribu-
tors for the radiation heating block. The tables TMPVS and VISC

define viscosity as a function of temperature. TBSUM is the sum of

O, + CO, for each of the eleven atmospheric tables of enthalpy and
temperagure (see main description).

After Statement 500, sentinels are initialized for each case, and data

is read in through the Namelist array INPUT., The values of the high-
est and lowest Mach numbers in the array XMBCH have been computed
by Statement 3003, and subroutine GETCLA is called to provide a table
of values for C_ for the tables of C__and C_, Following the call
GETCLA, the modes of certain inpl}\l variagies are changed, the moments
of inertia computed from the radii of gyration, S* computed, and by
Statement 3018 the appropriate tables for the atmosphere being run have
been selected by the calculation of NXG (i.e. the tables whose sum of
O2 and CO_ mole fractions is closest to the sum of the input XO and XC).
Call HVST obtains these enthalpy and temperature tables for use by the
radiation heating calculation. Diagnostic tests are performed before
Statement 3048 to assure that the sum of the mole fractions is 1, - . 001,
and that XN 2 ,001. By Statement 24, further initialization has been
completed, constants computed for the theorized dynamic calculation,
and the quantities which determine output points defined from the input.
The statements immediately following 24 define atmospheric properties
and constants for the computation of the convective heat pulses. The
heat pulses which appear in the output tables are computed only at out-
put points (not for every integration time step), since the pulses QS,
QSTAR, and QRNE all depend upon the density ratio computed by the
radiation heating calculation, and it is prohibitively expensive to
compute the radiation for each integration step. However, the selec-
tion of an output point itself depends upon the rate of change of the
stagnation point convective heating. For this reason an approximate
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heat pulse is computed and integrated by the program so that output
points may be selected. The quantities XKL, QS1, QS2, and SMQS are
used for fthis pulse. Then the initial values for the eight differential
equations are defined, along with other parameters used by the pre~
dictor-corrector integration routine ADAMS4,

The statements between 220, CALIL, ADAMS4 and the computed GO

T® numbered 105 toward the end of the program form a logical loop
completed for each time step of the trajectory calculation until the
vehicles trajectory has been entirely computed (either until impact or
t= TSTOP). Immediately after the enthalpy (ENTOT), velocity (VY),
and dynamic pressure (DYNPR) are computed, the sentinel NITWIT
(preset to 0 after Statement 500) is checked. If NITWIT is > 0, this
means that the linearized dynamic calculations were not done because
the angle-of-attackenvelope at peak dynamic pressure was > ALPCR,
and the five dynamics equations are to be integrated until impact unless
the dynamic pressure becomes larger than a quantity proportional to
CDROP. When NITWIT >0, this quantity is computed and tested against
the dynamic pressure for each time step (Statement 367). ¥ larger than
the dynamic pressure, only the first three (particle trajectory) differ-
ential equations are integrated; all remaining angle-of-attack envelope
values (ALENV) are set equal to the last angle-of-attack envelope com-
puted (D@615) and no further angles of attack are computed (ILATE= 1,
12BIG = 1).

At Statement 368, the current value of the dynamac pressure is tested
against the value computed for the previous time step,lfitis smaller, the
last value of the dynamic pressure in the output'tables (QD(I)) is taken as
the peak dynamic pressure, and the values of all variables at TIME (I}
are used to compute all quantities of interest at peak dynamic pressure,
including initial values of the integrals and constants of interest in the
linearized dynamic calculations (GM10, PHIL0, PHIOGM, PSI10, TMIGI).
ILATE, presetto 0, is set equal to 1 to delete any further testing for
peak dynamic pressure,

Statements 601 to 605 complete the consideration of data for angle-of-attack
calculation dependent upon the integration of the (last) five dynamics
differential equations. Since only the value of the angle of attack at time
(TIM) is known for each time step, additional calculations are necessary

to compute the value of the angle-of-attack envelope at time t. The angle
of attack at TIM is ALDG, and the previously computed value 1s AOLD, If
the angle of attack has been increasing (IPK = 2), but the current ALDG <
AQLD, then a peak is defined (PKNEW at TALNEW), and witha knowledge
of the previously defined peak (PKQ@LD at TALGLD), an angle-of-attack
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envelope value for some output point such that TALGLD < TIME(JPAL)<
TALNEW may be computed by linear interpolation (Statement 805). He_re,
JPAL 1s the number of envelope values already computed +1. The state-
ments between 3055 and 807 serve only to compute, as a function of angle

of attack and Mach number, the coefficients necessary in the calculation of
N/W (ENQW). If ILATE > 1 (first computation for angle of attack after peak
dynamic pressure), the statements following 606 are executed to compute
quantities for the linearized dynamics which depend on the angle-of-attack
envelope at peak dynamic pressure, If this envelope value 1s less than

the input ALPCR, the dynamaics differential equations are deleted, the integra=~
tion reinitialized (Statement 1090), and ISKIP (preset to 0) is set to 1. The
ISKIP value deletes all consideration of the angle of attack from the dynamcs
differential equations by skipping the statements between 700 and 605, If
ALPCR is too small {no linearized dynamic option), the eight differential
equations are retained, ISKIP 1s set to 0, ILATE is set to 0, and NITWIT
(see discussion of CDROP above) is set to 1 (Statement 613). Statement 605
ends the angle-of-attack envelope portion, except for the linearized
calculation.

1f NPASS = 1, only the imitial conditions of the integration have been computed,
and the convective heat pulse used only for the determination of an output
point is initialized (see the statements following 302). A transfer is made into
the portion of the main program which generates the output tables (Statements
222 to 105), thus making the initial conditions the first line of the tabular
program output. If NPASS = 2 for each time step, the integrals for the
linearized dynamics and the output-determiming heat pulse are integrated

for each time step by the trapezoidal method (Statements 320 to 338). If
I12BIG > 0, the linearized dynamaic integrals are not computed since the senti-
nel indicates that the angle-of-attack envelope computed by the linearized
method 1s unreasonably large. If ISKIP < 0, the angle-of-attack envelope is
being computed from the 5 dynamics differential equations, and the linearized
dynamics integrals are not evaluated. The statements between 7010 and

7011 provide output for each time step (IPRINT > 1).

After 7011 are ten tests used to select the time steps which appear in the
output tables. The criteria for an output point are as follows: TIM = TZERQ
(initial point), TIM> TSTOP (maximum} value of independent variable TIM),
X (3) € ZSTQP (1mpa.ct), Mach number < 5 and the difference from the last
output £ line (XMQ) > DMK; only if the approxn'na’ce heat pulse is greater than
1 Btu/ft2-sec, do the following tests determine an output point, velocity dif-
ference from last output velocity > VTEST, flight path angle (y) difference
from last output pownt > GTEST, altitude difference from last output point

> 2TEST, approxuna,te— convective heat pulse integral difference from last
Eutput point > QSTST. Statement 222 begins the calculation of the output
table for TIME (I) = TIM, where I 1s the line number in the output tables.
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The statements to 358 compute a Mach number index for use at the end of the
program in interpolating data at some input value of Mach number (PRTMACG).
QDY (I} is computed, and the statements to 1076 compute the interpolation
index if a specified dynamic pressure {(QDYPRT) is to be used instead of the
Mach number. Next the y, Z, p, t, and Mach tables are filled, plus the
natural frequency (FRNAT). If the dynamics differential equations have been
deleted at peak dynamic préssure (NITWIT = 0, ISKIP = 1), and the linearized
integralsarenottoo large (TGMIG < 15, I2BIG < 0), the linearized dynamics
integrals are evaluated and the angle-of-attack envelope and N/ W based on
that envelope value are computed by Statement 8005, I2ZBIG 1s set=1 if

the angle-of-attack envelope value from the linearized calculation is 2 90
q}egrees.

Next the Reynolds number RTX(I) and enthalpy HRT(I) are calculated, along
with the nonequilibrium distance (DNE) and distance to peak nonequilibrium
intensity (DSP), If the velocity is greater than VSTOPQ(VSD), the dynamic
pressure is 2 1, and I = 1 {first output line) transfer is made to Statement
1999, for the equilibrium radiation heating calculation, the computation of
the nonequilibrium radiation by subroutine NONEQU, the computation of the
stagnation point convective heating (dependent upon the density ratio'RORZ
computed with the radiation heating) and the call of CKTRB to see if the local
Reynolds number REYS is > REYT, If REYS'>'REYT, transition has occuirred,
and the time for transition is stored as TIMTR, A transfer is made Ut

of the radiation heating block to Statement 1997. 1If the velocity > VSTPPQ,
dynamic pressure > 1, andI>1, transfer is made to Statement 2002, If
IQRGO =1, TIM@D is calculated and IQRG® = 2. The equilibrium and non-
equilibrium radiation is computed by C@G@PL and NONEQU, the stagnation
convective heating is calculated, and the same calculation done for REYS-to
check for transition. On occasion the radiation heating calculation fails to
find a solution (N@ VALID SOLN. 1n output), This is recognized by the

fact that the equilibrium radiation from C@@L, QRIG, has the value 0, When
this happens, the index MINUS is incremented for each such case and as
soon as a valid solution is given linear interpolations are done to compute
the appropriate values of laminar and turbulent convective heating and equil-
ibrium radiation heating (Statements 2007 to 2009). The nonequilibrium
radiation is then based on the interpolated value of the equilibrium radiation
when NONEQU is called (after Statement 3052). These interpolations are
thought reasonable because of the fact that experience indicates N@ VALID
S@LN. generally occurs away from peak heating and in areas where the
radiation heating is quite small. The interpolation requires the continuous
updating of TIM@D for the interpolation (Statement 2009). If 149 lines of
output have occurred, an attempt is made to eliminate 21l addition points
from the output, except for impact (Statement 8001)., This does not invaria-
bly work. Statement 105 ends the integration loop (see ADAMS4 des-
cription).
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Except for the case DELTA-T TQ@/SMALL (Statement 130), the output
tables from the entire trajectory are now printed with appropriate headings
(Statements 1520 to 1660). First, however, all values of X/ W (XQW (I)),
and the values of laminar and, if applicable, turbulent heating, which occur
after the last time CPQPL was called, are computed in the loop ending 3043.
The heating integrals are also computed 1n this loop by a trapezoidal approx-
imation. The reason for the QSTAR and SQS calculation is that the restric-
tions V>VSTQPQ or dynamic pressure > 1 usually deletes the radiation
heating before impact in order to save machine time calculating low radia-
tion. The aerodynamac heating, however, depends upon the density ratio
computed in the radiation block and hence the approximation is that this
density ratio is constant between the last time radiation heating is computed
and the impact time.

The values of the heating integrals are printed after Statement 400, and if
interpolations are asked for at a specific Mach number {or dynamic pres-
sure), the interpolations are completed and the answers written out in sub-
routine INTRP, The transition time 1s noted between 3060 and 3063, and
indication of the deletion of the five dynamics differential equations is pro-
vided by Statement 3057 if such deletion occurred.
IF IPHEAT > 1.0 punched cards are provided on Tape 7 which includes
tables of TIME, QS, QSTAR, HM/RTQ®, and QRNE suitable for direct use
in the heat shield calculation.
A transfer is then made to Statement 500, to begin the next case.
SIGNIFICANT EQUATIONS
1. MAIN
a. Molecular Weight
M= XM = 28.XN + 32 .X0 + 44 - XC + 40 . XA (24)
b. Specific Heat '
CP/R = CPBR = 3.5 (XN+X@) +4-XC + 25 XA)/XM

c. Velocity Exponent for QS (I)

by oM = BLAM = 3.909 - 0.0299 « XM
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Stagnation Enthalpy

XM . CPOR

1,987 . 454 . .
HW/RT, = ENTGT = V2/<64.4.778. . 9825245XM273 16)

Dynamic Pressure

! o2
@ = DYNPR = —pV

Ballistic Coefficient ’ ' .

i

M/ChA = EM@CDA = SMM/(Cpp + A), Cpp = drag coefficient at peak qq

Normal Force, when Coefficients = F (a, M)

273.16

N/W = ENGW () = Cy - Qpy® -A/(32.16 « SMM), Cy from CNFA

Qv @ = fb dynamic pressure in ouéput table

Normal Force when Coefficients = F (M)

(700}

- TEMP (298)

(3039)

NA = ENPW (D) = (Cyap + Cpp) + ALENV () - QDY(D) « A/(57.3 - 32.16 -SMM) (8007)

CLap and Cpp = Cp_ and Cy ar same MACH number, (ALENV (D = i*® angle-of-artack

envelope in output table).

Natural Frequency
. .

FREQ = FRNAT(@. = - (~CMAD - Qpy (D) - A - D/ZIY) 1/2
w

CMAD = C, at same Mach number, ZIY = moment of inertia.
[

Ambient Reynolds Number

(1076)

'REY = RTX (I). RHP .V (I) . D/VIS, VIS = viscosity at temperature TEMP (8005)

Axial Force

X/W = XOW (1) = Cop Py D - A/(32.16 SMM) where Cpp =Cp at same Mach number

Stagnation Point Convective Heating

94~
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http:A/(32.16

vLG /2 v \ BLAM ALAM
o = W =) (L1+0.075 XM 104-<—4> - (RH®) (3041)
10

—p

2
VLG = velocity gradient evaluated at same density ratio

m. Convective Sonic Point Heating

Qsrar = QD = Qg (D if laminar

5.4 x 105 THF ATRB , y\ BTRB
QsTAR = m - (RHO) <F> 1f turbulent (3054)
Linearized dynamics - no spin
n. Angle-of-Attack Envelope -~ no spin
V4 i
ENVPQ (~CMAPK : PKDYN) 1 A
ALENV (I} = Q 14 - EXPF 3 / ngM
((-cMaD - Qpy ) .
1 oMQ
~ CLA +— V.de
2 SIGMA

where ENVPQ, - CMAPK, and PKDYN are the angle-of-attack envelope,
Cyy» and 1/2 pv2 at peak dynamic pressure, CMAD and QDY (I} are the
Cp = £(M) and 1/2 pv2 at the M time 1n the output table, and the ex-
ponential argument 1s integrated trapezodially with CMQ = Ci'nq = f(M)

and SIGMA = ZIv/SMMD? to is the trajectory taime at the beginning of the

linearized calculation, t1 1s the i'? fime in the output table, where ;>
to-

o. Lanearized Dynamics, Spin Correction

Angle-of-attack envelope, spin:

p. Angle of Attack, Spin

1 1 1
a ~ (z . - XPF —TGMI
@ = ALENV () = 5 (@)no spm [DUM - EXPF 2 TGMIG + DUM E 3 (8007)
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IR

t RHG . A .V ZIX CcMQ
L omte = . (CLA b m———
4SMM ZIY 2 . SIGMA
TGMIG =
RHG» A . V2 (—CMA> 2, zIx\2) /2
oraANV (=AY, e
o TUSMM. D SIGMA 4 (zw)
(RH¢PK-A~ vyPK?2 (—CMA) a2 (le 2| [rug . 4 . V2 (—CMAD)
. (== .
2.S5MM D SIGMA i \zIv. 2.SMM-D \ SIGMA
DUM = 2 P
* RHF.A VYPK? RHG - A - V2 (—CMAD) p. (Z]X)
xlea I RHP AV (ZVADN, T (22
2.SMM- D 2.SMM.D SIGMA 4 \ziy

For the integral TGMIG, RH®, V, CLA, CMQ, CMA, are the density,
velocity, cLa N Cmq N Cma ( evaluated as £(M)) for each time

ZIY

SIGMA = . For DUM, RHOPK, VYPK, CMA are the density

SMM - D?
velocity, and Cmy, evaluated at peak dynamic pressure. RHO, V, CMAD
are these quantities evaluated at the ith time in the output table, > to
where t; is the trajectory time at the start of the linearized calculation.
q. Atmosphere Constants
Ly = XLO = —X1I - GSL/CP

Zgr = Zgp = (TST — TSL)/ XLO

Py = RHOTH = PTH - XM/(AR . TST)

(Rﬂasr. 131.)
TST
ST = RHGST =
j XM GSL /zs‘r RSL | P XLO-RSLZ In [RSL (TSL +XLO ZST)| 1 24
e |AR (TSL-XLO RSL) \RSL +ZST/ | TSL(RSL +2ST) | TSL-XLO RSL 24

XM . GSL - RSL .« Z8T
AR - TST - (RSL + ZST)
RH@ST . e

7 = ROBAR =

~96-
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AR - TIST - RSL

Z =ZTH = In .
TH
RHGTH ROBAR
[XM «GSL + RSL — In (—¢——> . AR TST]

RHATH

2. DERQO

Atmosphere

Z <ZST

T = TEMP = TSL+XLO . 2Z

RHOSL TSL
S TEMP
{ XM GSL (z RsL xo RS2 i [RsLasL+xi0 7)) 1 (32)
* " | TISL®SL+2) | TSL—XLO RSL,

. 1AR (TSL— XLO RSL) \RSL+Z

ZST < Z < ZTH

T = TEMP = TST

[XM~GSL-RSL-Z]

AR - TST - (RSL + Z,
p = RHO = ROBAR /e ® )

Z>ZTH

T = TEMP = TSL + XL2 (Z-Z2TH)

RHPTH TST
JU— ( . TEMP
XM GSL Z - ZTH 2 -
{ RSL ) L2 ESL2In [ TST + XL2(Z - ZTH) 1 1 162)
| ®SL + Z)(RSL + ZTH) | TST ~ XL2(RSL +er)j

¢ |AR (TST—XL2 (RSL +ZTH) \(RSL + Z)(RSL + ZTH)
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AR TEMP - CPOR /2
a=SMA = |[———— "
XM CPgR-1.
M = XMAC V/SMA

V,v,Z, QR ¢, 0,¢ = X(1—8) respectrvely

dz
< = DERXG) = V- om()
t

av 1 1 2 rsL \? particle
2 _ DERX(l) = —— | —CSUBD — RH@ V2 A~SMM-GSL [——_) -sm(y) trajectory
& SMM 2 RL+Z

CSUBD = Drag coeff. (M)

dy 1 SMM - cos(y) V2 RSL |2
= - DERX() = ———— — SMM GSL{———"] -cos(
dt MMV RSL + Z RSL + Z,

partcle teajectory, Cpy = f(M) only
s (@) = SAL = s () cos(th)+ cos(¢) + sin(¢) + sim()

sin(B) = SBE = sin () cos (p)-sm () cos (¢) - sm ()

1/2
sina’) = SALPHA = [sm? @) + (cos () sm (89%] /

cos (@’) = CALPHA = cos (6) cos (¥)

. 1 { SALPHA
a’ = ALPHA = tan —_—_—
CALPHA
av N4
- DERX(1) =-— above, but CSUBD = CX CALPHA + CN SALPHA, wajectory
€ de with
vehicle
CX and CN = f(a’, M) dynamics
from three
2 2 2 moment
d SMM - cos v sm(d) A-RHP V
=z . DERX(3) = cos +CL . — SMM GSL RSL cos (y)| ctquations
de SMM - V RSL+Z sm (@) 2 RSL+Z



a . .CMQ. .
—Q=DERx(4)=i RH¢.V2 A.p | CM-SAL R D-CMQ.Q  Q ZIY-CL4&
de 2 SALPHA 2.V SMM -V - D

+ (ZIY-ZIX) P+R + SPINER SBE~P.ZIX GD{IT .

1
Lsin () 30 s (9) = cos - s @) - ()

CM - SBE D OMQ R RoﬂY~CLA-|

R 1
2

< < DERX(S) = {—RHD.V2.A.D -

3 6 = 5 TP | SacPmR Marye SV D |

+ (ZX—ZIY)-P Q — SPINER - SAL + P-- ZIX - GDQIT .

1
[cos () cos(p) + sin (1) sm(B) sin(p)] T
where,
cpmER . P ZX RHG V A-[CN.CALPHA- CX - SALPHA) (8001)
2« SMM.- SALPHA
and,
GSL RSL Y
GD@TT - (—————RSL+Z> + cos (y)
d_l/! - DERX(6) - R.cos(¢) + Q- sm(gp)
de cos (9)
de

- = DERX() = Q cos ($)-R - sm(g)

DERX(8) = P + DERX(G) « sm (§)

dé
dr
3. COOL - (No Sigrificant Equations)

4. NGNEQU

DELDG < DSP

1 DELDG
QRNE =— -+ QR - XIRN
2 Dsp

~99-
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DSP < DELDG < DNE
1 DspP 1 DNE DNE 1 1 ((DNE — DELDG

QRNE = QR s Lo T . XIRN -=
2 DELDG 2 DELDG 2 DELDG 2 DELDG |(DNE -~ D5P)

DNE < DELDG

RNE - Or 1oL _DSP 1DNE DNE @
QRNE = 2 DELDG ~ 7 DELDG 2 DELDG
5. CKTRB

1/2
Rg [2 ENTGT 24 4522 105
REYS =—— . RURZ - ROSPRG SST -
13 @ \ RORZ XM
R = ambient density, RORZ from radiation calculation, SSTOS* from mpur,

ENT@T = stagnation enthalpy, XM = molecular wesghe.

y = GAMMA = ®RORZ + 1)/(RORZ- 1)

2 1/GAMMA — 1
pg/p = ROSORO = m

2
VIS = viscosity at temperature T* = TSTR = [~————— ). TSSZ, TSSZ = stagnation
GAMMA + 1 temperature

GETCLA

1
Cr,, (e, M) = 57312 Cp (e +10,M) - %CL @M - 2 Cp (ax 20,01 (1007)

Cp = QN « cos{a) — CX sin (a)

6. HEAT

Same as 1883, but inverse density ratio, bfa correlation for detachment
distance replaced by (input) detachment distancedensity ratio correlation
in table look-up after Statement 502. GETH, HVST, GETK, GETQ, FINDH,
FINDT, Z®NES - Same as 1883

by
b
(o9}
A

)j(XmN—l.) (3)
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I. INTRODUCTION

A. GENERAL DESCRIPTION

This program computes the aero'dynamic coefficients of axisymmetric shapes
as a function of angle of attack utilizing 1mpact (Newtoman) theory, In addition,
radii of gyration are computed based on uniform densities forward and rear-
ward of the specified center-of-gravity location, The general inputs required
include’

1, Shape geometry,
2. Mass and center-of-gravity location, and
3. Desired angle of attack range,

Option 1s provided for determining the center-of-gravity location based on speci-
fied minimum values of the static margin and static moment coefficient deri-
vative,

Configurations possible are bodies of revolution containing up to 10 sections of
various geometries, including spherical segments, cones, tori, cylinders, and
an optional section which may be a tension shape or a general shape input by
coordinates. A typical shape containing 10 basic sections is illustrated in
Figure 1. Figure 2 shows the alternate geometry for the tension shell and

the general shape.

The program output includes the axial, drag, lift, and normal force coefficients,
the static and pitch damping moment coefficients, the lift curve slope, and the
center of pressure, The aerodynamic coefficient data generated are sufficient
to facilitate the inputs to Program 1880, The lift curve slope is utilized in
Program 1880, but 1t 1s not necessary as an input to that program as 1t is
computed from the axial and normal force coefficients,

B, CALCULATION MODEL
1. Newtonian Coefficients

Using the coordinate system shown in Figure 3, consider an arbitrary sur-
face in three dimensional space {g = g(x,y,z) = 0) which is continuous in
the first derivative in the region of interest. The unit vector which 1s
normal to the surface at any point, P, and which 1s positive into the sur-
face 1s given by

F=-Veg/lvsl-
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TENSION SHELL OPTION {SECTION 4}

CONTINUE AS ON
( PREVIOUS FIGURE

- TENSION SHELL [NPUT PARAMETER
Rz - BASE RADIUS OF TENSION SHELL (NOT INPUT)

GENERAL SHAPE OPTION (SEGTION 5)

836
(X,, R )\

—

,
®guRp) ’
—
*,.R))
4926
_
\N

856,836, X, R - GENERAL SHAPE INPUT PARAMETERS
n£25 =

es-11628

Figure 2 TENSION SHELL AND GENERAL SHAPE GEOMETRIES



Denote the component of the relative wind vector, V that lies along T as
'\7“ , the normal velocity vector. Hence,

§ NORMAL FORCE
PITCHING MOMENT

v SURFACE

J abunzize

UNIT NORMAL
VECTOR

X
L i —

AXIAL FORCE
ANGLE OF ATTACK

CENTER OF GRAVITY

es-u629

Figure 3 COORDINATE SYSTEM FOR CALCULATION MODEL

The Newtonian pressure approximation, used herein 1s then given by,

N _
i V! v 2

CP = 2 — %2 lee .-@ H
[Vl v

Defining dEF as the element of the vector force coefficient acting normal to
the surface at point P and Cp as the sum of all such elements.,

CP ds

d EF = s (A 1s the reference area.)



and, inasmuch as

48 = §

ds,
kT2 2
— 2 V. A\ -
= —_ ds .
Cg = A [/(V n) n
S .

It follows that the aerodynamic normal and axial force coefficients are found
from:

Cp and

Cy=1-
Cy = k- EF’ respectively.
We define a position vector r as the vector extending from the origin to the

point P, The moment vector arm, ! 1s defined as that vector extending
from the center of gravity of the vehicle to the point P, Thus,

T =:-4
where d is the vector position of the center of gravity.

The differential moment about the center of gravity is found from:

JE _bxdcp  1xGdS G -
M~ p AD AD ’
Integrating,
_ 2 <\7 \2 TS
Cy = _— — n x d8§,
M AD v
S

which may be evaluated as

T 2 (V ‘)2 (1 x ) ds
= —_— -+« n X n -
M AD v

s . -

The aerodynamaic pitching moment coefficient 1s found from:

Cn=1-Cy

'm



The velocity at point P consists of two parts, one part from the velocity
of the vehicle and one part from the rotation of the vehicle about its center

of gravity. Hence,
V-V, -axl.
where o 1s the total vector angular rate of the body about its center of

gravity.

Developed expressions for the forces and moments on conic section are
readily available, e.g., see References 1 through 3.

The computer program treats all sections, except the spherical nosecap
section, as consisting of a series of conical frustra. The effects of
shadowing of the incident flow are included to ensure that the local pressure
coefficient 15 never less than zero (negative).

2. Radii of Gyration

A simplified method for estimating the radii of gyration is included in the
program by considering the vehicle to be of uniform density fore and aft
of the center of gravity as depicted in Figure 4. Specifying the desired
center -of-gravity location and the total vehicle mass, then by elementary
volume considerations, the relative densities fore and aft of the center
of gravity can be determined and then the pitch and roll radii of gyration
can be computed.

Y

Xcp AT a z0¢

3

N

3-n630

i
|

Figure 4 RADIUS OF GYRATION MODEL
b
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3. Center of Pressure

The integration of the pressure forces over the complete surface of the
vehicle yields the component forces on the vehicle and the line of action
of the resultant force. Location of the center of gravity on the line of
action eliminates any moments on the body arising due to aerodynamic
forces, in which case the body 1s neutrally stable. The intercept of the
line of action and the body longitudinal axis is designated as the center of
pressure. Restricting the forces and moments to the static values, i.e.,
=0, and with the center of gravity on the axis, the center of pressure
as given in the output (XCP) 1s then defined as

Xcp ~Cr)
D Cy

where (C,,), is the pitching moment evaluated about the nose of the vehicle
At zero angle of attack,
—C, -C
Xcp ¢ m)o Mg
—— = lim = .

D C C
a-=0 N Na

The reference length (D) 1s taken as equal to (2 R.) throughout all the
programs.

4 Moment Transfer

The center of pressure is independent of the center-of-gravity location

but the moment coefficients must be modaified if the center-of-gravity loca-
tion is changed. Program 1880 provides for automatic static moment
transfer, however, to transfer the damping moment coefficient, Program
1881 must be rerun for the new center-of-gravity position.

5. Pitch Damping Moment Coefficient

The pitch damping moment coefficient C,, 1s based on the normalized pitch

rate qD/2V and is evaluated as (—%%) 5> 0, 1.e.,
ac, e T

C = Lm

m . D .
9 (q_D) .0 @ (.q_.)
v 2V



C. PROGRAM LIMITATIONS
Program limitations are listed below:

1. Coefficients are based on the Newtonian pressure distribution, with the
assumption that each section of the body has self-shadowing, but does not
cast shadows on other sections,

2. Radii of gyration are based on uniform densities fore and aft of the
center of gravity, the ratio of these densities being determined by the
specified center-of-gravity location,

3. The effect of an off-axis center-of-gravity location can be accounted
for in the coefficient calculation, but 1s not reflected in the radn of gyration,

4, Configurations are limited to axisymmetric shapes composed of spherical
segments, cones, cylinders, tori, and an optional section which may be a
tension shell or a general shape specified by up to 25 consecutive points

in rectangular coordmates,

5. The Newtonian flow approximation assumes that the normal component
of momentum is lost, while the tangential component is unchanged, All
viscous forces and base pressures are neglected,

. 1 : N
Comparisons have been made between Newtonian predictions and hypersonic
experimental aerodynamic characteristics for various sharp and blunt
bodies of revolution.

In general, the theory was found to agree quite well with experumental results
for sharp nose cones and for configurations having large blunted noses and
steep surface slopes. However, agreement between theory and experiment
generally is poor for the more slender {(§ < 20 degrees) slightly blunted
conic bodies. Real flow phenomena, such as viscous effects, sharp corner
effects, gas composition, gas kinetics, and heat transfer are all neglected

by Newtonian theory and may, in some cases, have a sizable eifect on the
aerodynamic characteristics of the configuration and the adequacy of the
theoretical predictions.

The agreement between theory and experiment can be improved by using the

actual stagnation pressure coefficient behind the normal shock rather than
the Newtonian value of two (2). The stagnation pressure coefficient can be

B
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estimated by the following relation:
cp - 222 [l_;s 17]
+ +
Y Y M a

where y 1s the ratio of specific heats (CP/C

V)'

6. The tension shell equations contained in Program 1881 are derived

in Reference 4, and correspond to the case of zero hoop stress and a New-
tonian pressure distribution. A comparison of the numerical integration
results for the shape coordinates with the results of Reference 4 are given
in Table I below.

TABLE I

TENSION SHELL CHECK

Shape Length/Base Radius
A2 B Ref. 4 1881%
0.5 62.50 0,343 0.343
1.2 33.50 0.939 0, 943
1.6 22.835 1,413 1,417

*NDIV = 20.0
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II. USAGE
A, INPUT DEFINITIONS
Preset

Name Value Symbol Parameter Units i
Al, AIL| 0., First and last values of angle degrees

of attack for each range of
Az, AZL Oos printout, these are all used
A3, A3L 0., only when the printout require- i

ments differ for each range of

angle of attack,
BETA 0. B Initial angle for third section

in case of tension shell. degrees
CASE Ldentification number for case.
CMAG(1)| o. e} Minimum pitching moment

mao derivative at o= 0 degrees. per radian
CMAG(2){ O. <. Minimum pitching moment
o« 180 derivative at ¢ = 180 degrees, per radiie

DAl 0. Intervals of angle of attack degrees
DA2 0. for which printout is desired;
DA3 0. three ranges can be requested

if data are needed more finely

over a specific angle of attack

range. Hence, the interval of

printout 15 specified jointly

with the range of angle of

attack for which the printout

frequency is desired.
DATE Date identification number,
DERDEL | .005 Interval of independent variable

used to evaluate derivatives,
GSO 0. This symbol is wnput 1.0 when

) the third section 1s a general
shape; otherwise, need not be
input.

~10-
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LC
MASS
M2
M4
M7

M8
M10

MEM®

NDIV

NPGSO

RA
RB
RC

RINP

RN

RSB

RSC

20

RN

SB

SC

Length of cylinder
Mass of vehicle

Number of straight-line seg-
ments into which the second,
fourth, seventh, eighth, and
tenth sections {(curved sections)
are to be divided for compu-
tational purposes.

Identification number for
computer run.

Increments of radius for which
points are determined on
tension shell,

Number of input points
when third section 1s a
general shape (includes
last point but omits first
point; max 25 points).

Aft body radius.

Flare radius,

Cylinder radius.
Ordinates of input points
in case of general shape
(third section),

Nose radius.

Toroidal radius (adjacent
to flare cone).

Torordal radius {adjacent
to cone).

feet

slugs

feet
feet

feet

feet
feet

feet

~11-
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RSN 0. RSN
RT 0. RT
Sm 0. SM
TH2G 0.

TH3G 0.

THA 0. BA
THB 0. 9B
THC 0. 8-
TH .

N 0 eN
XCG 0. XCG
XINP G. X
ZCG 0. ZCG

Torowdal radius (adjacent
to nose).

Aft cone base radius.

Minimum static margin at
zero angle of attack.

Initial angle when third
section 1s a general shape,

Final angle when third
section 1s a general shape.

Aft cone angle.
Flare section angle.
Cone angle.

Complement of nose angle,

Center of gravity positaon
measured from nose.

Abcissas of input pomits 1.
case of general shape
{third section),

Center of gravity positaut.
for cases where center of
gravity 1s not on the ax:s

feet

fect

feet

degrees

degrees

B.

INPUT PROCEDURES

Input procedures ave listed below

1. R_ must saiways be specif:ed.

the reference length, D = 2R,

12~
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2. Contour angles (§) are measured relative to free stream, progressing
aft of the nose. Positive values indicate increasing body radius, negative
values, decreasing radwus (e.g., sA is negative).

3 Sections may be omitted provided the starting pomnt of each section is
compatible with the final point of the previous section. The first and last
points on the body must be on the axis.

4, If several cases are run on a single memo, only changed inputs need
be specified (1nputs which are not repeated must be set = 0)

5. The tension shell option is specified by inputing RN, BETA, RC, and
RSC the defining parameters of the tension shell as shown in Figure 2.

6. In the general shape option {(GS@ = 1.0), up to 25 points may be speci-
fied along the desired contour. In addition, the initial slope, TH2G (which
defines the final point on the preceding arc) and the final slope, TH3G, must
be specified.

7. The center of mass may optionally be determuned by specifying re-
straints on the stability at 0- and 180-degree angles of attack. The pro-
gram checks the computed XCG to ensure a single, stable trim point from
0- to 180-degree angles of attack. This option is activated by specifying
XCG = 0, and inputting the restraints on SM, CMAG (1), and CMAG (2)

8. The length and mass units of inputs called for in the definitions are feet
and slugs. However, any coasistent system of units may be employed with
corresponding changes in the units of the outputs,

9. For shapes with flat bases, a value of RT must be specified if eA = 90,

10. An input form is provided on page17 for the user, All the nformation

shown is keypunched, provided the variable is specified. All numerical
values have decimal points.

11. A brief bibliography of experimental measurements of aerodynamic
coefficients 1s provided at the end of the text. These data can be used to
improve the theoretical values obtained from Program 1881 where
applicable.



C. OUTPUT DEFINITIONS

External| Internal
Name Name Symbol Parameter Units
ALPHA | ALPHA Angle of attack, degrees
CD CD(1) CD Drag coefficient as a function
of angle of attack.
CL CL(1) CL Lift coefficients as a function
of angle of attack.
CL/ CL{1)/CD(1) CL/ Lift/Drag ratio as a tunction
CD CD
of angle of attack,
CLA CLA C, Derivative of 11ft coefticient per radian
d
cM CM1 [ Pitching moment coeificient
m as a funchon of angle of attack.
CMQ CcMQ Cm Damping coefficient. per radian
q
CN CN1 CN Coefficient of normal force
as a function of angle of
attack
CX CX1 CX Coefficient of axial force as
a function of angle of attack.
R R T Ordinates of all points computed
along the body surface, feet
RGX /D | RGXDD Radius of gyration about roil axis
as a fraction of diamecter
RGY/D | RGYDD Radius of gyration about pitch
axis as a fraction of diametea,
RHOA RHQA oy Densaity of vehicle aft of center- 3
of-gravity position. slug/It

~14-




RHON RHON Py Density of vehicle forward of 3

center-of-gravity position. slug/ft
X X X Abcissas of all points computed

along the body surface. feet
XCG GX Center-of-gravity position

measured from nose. fe et
XCG/D| XCGDD X ../D Center-of-gravity distance as a

CG .

fraction of capsule diameter.
XCP/D| XCPDD XCP/D Center-of-pressure distance as a

fraction of capsule diameter.

D, SAMPLE PROBLEM

1. Statement of Problem

Determine the Newtonian coefficients and estimated radii of gyration for a
blunt cone configuration, The vehicle parameters, range of angle of attack,
and X CG location are to be prescribed as input, The final plot of the con-
figuration, as performed automatically, is shown in Figure 5.

2, Computer Inpﬁt Form

The computer input form containing all the necessary input data to be
keypunched is shown on page 18, All the input on this form is written
with decimals,

3. Output

The output is given on page 19, The data keypunched is shown in the output
and should be verified with the input form, An array of vehicle coordinates
(X, R) are given which are useful for drawing the configuration; the first
coordinates given correspond to the last point on the nose cap, which is
spherical, e

The coefficient data has two rows for each angle of attack; the first row
corresponds to the XCG at the nose and the second row provides the moment
data for the XCG specified, Following the coefficient data, are the densities
fore and aft of the XCG necessary to yield the desired XCG location, and

also the desired radii of gyration are given. A plot of the vehicle coordinates
can be obtained, as shown on page 16 ; a Stromberg Carlson 4020 plotter
was used for this purpose.




X -AXIS

86-1345

Figure 5 PLOT OF VEHICLE COORDINATES
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RAD 2-0983
5 63

REQUEST FORM

DIGITAL COMPUTER INPUT

PROBLEM NO

1881 rrocRAMMER A Picado

TiTte  Newtomian Program for Bodies of Revolution

fa5=

L]

MEMO NO SECTION NO | WORK ORDER NO {E240 USE ONLY} | REQUESTED BY |EXT EST TIME
PAGE | OF ] PAGES

$SINPUT
DATE = . MEM® = , CASBE = ;
BETA = s RA = , TH2G = s
EMAG(1) = , RB = , TH3G = ,
CMAG(2) = , RC = , THA = .
DERDEL = R RN = , THB = .
GSO = R RSB = , THC = ;
LC = s RSC = , THN = >
MASS = : RSN = . XCG = >
NDIV = ) RT = ; Z2CG = s
NPGSP = » SM = s
Al = , ALL = , DAl = s
A2 = R A2L = , DA2 = R
A3 = , A3L = , DA3 = N
M2z , M4= , M7= , MB8= , M10= )
RINP(1) = , . , . : .
XINP(1} = , , s > s
$
S5C 4020 plots No, of frames ¥

=17~




RAD 2 0963
563

1881

PROGRAMMER

A.

Picado

SC 4020 plots No. of frames

DIGITAL COMPUTER INPUT [PRO8CEm 70
REQUEST FORM e Newtonian Program for Bodies of Revolution
MEMO NO SECTION NO [ WORK ORDER NO {E240 USE ONLY) [REQUESTED 8Y [EXT EST TIME
PAGE 107 lFAGES
PL-163 | K420 |W305-05u-0000 P, Levine |2996

$INPUT
DATE = , MEM® = , GASE = 1, ,
BETA = R RA = , TH2G = s
CMAG(1) = s RB = , TH3G = A
CMAG(2) = _ 5 RC = 6.0  , THA = -80.0 5
DERDEL = , RN = 10 , THB = i
aso = , RSB = 0,12 _, THC = 0.0 R
LC = s RSC = 0,12, THN = 430 ,
MASS = 1.0 ., RSN = , XCG = 3.0 ,
NDIV = s RT = 3,0 , ZCG = R
NPGSO = s SM = .
Al = 0.0, AlL = 180.0 , DAl = 10.0
A2 = R A2L = , DA2 - ,
A3 = s A3L = , DA3 = ,
M2= , M4s , M7= , M8 = , Milo= ,
RINP(1) = ; s ; 5 ,

) s s ) ,
XINP(1) = ; ) s s )

s ) 5 s )
$

-18.
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$DATA 12/01/64
1881 FORTRAN IV
1BLOR 12/01/6% N
& MFMORY WAP * [
SYSTEM 00DO0_THRU 02717 —
FILE BLOCK ORIGIN 02720
ETLES 1 UNITOS
2. UNTTO6 :
3, UNITI6
FILE LIST ORIGIN 02764
UTTION INITIALIZATTON 02772,
CALL ON OBJECT PROGRAM 03023
ORJECT PROGRAM 03030 THRY 46571 _
DECK DRIGIN. CONTROL_SECTIONS {/NAME/=NON O § ENGTH. (1 OC}=DELETED, #xNOT
1. 188 03030 14001 *
2. SCALIN 14026 CALINT 14214
2
%4 JLXCON 15251 -LXSTR 15251 * .LXSTP 15255 «LXOUT 15323 JLXRTN 15335 . [BEXIT 15335 &,
LXCAL 15350 *  IXERR__15340 DBCLS 15522 %  .LXARG 15671 10 15714 %, )/
LCLSE 15722 LLFBL 15723 *  LLUNB 15724 LDFOUT 15725
*
’;‘.7" ’ «HRITE 15745 +BSR 15755 % LREADR 15765 LRELES 15767 * .LAREA 16000
A 6OA 16100 ) 16104 WDERR 16120 WHOPXI 16121 LCOMXI 16123
FX34 16145 3
6. JLXSL™ 16152 SLXSEL 16152 LXCSEL 16153 JLXTST 16154 %. _LXOVL 16216 & LLXRCT~r16227 &
LXIND 16276 % __ ,LXDIS 16301 % L LXF & P
T. FPTRP 16311 LFEPT. 16311 * .FPOUT 16440 JFPARG 16446  /.COUNT/ 16450 * DVFLOW 16514 *
€1 16521 €-2 16522 £.3 165: o 16524
9. WXCCo 16525 CC.1~ 14525 CC.2 16526 €C.3 16527 CC.& 16530
X 6531 EX[¥. 16531 * 2
11. FXEH 16532 SEXEM. 16532 SFXOUT 17067 JFXARG 17075  /.DPTW./ L7151
120 EOUT 17162 EQUY, 17162 x
13. FCNV 17524 <FCON. 17524 <FCRV. 17547 <ENDFS 17562 SCNVSH 17564 SEONL 17570
EDX2___ 17571 DEC. 17573 DECY _ 17M7 L 4
.DBC20 17752, LDDSN L7762 WDOFIX ITI71. .FIXSW . LI¥I7 S LDOBC’ 20054
DORS1 20324 0D Y
«<ANPT 20456 «ONPT 20473 -LNIP 20547 SAOUY 20615, < LDFLT 20634
ELY . 20770 D LI '
LLOUT 21377 -00UT, 21416 JXCF 21447 © L TEST. 2215Ky-, «KOUNT 22157 |
LISL 22162 73 D e g
WMIDTH 22267 SGALN 22270 +GAINL "22271° ™ .FBOBF, 2230K 75y wODOFL zzgzi
6 - - ¥ . 3

14, F10§ 22351 <F10S. 22351 WFSEL, 22511 2515 < | . oFRTBe  2292RW N
EILL 4 E * ] ) {X &
-REED 22717 *  L.BIN 22720 *  LFCT 72} WFOKSE 3 22723 (#y, v . . i
0 E Y NI .3?)‘ BRI Pl
16. FHRO 24006 24006 KEDERD B SR O 4 R
37. ERRU 25032 24032 “ ) 2 3y = ] ML L 1, 5
18. FHRO 24056 24056 LFREST 2436% 3% ' T 7 7ait oo Yo *
19. FRDU 24463 24463 $. LX) 1 s
20. UNOS 24524 25524 . (I I
2452 Z__24526 -
22, FIOU 24531 24531 .CTUTO 25284  ©.NMLST 25227 “RANE. 26332 LINTAR: 26333
. 2
T262 3AC0S 27063y~ - ACOSR  2T1aB % AGOS 27152 ACOSD 27161 ¥
-19+
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I8LOR i 12701764
25, ITNQR . 2T170 ATANOR 27246 ATANQ. 27255 #  ATANOD 27264
26. JRSTH 27273 ARSIMP 27334
27._ELOG. 27345, ALOGIO_ 27365 ALOG, 27367,
28. FSCN 27526 [ 27526 SIN 27530 N
29, ESQR__ 27731 QBT 27737 —
30, FATN 30044 ATANZ 30044 ATAN 30046 *
__3l. FXP2__ 30252 XP2. 30252 .
32. .10CS 30370 -Lt0) 30370 <MONSH 30410 JJEDR 30457 “DEFI. 30537 <JOIRX 30603 *
— £10Sa_ 20622 ATIC. 30635 SHI 31047 %  .SH9 __ 31113 % ,OPEN, 31132
.DPk 31160 #  L.OP7 31211 %  .OP9.2 31225 %  RLSE, 31277 oRER2. 31277
* s
WFEEIT 31644 <GTIOX 31665 «RW7 32003 * LRE7 32422 * .ENDTR 33063
SEL59 33065 %  .BSR. 33476 EQYOF 33623 EYOE3 33631 * . SWITC 33660,
JTCHEX 34161 .BASIO 34164 * N
33, JOCSM 34168
34, 10V 34185 10V (34165) B
35, PLOT,, 35205 PLOT ... (34205) * * * *
BIGY 34304 & SMALLV 34306 % PAGE4D 34313 PAGE4L 34330 1046 34424
QuY 34626 &
36, UNL6 35064 LUNL6. 35064 '
AY.. 35072 ® BX.. 35073 BY.. 35074 * NL.. 35075 , HR.. 35076 *
H 25077 T 35100 & 0.0 35101 MIDE.. . 35103 HIGH.. 35104 %
eees¥Y 35107 SXX.¥Y 35110 = 35111 *  HOLD.. 35112 CAMV.. 35113
YIOP 35114 * YREG.. 35115 %
38. CANRAV 35116 CAHRAV (351161 SCles 35143 *  SC2,, 35144 *  SBC.. 35145 *
39, FRAMEV 3515) ERAMEY_ (35151} ERAMEY {35151)__ RESEYY 35212 %  BUMP... 35221 %  STGP.. 35222
40. BRITEV 35230 BRITEV {35230)  FAINIY 35232 *
¥ 35277 HXY, 35412 3
Yy 35457 *  SCERRV 35462 SERSAV 35467 *  SERREV 35474 *  UXV 35503 #,
uyy 3550 SCLSAV 35520 & _ RESCILY 35532 *
%2. XHODQ 35602 XHODV 35602 YHODV 35602 “
43 . SMXYY. 35814 SMXYY  {35616) MSXYN. 35623
44o DXDYV 35630 0XDYV (356301
45, GRIDIV_ 36417 GRIDLYV {36417) d -
46. LINEV 37325 LINEV (37325)  GRIDXY 37540
47, LINRY 3AT566. LINRY {37566)
48, NONLNV 40400 NONLNV (40400)
59, SETCIV 41010 ETCEV (41010} SEICOV 41014
56, SETMIV 41020 SETHIV £41020} SETHOV 41027
1y 41036 HOLDTY (41036} HOLDOY 41041
52. ERMRKY 41044 ERMRKV (410441
53, ERRNIY_ 41056 ERBNLY (41056) !
S&. ERRLNV 41242 ERRLNYV {41242} N
95 ARPLOTY 41415 APLOTY (41419) s
S6, PLOTY 41702 PLOTY {41702)
INTV #1721 PRINTY {41721)
58, STOPTV 42031 STOPTV (42031}
59, LASLY 42036 LABLY. (42036)
60, HOLLY 42336 HOLLY ~ {42336) -
£1._BNRCNO_ 42363 BNACOV._ 42363 BINECD 42363 - -
62. RITE2Q 42604 RITSTY 42604 % RITXYV 42627 * RIVE2V. 42641 R P
* H: & L RESIIV U 4%
T64. TABLIQ 43327 TABLLY 43656 T
65, AICRY. 43650 AICRT3 456136~ hJ
< 66, SORTV 46445 SORT 46536 i
TBLOR 12761764 e
140 BUREERS : 46572 THRY - 77123

Ay tat

f 1
UNUSED . CORE

N 77725 THRY TIITT

=20~
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syt - m

RN . 0.1000060GF 01+ = - —
eazr =" 7 ""Blovagoaoae-38, - - = -
A3 = Td.00000an0E~38, - — -
A = =0.00300000E-19;
oz "= 7 7 ‘o.dboocooee~zs, T T 7 N - I -
a1 - 0.00G000008-38, - .
a7 0.16000000E 03, -
nal = 7T 5l16000009E 02, T T T
a2 = 0.000000006-38, e s s
a2 2 =0.00000000€=19, -
apd0 = T TC8:000080608-19, o s
CasE = ~T"%.1o0e0000E o1, T T——
oaTE = =0.00000000E-19, - R
™ = o.60000000E 02, - -
RSN = 0.000000008-38, - -
™o = 0.5G000080€ 02, N —
osc = 0.12000000E Q0, —_ —_—
°c - 2 60000000F 01, —
aass = » 106066008 01+ o
e = 0.00000000E=38, P
ee = 0.00000000E-37 —————————
e = 0.170000006 G0y e
e - -0.20000000€ 02, T R e e
L3 = 9.30000000¢ 01, - N e s et
R4 = 0.060000005-38, -
s = 0.000000008~-319, e B ]
CMAG = T 0.000000 3 300a3DEET3 ! —— -
w2 - o,
a4 = 10y ——
W T =TT T e
s =TT 10, - - - -
W~ T o.000000M0F-38, -
“wie =T T T te, et T N -
xc6 = 0.30000700F 01, T T T T T T
T ek = D.00090000E-38, - -
pEFOEL = T T 0.500N0000E-02,
BETA = 0.00000600E-38, - .
“e%0 T = 7 6 06000000E-33,
xte = ~0.00000000E-15+ =0, 000000005195 =0.00000000E-195 0. 000000D0E-19y 0.00000000E~19;
s o = = = ~0.00000000E=18s._..
-o. = ~0.00000000E-19, ~0.00000000E-195 ~0.00000000E-195
0.00000000F z19% Z000000000DE=13. =0.00000000E=19, _ —0.99000000E-19, =0.00000000E=19,
-0.00000000E-19, ~0.00000000E-19, =0.00000000E-195 =0.00000000€15y ~0.00000000E-15,
“RINF T = T -0.00000000F-19, ~0.00000000E-13; " 0.500G0000E-19; = —0-000D00DGE-I%y T0.00000000E-15,
- d -0 Ppp—] z19. L0 = =0.000000008F=]
9 -o. Z0.00000000E-195 ~0.00000000E-195
— 19, ) DE19 =0,00000000E=19, = -] 0.0 =
~0.00000000C~19, ~0.00000000E=13, ~0.00000000E-19+ ~0.00000000E~195 ~0.00000000E-19,

0.00000000F-38,"

4.00000000E~38,
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PROGEAM 1881

a0

50

&0

0

a0

90

100

RHD N=

x
0.12397460
A,274TANCT
3.291£6117
3.29950577
3.29935744
3. 8T4%85
3.318683C9
3.32997469
3 34140107
3.35373349
2.36613968
3.378683C9
3.39538383
3.41175955
3.42749149
1,44227730
3.45581758
3. 46796046
3.47816759
2.48653835
3.49280966
3.49486000
4 NQB35592
£.00736552

xce N
0.00 0.cong
3.00
0,00 0.0875
3.0n
0.00 0.1648
3.00
9.0 0.2279
3.00
a.e0 0.2550
3.00
o.0c 0.2575
3.00
7,00 - 0.2306
3,00
0 00 0.18724
3.00
0.00 0.1295
3.00
0.00 0.0837
3.00
0.0%40"
0.0404
0.0393
0.,0400
0.0374
0.0n 0.0215
3.00
0.00 0.0228
3.00
0.00 0.0120
3.00
0.00 0.0000
3.00
N.00356 PHO A=

¥Fugs =000

CASE=  1.00 DATE= -0.00
1
0,56000001
5.94000000
5,95053422
5.96029562
5.96917737
5.97708201
$.98392302
5.98962939
5 99412674
5.99737769
5499934262
5 99999994
5.,99883211
5.99535131
5.98962539
5.98176569
5.97192526
5.96029556
5.94710308
5.93260443
5.91708195
5.90083772
3.00000000
0.30000000
(=3 cH [l CLA
144884 0.0000 —0.6424 -0.9768
0.0000 -0.3243
1.4512 ~0.0654 -0.6328 -0.8946
=0.0435 -0.3193
1.3442 -0.122% =0.6043 —0.6729
~0.0817 -0.3047
1,18901 -0.1658 —0.5‘577' -0.3663
-0,1101 -0.2810
0. 9785 -0.1890 =0.4947 —0.0434
=0.1253 -0.2489
0,7637 -0.1897 =-0.4172 0.2033
-0.1254 -0.2096
0.5612 ~0.1680 -0.3277 0.3373
~0.1104 —0.1645
0,3863 -0.1301 ~0.2689 0.4692
—0.0845 -0.1352
n.2378 -0.0885 -0.2199 0.5334
-0.0562 -0.1114
0.1105 -0.0479 -0.1908 0.6431
-0.0270  ~0.1160
=0,0369 —0.0085 -0.7298 0.9426
0.0050  ~0.1929
-0.,7428 0.0203 -0.288%4 l.1671
0.0304 -0.2959
-0.5058 0.0346 —0.3563 1.1355
0.0444 -0.3993
-0.8164 0.0406 -0.4539 0.8760
0.0506 -0.5115
-1.1462 0.0414 4.3084
0.0507
-1.4558 0.0367 -0.4296
0.0446
-1.7080 0.0274 -1.1520
0.0331
-1.8725 0.0146 ~1.6736
0.0176
-1.9297 0. 0000 —-0.6996 -1.8599
0.0000 -0.7940
0.00755  XCG= 3.00000  XCG6/D= 0.25000
22~

cL
0000

-0.1658

.3048

~0.3970

-0.4337

-0.4195

0.3707

~0,3006

-0,2117

=-0.1105

0.0269

0.2143

0.4184

0.5997

0.708L

0,7006

0.5627

0.3134

0.0000

REX/D:

tb

1.4884

1.45444

1.3195

1.1334

0.9135

0.6882

0.4803

0.3035

0.1689

0.0837

0.0596

0.1210

0.2869

0.5554

0.9021

1.2765

1.6128

1.8462

1.9297

0.29978

cL/cp
-0.0000

~0.1148
-0.2310
-0.3503
-0.4748
-0.6095
~0.7718
-0.9904
-1.2538
-1.3202
0.4523
1.77118
1.458%
1.0798
0.7850
0.5488
0.3489
0.1697

0.0000

RGY/D=

Xce/D

0.7469
0.7467
0.7458
0.7441
0.7413
0.7367
0.7286
0.7133
0.6836
0.5724
0.1583
~0.5019
-0.8806
-1.0168
-1.1066
_ -l.1658
-1.2032
-1.2240

—1.2296

@.22102



2663 LINES OQUTPUT.
$1BSYS

$PAUSF
PFR. ACTION PAYSE

<« CONT INUING

«PAUSE
OPFR. ACTION PAUSE

«+ CONT TNUTNG
$18SYS

000000000000Q00000800011-01016Q0000080001F0000D0IBSYST-00001030006400700000000 )
1 LINES QUTPUT THIS JO8.
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III. COMPUTATIONS

A. BLOCK DIAGRAM

A block diagram illustrating the information flow within the Program 1881 is

given in Figure 6.

CONFIGURATION (2)RANGE MASS & C. G.

n RN, THN, RSN, Al, AlL, DAL, XCG, ZCG, M
5 THC, ETC.
£ [BETA, XINP, RINP)] |~ A2, A2L, DAZ, | SN, CMAG (L), |

ETC. A3, ETC. CMAG (2)

Y Y [
n COEFFICIENT
A
Z SHAPE GENERATION = CALCULATIONS
-
<€
-
§ r
3 MOMENTS OF
S > INERTIA
Y [ [
2 CONFIGURATION COEFFICIENT RADII OF
E OUTPUTS OUTPUTS GYRATION QUTPUT
=2
XCG/D,

e X VS R TABLE CN, CM, CX, CMQ RGX;D RGY/D

PLOT OF X VS R cD, ETC. RHON, RHOA
65—-11632

Figure 6 BLOCK DIAGRAM OF PROGRAM 1881
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B.

A, (x) function defined by equation{10) | R

B, ()
Sp
CL

C
‘m

dQ

da

Gl (x)

SYMBOLS

function defined by equation(11)
drag coefficient

lift coeff;c1ent

moment coefficient (based on

characteristic radius R, and
characteristic length d)

(9C,/da)
(9C,/9Q

coefficient of force normal to
body

coefficient of force along body
axis

characteristic length, diameter
(feet) = 2 R,

increment in Q used to compute
derivatives (radians) dQ =0.005

mncrement 1n ¢ used to compute
derivatives {(radians) da = 0,005

function defined by equation 12
length of cylindrical section
vehicle mass

angular pitch speed (rad/sec)

pitching speed parameter:
Q= qd/2V ({radians)

B

RC

Ry

2, (x)

radius of flare

characteristic radius (cylinder
radius, usually)

radius of spherical nose cap

toroidal radius between flare
and aftcone

toroidal radius following cone
toroidal radius following nose cap
radius of truncated afterbody
static margin

volume rear of c. g. position
volume forward of c. g. position

axial coordinate; nose is located
atx =

length of body

distance of center of gravity
from nose

dastance of center of pressure
from nose

offset distance of center of gravity
function defined by equation (14)
angle of attack

slope at start of tension shell



PA densaty aft of ¢ g. position

Py density forwardof c.g. position

0 body contour slope

0, slope of aftcone

0 slope of flare

Oc slope of cone

5% slope atend of nose cap
Subscripts

1=0 denotes moments taken about the nose
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slope at start of general shape

slope at end of general shape

siope at end of tension shell

Function defined by Equation (15)

1=g denotes moments taken about the center of grawvity

C. EQUATIONS

1. Coefficient Calculation

a Newtonian Coefficients

Xt

*
* @y 1 M @
—A (x)cos @y +B () [—— — n sm2e0 + —] (1)

*
@y 1 %
+ ZGi(x) —2— Z smn2w  +
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[A‘ (x) ("1* + lzr) — B, (x) cos wl* (2)

i 0 dx
7 r(x) tan



b.

Xf
2 A Z;
le- TR2 —1X)T sin @

< o

z -
- B, (0 —l—l- sm@ ) cos mi* + (B1 ) K, )~ 26, (x)T‘ sin 9>

*
@ 1 2
( 2‘ - Z sm 2 tol* + ) - ? Gl (x) X; (x) cos “’i* <sm2 @,

PN

r(x

+ 2 ) dx
cos @

G = -G sma + C cos

L, x, o N, cosa

Cph =G cosa + Cy sina
D, X, N,

X d=-C C
cp/ m,/ O,

8le Cay (@t day, Q) = Cyy (2, Q)
c = =
mcz1 da da

acy, Cp (a+da, Q) = Cp. (2, Q)
c _ 1 - 1 1
Lai da da

Cpy Cp (4,Q+dQ) —~ Cp, (a4, Q)
C = 1 - 1 1
Mgt 9Q dQ

Auxaliary Equations

1

z
A ) = 2 sin? @ cos a (cosa+2QT)

) - AWK (3)

(4)

(5)

(6}

(7

(8)

(9}

(10)



z
Bx(x) = —2sm?b [coso sin2a+2Q <Kl(x) cos a + -Tl coslO smn \] (11)

Y

G, x) = cos @ sin a (cos @sina+2Q Kl(x))' (12)
1 (x) XX
K@ = 7 sm @ + cos § (13)
=0
g T8
s @ cos a sin @ cos a
ARC suin IF <1
cos @ s;mna cos 6 smna

7/2 fcos @ sma = 0 and sin@ cosa > O

», = —n/2 Ifcos@ simna = 0 and smnfcosa < 0

2 (15)

s @ cos a
/2 f — >1
cos @ sma

s fcosa
—w/2  ——— < -1
cos § sina

Center of Gravity Determination

1) C‘“a Criteria

(XCG>a=0 ) C—ia_ (Cma> spec. - (Cmu> 1=0 o



2)

Static Margin Criteria

At @ = 0, Xog = Xep — SM

At 0 < @ < 180, Xpog < Xcp

2. Moments of Inertia
a. Density Distribution
Xce oa X
xeldx 4 —— xc? dx
PN
0 XcG (18)
XeG = % %
CG Pa f
Zax + 2 dx
N
0 XCG
PA (19)
Me=py (Vg +—  V,
N
where,
Xce
VN =7r rzdx {20)
[¢]
B (21)
VA =7 2 dx
Xce
b. Moments of Inertia
Xce pa X Xce
Iy ="py 22 dx ¢ — 22ax - — o dx
0 PN
Xeg o
o X .
+ e |- M xdg (22)
4pn
Xce
. Xca , X
L= r4 dx + — r4 dx (23)
2 PN
0 XCG



1v, IBM ROUTINES

A, PROGRAM FLOW

A flow diagram of Program 1881 is shown as Figure 7.

SUB CALINT (TENSION SHELL)
COMPUTES INTEGRANDS

BRING INPUT IN cggpu&ﬁg,g)

THROUGH LIBRARY — COORD| F

ROUTINES ] POINTS ALONG +

THE BODY LIBRARY ROUTINE ARSIMP
INTEGRATES - SIMPSON'S RULE
SUB_CPLOT
b— 31 LIBRARY ROUTINE AICRT3
COMPUTES 18 EXTRA
coupures sy o SRR [« | DomA oot
»-|  VALUES FOR ALPHA KZ—  woSE - SETS UP ARGU-

FROM INPUT RANGES
OF ALPHA AND Aa

MENTS NEEDED BY
LIBRARY ROUTINE
AICRT3

FOR EACH ALPHA
COMPUTES A, B, Gy, Wy

INTERNALLY CALLED
AOX, BOX, GOX,
OMEGA

=

COMPUTES Cyt, Cxer

LIBRARY ROUTINE ARSIMP
INTEGRATES - SIMPSON'S RULE

m
INTERNALLY CALLED
CN, CX, CM

l y

U

| LIBRARY ROUTINE ARSIMP
INTEGRATES - SIMPSON'S RULE COMPUTES Cygar, Cnar/ COMPUTES Cy1, Cpr,
Cogis Caqe XCP, XCP/2RG
INTERNALLY CALLED = INTERNALLY CALLED
CNA, CMA, CNQ, CMQ | CLA, CDA, XCP, XCPDD
LOOP ON ALPHAS PRINTS OUT
{T—]  ALPHA, CN, CM, CX,
cMQ, CLA, CD, XCP/D
COMPUTES RHON,
i PRINTS OUT RHOA, XCG/G,RGX/D,RGY/D
EXIT RHON, RHOA, XCG, K——Z  INTERNALLY CALLED
XCG/D, RGX/D,RGY/D RHON,RHOA, XCGDD,
XGI, YGI

2 INDICATES MAIN FLOW

~—— INDICATES SIDE FLOW

65~ 11833

Figure 7

FLOW DIAGRAM OF PROGRAM 1881
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CALINT

CPLOT

1.

B. SUBROUTINES

VARIABLE THR ¢ {DELR |R3 RK SBETAR | CBETAR |RJ QO00F L
SUBROUTINE INPUGT INPUT |INPUT|INPUT| INPUT INPUT jOUTPUT {OUTPUT
INPUT OR QUTPUT

SOURCE INPUT MAIN (MAIN |MAIN | MAIN MAIN

VARIABLE X R L T RN THETAN RAD
SUBROUTINE

INPUT OR OUTPUT INPUT INPUT INPUT | INPUT [ INPUT INPUT INPUT
SOURCE MAIN MAIN |MAIN |INPUT { INPUT MAIN MAIN

Subroutine CALINT
a, Purpose

This subroutine 1s used in the case of the tension shell (third section)
to compute the integrands QOO0FL required to apply Simpson's Rule
in subroutme ARSIMP,

b. Method

Starting with imitial angle BETA at the first point of the section, other
points along the section for each DELR mncrement in the radius are
computed, The section is subdivided into NDIV portions, To compute
the abcissa X of the righthand point of each of these portions, an
mtegration 1s performed over each portion, Thirty-two {32} intervals
are considered for each portion and, therefore, a loop is set up to
compute the mmtegrands QOO0FL at 33 points, For each of these points
the ordinate RJ 1s computed in the same loop. The last computed RJ
for each portion 1s the ordinate of the point corresponding to that
portion.

“31-
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2,

Subroutine CPLOT
a, Purpose

To set up the array of pomts (X, R) to be plotted by library routine
AICRT3,

b, Method

In MAIN, the first point computed 1s the end point of the first section.
Therefore, for the purpose of plotting the whole body, compute 18
extra points mn the first section of CPLOT, These extra points are
then incorporated into the X and R arrays of points computed in MAIN,
CPLQT also computes the maximum values XU and YU for X and R
from the respective arrays and chooses the greater of the two to
establish the scale of the plot,

All the variables in the calling sequence of library routine AICRT3 are
set to the proper values and the total array of points XPT (abcissas) and
RPT (ordinates) are then plotted on the 4020.

Main Program

a. Purpose

The main program computes the array of coordinates (X, R) along the
body, defines table of alphas to be considered, performs prelimmary
computations for the integration procedures, sets up the main logical
flow of the problem and performs the final computations to obtain the
aerodynamic coefficients.

b. Method

The program first sets the values of all preset input, then reads 1n
the data through the Namelist array INPUT,

=32~
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After converting all input angles to radians and finding the values of

their sines and cosines, the program proceeds to compute the coordinates
(X, R) of the poimnts considered for each section. The first point to be
computed 1s the intersection of the nose radius with the body surface,

i. e., the end point of the first section {Statement No. 302). All curved
sections (except the first) are subdivided into the prescribed input
number, M2, M4, M7, M8, and M10. If these are not input, the
program will use the preset values. The third section may have one

of the three different shapes, i.e., general, tension, or conic shape.

In the general shape (Statement No. 9141), the points along the section
are input (XINP, RINP) and are merely incorporated in the (X, R)
arrays of coordinates for the whole body.

In the case of the tension shape (Statement No. 486), the initial angle
BETA is input and the program computes the points determined by the
i put number of divisions NDIV, The angle §along the section lies
between BETA < 6§ < 90 degrees and for the last point on the section
8= 90 degrees. The number of divisions 1s preset to 20. For

each subdivision a point (X, R) will be computed. The ordinate

R is obtained by adding an increment AR to the R of the previous
point, Each AX is obtained by integrating over the respective
subdivision (Loop on Statement No, 5533), For integration purposes
in each subdivision, 32 intervals {or 33 auxiliary points) are considered.
The integrands QO00FL are computed 1n subroutine CALINT. Then
library routine ARSIMP integrates using Simpson's Rule.

The ordinate R 1s, for each subdivision, the value RJ computed mn
CALINT, In the case of a conic shape (Statement No. 484}, only the
end point is computed. The remaining sections are handled by straight-
forward application of the given formulas., For RSB # 0 (internally
RSCB), the program assumes that both toroidal sections 10 and 9 are
g1 ven,

Symbol L represents the number of points whose coordinates were

computed along the body. These L points plus 18 extra points on the
nose computed by subroutine CPLOT wall be plotted (R versus X) by
library routine AICRT 3, using the first available tape on channel A,

Arrays X(1-L) and R(1-L) are then printed out (Statement No. 4999)

and the program proceeds by forming the angle of attack table for the
3 possible ranges using the input Al, A2, A3, AlL, A2L, A3L and

-33-

iai=



the input increments DAl, DA2, DA3 (Statements between Statement Nos.
13 and 20).

A loop on ALPHAS (Statement number 1003) is set up comprising most of the
rest of the program, 1.e., for each ALPHA a set of force and moment co-
efficients (CN CX Cm, CL, CD, (L/D)1’ Xcp and the corresponding

1, 1, 1, 1, i,
derivatives CN C C and Cm are computed.

a, a. - .
1 1 ql ql

The loop on ALPHAS is the outermost of a nest of loops which are completed
as follows loop for subscript @ and XG (Statement number 345), loop to
compute numerically the derivatives CNA, CMA, CNQ, and CMQ {D® 91
MM - 1, 3), loop for the integration of body sections L(Statement number
2774) (the body is subdivided into a number of portions equal to the number
of computed points), and loop for computation of mntegrands (DO 50 M = 1, J)
{each of the L sections is further subdivided into a maximum of 9 intervals
before Simpson's Rule {subroutine ARSIMP) is applied).

After exiting from this nest of loops, (after Statement No. 389) p
(internally RHON), p, (internally RHQA), XCG/D (internally XC&’DD),
RGX /D, RGY/D are computed.

Within the ALPHA loop, the program prints out for each ALPHA the
coefficients CN, CM, CX, CMQ, CLA, CD, CL/CD, and XCP/D
(immediately after Statement No. 370).

Outside this loop, at the very end of the program, the quantities RHON,
RHOA, XCG, XCG/D, RGX /D, and RGY/D are printed out.

C. SIGNIFICANT EQUATIONS

1. Main Program Statement Number¥*

i

Section 1 (N@SE): X(1) RN * {1~ cos(THETAN)]

R(D) = v X(1) - [2RN - X 1)] 302

* The statement numbers are provided to assist 1n locating the equations 1n the program listing as the equations noted
appear 1n the immediate vicinty of these statement numbers.
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Section 2 (TOROIDALY):

{90 — (THETAN + THETAC)] }}

X(J) = X(1) + RS - {cos(THETAN) - sin {X] v

where, XJ = 1,...,XM2

90 — (THETAN + THETAC)
R(J) = R(I) + RS~ {cos {X] [ ) ] } — sin (THETAN)}

303
Section 3 (CONIC):

R(K) = RC — RSCA [1 — cos (THETAQ)]

ETACQC) ,
XK = XK - D+[RE) - R(K — p] L THETAQ) 0
sin {THETAC)

Section 4 (TOROIDAL)-
X(J) = X(X) + RSCA{sin (THETAC) — sin (TJ)]

R(J) = R(K) + RSCA [cos(T]) — cos (THETAQ)]
where,

X] - TM4
7 = (X] )
RAD
and, TM4 = THETAC/M4 325

Section 5 (CYLINDRICAL):

X(K) = X(K-1) + DX1

R(K) = RC 312

Section 6 (CONIC):
R(K) = RB — RSCB [1 ~ cos (FTHETA)}

cos (FTHETA)
K) = -1 K)~-RQ) * ————— 314
XK = XK -1 + RE ) sin (FTHETA)

Section 7 (TOROIDAL):

X(J) = X(K) + RSCB [sin (FTHETA) - sta(T])]
R(]) = R(K) + RSCB - [cos(TJ) — cos (FTHETA)]
where, T = XJ * FTHETA /RAD 317
M7
-35-
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Section 8 (TOROIDAL):

X(J) = X(K) + RSCB * su(TJ)
R(J) = RB —RSCB * [1 - cos(TD]
where, T) = %1 - —oif4 /pap 317
M8
Section 9 (COHNIC)-
R(K) = RA
XE) - XE-D +« RE -1 -r@] - HETAD 55

sin (THETAA)

Section 10 (SPHERICAL):
X({J) = X(X) + RSA - [s:n(T]) — s (THETAA)].

R(]) = R(K) — RSA * [cos (THETAA) - cos(T])]

where, TJ + [XJ * (90 — THETAAY/MI0 + THETAAI/RAD 326

B@X = —2sin(THETA) {cos(THETA) - sn 2ALPHA + 2ZAQ) [XK - cos(ALPHA) +
ZZ (1)
+ o * cos(THETA) sin (ALPHA)
(THETA) cos(THETA)
WRETE Zk -« Rx(W - Tz -z0) - ——— 48

AGX 48

)

-2 ZZ(I)
2 sin® (THETA ° cos(ALPHA) - [cos(ALPHA) + 2ZAQ ¢+ ——m—

G (X = cos (THETA) sin(ALPHA) [cos(THETA)" sin(ALPHA) + 2ZAQ * ZK]

48

2(¢UMEGA
N = [- AGX  cos(OMEGA) + B@X (Z—2G X * cos($MEGA) * EILQ3G—)+2)]

* RX(M) 48

where, #Z=5 @MEGA ~ .25 sin(2 QMEGA) + .78539816
RX(M) = 2RN XZ(M) — XZ(M)2

CXM) =[AGX - (OMEGA + 1 5707963) — B#X cos(UMEGA) + 2° §Z* GgX]1 - Ry SACHETA).
cos(THETA)

48
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CMM) = {— A@X * ZZ(I) sin(THETA) * (BMEGA + 1 5707963) ~

—~(A@X * ZK * SL — B@X - ZZ(II) * sin(THETA)] - cos(SMEGA) +

+ [BOX ZK SL - 2G@X ZZ(D) * sin(THETA)} - ¢Z

GOX RX(M
~2=—=-7K-SL cos($MEGA)[sin? (BMEGA) + 2] .# 48
3 cos (THETA)
CD(MM) = CX1* cos (ALPHA) + CN1* sin(ALPHA) 48
CL(MM) = CX1 sin(ALPHA) + CN1 * cos(ALPHA) 93
CN3 — CN1.
na o 3 -a¥D 352
DDL
(CM3 — CM1)
CMA = ————~
DDL
(CN2 — Q1)
NQ = ————
DDL
(CM2 — CMD)
CMQ = 2 ————
DDL
M1
XCP = —SL - —— 920
CN1
2. Subroutine CALINT
THR = THR DELR * DERIN
RJ = RJ DELR
where, COTM = (COTT CHTTMI}/2.
1 BETAG)
ALBGBE = LGG 1+ cos(BETAG)
sitn (BETAR)
DERVRI = fREZ-R3% _an(THR [  _(1+cos(THR) cos(THR) 1
| ALPGBE 1+ cos(THR) <102 (THR) {

DERIN = RJ/{0.5 * DERVRI)

=37~



Subroutine CPLAT
ANGL = (XK * DIVTHN)/RAD

where, DIVIHN = THETAN/18.

and, XK = 1,. .18
XPT@) = RN * [1 - cos(ANGL)] 60
RPT({I) = RN sin (ANGL)
382
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I. INTRODUCTION

A, GENERAL DESCRIPTION

The purpose of this program is to determune the component system weights for
an axisymmetric entry vehicle. The program has four distinct segments within
which exists a number of options. The four segments are as follows

1. Heat Shield and Structural Shell -~ The inboard profile coordinates of
the vehicle are generated based on body input parameters. The moments
of inertia, center of gravity, area and weight of each section of the vehicle
are then computed. The weights are based upon specified umt weights for
the heat shield and structure of each section.

2. Descent System -- The descent system weight computation is based on
specified deployment and impact conditions. Three options exist (a) a two
chute; (b) a single-chute, or (c) a drogue~chute retrorocket system.

3. Impact Attenuation System -- The amount of crushup weight 1s com-
puted so as to assure a soft landing within impact velocity and acceleration
limits. Three options exist as to the landed package configuration: (a)
spherical; (b) lenticular; or {c) conical. The latter option utilizes a spheri-
cal segment of crushup and assumes preferred impact orientation. All of
the options yireld the geometric dimensions of the crushup and payload.

4. Packaging Design -- This portion of the program packages the landed
package and descent system components within the inboard profile limits

of the vehicle. A minimum overall specified center of gravity must be sat-
isfied. With the overall vehicle center-of-gravity position established, the
moments of inertia are then computed for the entire capsule. The internal

structural weight of the lander 1s also computed in this portion of the program.

B, CALCULATION MODEL

The calculation model for each of the four segments of Program 1882 is as
follows:

1. Heat Shield and Structural Shell

a. The evolved body coordinates of the vehicle reflect the bond line
profile of the heat shield and structure shell. The heat shield and
structural unit area weights are input for each vehicle section. The

vehicle sections are 1dentified parametically as shown in Figures 1 and 2,

-1~
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LA

(NEGATIVE
ANGLE)

CONE (SEE FIGURE 2 FOR ADDITIONAL OPTIONS)

o

SECTION
| NOSE SPHERE
2 Rgy TORUS
3
6 Rgc TORUS
7  CYLINDER
8 FLARE
9 FORE Rga TORUS
10 AFT Rgs TORUS
1 AFT CONE
12 AFT SPHERE (Ra)
13, BASE (Rv)

83-11627

Figure 1 VEHRICLE SHAPE PARAMETERS



TENSION SHELL OPTION (SECTION 4)

R
v/ sc Y
Re
CONTINUE AS ON
PREVIOUS FIGURE
B ——
J

B~ TENSION SHELL INPUT PARAMETER
Rz~ BASE RADIUS OF TENSION SHELL {NOT INPUT)

GENERAL SHAPE OPTION (SECTION 5)

836
(Xp, Rp )\
—_—
*Kp.Ry)
—_——
X).R))
A_GZG
—_—
\\{N

856,836, X, R - GENERAL SHAPE INPUT PARAMETERS
nt2s

e3-11628

Figure 2 TENSION SHELL AND GENERAL SHAPE GEOMETRIES
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b. The inertia, center of gravity, and area equations are based on a
derivation assurmng the heat shield and structure thickness to be small
and uniform.

Descent System

a. The model atmosphere generated consists of a troposphere and
stratosphere. Equations for the thermosphere are not utilized since
1t 1s reasonable to assume that chute deployment will always occur at
an altitude well below the thermosphere region.

b. The equations of motion utilized in the trajectories are the two
degree of freedom equations neglecting the centripetal acceleration and

11ft terms.

c. The drogue chute descent calculation assumes that the chute opens
instantaneously, and hence does not account for the loss 1n altitude due
to the filling time. This 1s a reasonable assumption since drogue chutes
are usually fairly small in diameter with filling times in the order of

0: 05 second. The drogue chute is sized by the requirement of achiev-
ing a prescribed Mach number at a prescribed altitude,

d. TIhe man chute descent accounts for the loss in altitude due to
chute opening and assumes constant velocity during filling. Subsonic
chutes (Mach 0. 8} in the ordexr of 60 feet diameter would result in
filling times of about 1.5 seconds, and hence incur an altitude loss of
about 800 to 1000 feet,

e. Terminal descent velocity is assumed for the calculation of the
main chute canopy size.

f,  All trajectory calculations account for the correct vehicle and
chute drag components where applicable.

g. Jettisoning of heat shield, structure, and drogue system weights
are accounted for in the trajectory calculations where applicable.

h. A cluster of chutes is employed 1f the required diameter of a
single main chute exceeds the maximum specified value DMCMAX.

i, The descent system options are depicted in Figure 3.

j. The parachute weight model {see below) accounts for materials,
dynamic pressure and size.
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Figure 3 DESCENT SYSTEM OPTIONS
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Parachute Werght Model

Materials (X)

3
Dynamaic Pressure (q Wr =K I:L_ i:|

Diameter (d)

Impact Attenuation System

a. The equations utilized are based on the analysis of Reference 1
which accounts for the variation of mass during the crush-up stroke
and for materials with anisotropic properties. )

b. Equations derived are for the particular case where the crushable
material is 1n the shape of a spherical segment.

c. Crushing is assumed to start at the initial contact point and then

the surface of crushing moves upward into the material during impact.
Hence, at any time the mass below this surface has already been brought
to rest such that the mass being decelerated is a variable with time.

d. The crushable material is assumed to be rigid and perfectly plastic,
deforming at constant stress up to the total usable strain.

e. The conical and lenticular options which utilize a spherical segment
of crushup assume preferred orientation upon impact, such that the re-~
sultant deceleration vector passes through the center of gravity of the
landed package.

£, The tmpact surface 1s considered to be flat, smooth and infinitely
rigid.

g. Landed package geometries are shown in Figure 4.
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4 Lander Packaging Design

a., The thickness of the heat shield and structure is accounted for in
the lander packaging by adding the thickness to the outer dimension of
the landed package.

b. The internal payload i1s packaged with umform density.
c. A symmetrical cylindrical ring, placed at the maximum radius of
the landed package, is utilized for parachute packaging as shown in

Figure 5.

d. The landed package is located as far forward in the vehicle as
possible as shown in Figure 5.

C. LIMITATIONS
Lamitations of Program 1882 are listed below:

1. The heat shield and structure must be of umiform unit weight and/or
thickness for each section.

2. Parachute designs (drogue and/or main) do not account for reefing;
however, the chute drag coefficients can be arranged so as to simulate

reefing,

3. The parachute design does not include fabric heating effects which
often result in Mach number deployment limitations for various fabrics.

4, The parachute design does not include stability considerations and/or
losses 1n performance due to angle of attack or Reynolds number effects.

5. The retrorocket system design is based on a single-impulse system.
6. The impact crush-up design assumes homogeneous materials.

7. Only spherical segments of crushup can be utilized for the impact
geometry.

8. The impact attenuation analysis assumes that crushing takes place

only in the plane of the impact surface, that the payload 1s rigidly attached
and that crushing cannot take place at an inner crushup surface and proceed
outward.

-9-
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A, INPUT DEFINITIONS

II. PROGRAM USAGE

Name

Preset
Value

Symbol

Parameter

Units

ALPHA

AO

Al

A2

A3

BETA

CDD

CDMC

Cbv

DELTA

DELMIT

ay

a2

DD

DMC

DV

Empirically determined con-
stant relating crushing stress
and density,

Empirically determined con-
stant describing anisotropy of
crushable material

Empirically determined con-
stant describing anisotropy of
crushable material,

Empirically determined con-
stant describing anisotropy of
crushable material,

Empirically determined con-
stant describing anisotropy of
crushable material.

Tangent angle at beginning of
tension shell.

Table of drogue chute drag co-
efficients, Mach number de-
pendent.

Table of main chute drag coef-
ficients, Mach number depen-
dent.

Table of entry vehicle drag coef-
ficients, Mach number depen-
dent,

Integration At.

Small‘e st allowable At,

degrees

seconds

seconds




Preset

Name Value Symbol Parameter Units

DESSYS Input sentinel to designate type --
of descent system.,

DDMIN Minimum drogue chute diam- feet
eter.

DLVFAC AV Velocity increment in rocket ft/sec
design.

DMCMAX 100, Maximum main chute diameter.| feet

DMCMIN Minimum main chute diameter.| feet

DNBND 1.E-3, 1.E-6, Lower bounds on trajectory -

1.E-2 integration (velocity, angle,
altitude).

DRVEL 50. Velocity interval for printout
of drogue chute trajectory. -

EF E Modulus of elasticity. psi

EPSILN € Total usable strain. -

EPS1 1.E-3 Convergence factor for y/RZ. --

EPS3 1.E-3 Convergence factor for RCO' -

FACTGR 0.2 Factor by which to change At, -

FALR L1 Temperature gradient in tro- --
posphere expressed as a frac-
tion of the adiabatic lapse rate,

FREQ 0.5 Interval for exiting from inte=- .
gration routine.

FREQ2 2. '/Time interval for exiting from -
ADAMS4 during main chute
trajectory.

FREQ3 2. Time interval for exiting from -
ADAMS4 during drogue-retro-
rocket trajectory,

-12-
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Preset

Name Value Symbol Parameter Units

GAMD b Flight path angle at drogue degrees
chute deployment.

GAMMC YMC Flight path angle at main chute | degrees
deployment.

GIMP Ym Maximum allowable impact Earth g

3 acceleration.

GSL 831, Gravitational acceleration at ftt/ser:2
planet surface.

IMPSYS Input sentinel to designate type --
of impact system,

ISP ISP Required specific impulse of 1b-sec/1b,
retrorocket,

IYR2 0.4 Initial guess for Y/R2 -

JET Input sentinel to indicate when -
jettisoning of heat shield and
structure occurs.

LC 0. Lc Cylinder body section length, feet

LCPRCG 0. LCO/RCO Ratio of cone length to cylinder | --
radius (internal geometry),

LCYRCGQ 0. LCYL/RCO Ratio of cylinder length to cyl- | --
inder radius (internal geometry).

LRDR LR/DR Ratio of retrorocket length to -
diameter,

MACD MD Drogue chute deployment Mach -
number,

MACH Table of Mach numbers, -

MACMC MMC Main chute deployment Mach -
number,

MCVEL 50. Velocity interval for printout ft/sec
of main chute trajectory.

~13-
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Preset

Name Value Symbol Parameter Units

MR M.R, Mass~fuel ratio of retrorocket, | --

NRINGS 0. Number of rings, -~

PSI U] Empirically determined con- -
stant relating crushing stress
and density.

RA 0. RA Radius of rear spherical cap. feet

RB 0. B Flare radius. feet

RC 0. c Reference vehicle radius, feet

RCHUTE P CHUTE Packaging density of the para- 1b/f1;3
chute system.

RHOCM o Maximum allowable crushup slug/ft3

MAX density.
RHEHCMI Pe Minimum allowable crushup slug/ft3
MIN density.

RHQF Pg Density of internal structural 1b/£6
face sheet.

RHQ@I o; Packaging density of the inter- slug/ft3
nal payload.

RHGRHC Pr Density of retrorocket, 1b/ft3

RHPSL Pst Density of the atmosphere at slug/ft3
planet surface,

RN 0. RN Nose cap radius, feet

RR a. r Ordinates for general shape, feet

RSB 0. RSB Toroidal radius from flare to feet
afterbody sections.

RSC a. RSC Toroidal radius following cone feet

section.

i
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Preset

Name Value Symbol Parameter Units
RSN 0. RSN Toroidal radius following nose feet
cap section.
RT 0. R Base radius of truncated after- {feet
T body.
SECTN 0. Ordered array of vehicle sections, -~
Each element is a number be-
tween 1 and 13,
SIGCYF o, Yield stress of the internal psi
v structural face sheet,
STRFAC 1. Structural weight factor, -
TFMIN t, . Minimum allowable face sheet inches
fmin .
thickness.,
THA 0. OA Aftcone section body angle degrees
(negative).
THB 0. GB Flare section body angle, degrees
THC 0. 9C Cone section body angle, degrees
THCO 0. QCO Cone angle of the internal degrees
payload,
THM GM Angle subtended by the crush- degrees
able material segment.
THN 0. GN Tangent angle at end of nose degrees
radius.
THS t Thickness of heat shield and feet
H/S L
structure combined.
TH2G 0. eZG Tangent angle at beginning of degrees
general shape,
TH3G 0. 63G Tangent angle at end of general |degrees
shape.
™N n Empirically determined exponent|--

describing anisotropy of
crushable material.

=15~
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Preset

Name Value Symbol Parameter Units

TSL TSL Atmospheric temperature at °r
planet surface,

TST T Atmospheric temperature in °k

ST

the stratosphere,

TZERG 0. T, Initial time for trajectory. seconds

UPBND 0.01, 1.E-5 Upper bounds for trajectory -

0.1 integration (velocity, angle,

altitude).

VELW VW Horizontal velocity component ft/sec
used in impact attenuation
analysis,

VIMP VIMP Design impact velocity for ft/sec
retrorocket system. (Vertical
and horizontal components
included).

\'a'% Vv Design vertical descent velo- ft/sec
city for chute system,

WE We Total capsule entry weight. pounds

WHSD Array of corresponding heat -
shield weights.

WRING Array of weights of rings. --

WSTR Array of corresponding structure] --
weights,

XA XA Mole fraction of Argon in the -
atmosphere,

XC XC Mole fraction of CO2 in the -
atmosphere,

XCGMIN XC Minimum overall CG require- feet

G.
MIN | ment,

XD XD Dynamic opening shock load -

factor on drogue chute,

-16~
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Preset

Name Value Symbol Parameter Units
XMC X Dynamic opening shock load -
MC :

factor on main chute,

XN }%\T Mole fraction of N2 in the at- -
mosphere,

X0 Xo Mole fraction of O2 in the at- --
mosphere,

XRING : Array of x-coordinates -

specifying location of rings.

XX X Abcissas for general shape, feet
zD ZD Drogue chute deployment feet
altitude,
ZMGC Z Main chute deployment feet
MC .
altitude,

B, INPUT PROCEDURES

1. Heat Shield and Structural Shell

a. The body sections are specified in the array SECTN in the order m
which they appear on the vehicle. The specification for each section is
an mteger between 1. and 13,, the correspondence being as follows:

NUMBER SECTION INPUT REQUIRED
1, NOSE SPHERE RN, THN
2. TORUS RSN
3. CONE THC
4, TENSION SHELL BETA
5. GENERAL SHAPE TH2G, TH3G, X, R
6, TORUS RSC, RC
7. CYLINDER LC
8. FLARE THB
9. TORUS RSB
-17-

170<



NUMBER SECTION INPUT REQUIRED

10. TORUS RSB
11. AFTCONE THA
12. AFTSPHERE RA
13. BASE RT

The nose sphere must always be the first section, 1.e. SECTN (1) = 1.
A vehicle consisting of a nose sphere, cone, aftcone, and base would
be specified as SECTN = 1., 3., 11,, 13. The individual sections
are depicted in Figures 1 and 2.

b. Body Section 6 can be omitted or included only together with
Sections 3, 4, and 5.

c. Body Section 9 can be omitted or mcluded only together with
Section 8.

d. The body radius R, must always be specified

e. The body angle input GA(THA) describing the aftcone section must
be input with a minus sign to be consistent with the coordinate system.

f.  For the tension shell §(BETA) and R, .(RSC) must be specified

g. For the general shape the mmitial and final body angles 6, (TH2G),
and the approximate x and r coordinates of that section must be speci-
fied A maximum of 25 and a mimimum of 3 points can be specified.

h, If the Section 2 1s deleted, then the init1al angles B (BETA), ¢

(THC), and 62 (TH2G) must be equal to the nose cap section body
c

angle 0N (THN).

1. For any of the body sections specified, all of the corresponding
utilized body parameters must also be specified, i.e. as an example,
1f the aftcone section 1s specified, then 9A (THA), R, (RA), and R,
(RSB) must also be specified. The body parameter B (RB) need not
be specified unless a flare section 1s used.

j. For each body section specified, there must be a corresponding
umt heat shield and structure weight. These are specified in the
arrays WHSD and WSTR 1in the same order as the section appears in
SECTN.

_18-
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k A total vehicle entry weight We (WE) must always be input

1. A set of computer input forms are provided for the user. All the
data shown on the form 1s keypunched when the variable 1s supplied

Descent System

a. Each of the three options are individually specified by utilizing
the sentinel DESSYS:

1) Two-chute drogue-main option DESSYS = 1.
2} Single-chute main option DESSYS = 2.
3) Drogue-retrorocket option DESSYS = 3.

b. When to jettison the heat shield and structure in the two chute
drogue-main system and single chute system is specified by the
sentinel JET:

n
—

1) Jettisoning at main chute deployment JET

2) Jettisoning just prior to impact JET

2.
c. Drag coefficients of the vehicle (CDV), drogue chute (CDD), and
the main chute (CDMC) are mmput as a function of Mach number, As
an example*

MACH = 0.0, 3,0, 5.0

Cbhv =1.0, 1.5 1.6

CDDb =0.7, 0.8, 0.9

CDMC

i
e
&

0.6, 0.6 ,

d. The parameters used for calculating the atmosphere and/or tra-
jectory are input for all options, These parameters list nine and are
GSL, TSL, TST, RH@SL, FALR, XN, X@, XC, and XA,

e. The main chute trajectory for DESSYS Options 1, and 2, is cal-
culated based on a required vertical input descent velocity (VV), The
horizontal wind velocity component, however, is not accounted for,

-19-
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f. The retrorocket system is designed on a specified input velocity
(VIMP). Horizontal wind velocity can be accounted for by the input

(VELW), The mnput (VV} is not an input for this option.

g. The minimum size drogue chute input DDMIN must be specified
for the drogue-main option and the drogue-retro option. There 1s no
requirement as to how small or how big this input should be. Note
however, if a smaller drogue is actually required (in the drogue-main
option), the minimum input value is utilized.

h., The minimum drogue diameter input DDMIN is the actual size of
the drogue chute for the drogue-retrorocket option., There is no itera-
tion involved in this option.

i. The minmmmum size main chute mput DMCMIN must be specified
for the drogue-main option and the single main chute option. There 1s
no requirement as to how small this input should be. Note however,

if a smaller main chute is actually required (for either option), the
minimum input value is utilized.

j.  The maximum size main chute input DMCMAX must be specified

for the drogue-main option and the single main option. If the first pass
design requires a chute which exceeds DMCMAX, then a cluster of
chutes will automatically be employed. Note, DMCMAX must be greater
than DMCMIN,

k. Additional specific inputs to be specified for the retrorocket are
as follows* ISP, MR, RHQRGC, VIMP, VELW, LRDR, and DLVFAC,

1. Parachute data suitable for input are given in References 2 and 3.

Impact Attenuation System

a. Each of the two options are individually specified by utilizing the
sentinel IMPSYS:

1} Lenticular option IMPSYS = 1.
2) Cone-cylinder option IMPSYS = 2,

b. A sphere can be utilized as the lander in the lenticular option by
specifying 8y4 (THM) as 90 degrees,

c. The cone portion of the internal payload can be deleted in the cone-
cylinder option by specifying Lgo/Reg (LCPRCQ) as zero.

-20-
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d. The cylinder portion of the internal payload can be deleted in the
cone~cylinder option by specifying Lcyl/Rco (LCYRCQ®) as zero,

e, If it is desired to neglect the anistropy of the crushable material,
merely set ag (AD), ap (A2), and a3 (A3) equal to zero.

£, The specified input value of 8, (THM) cannot exceed 90 degrees.

g. The specified input value of L, ,/Rco (LCPRCQ) must be equal to
or less than cot 644

h. The inputs for the crushing stress PSI and ALPHA, relate the
stress to the density as
1/PSI
Sp = L(ALPHA) p )Y
where(Sm) 15 the maximum crushing stress,(pc) 15 the density in slug-
ft’, and ALPHA and PSI are empirical constants, A summary of

crushup datal is given in Figure 6, from which the following correlations
for ALPHA and PSI occur:

MATERIAL ALPHA PSIT
Al Honeycomb 2090 0. 554
Plastic Foams 3980 0. 662
Balsa Wood Le5x 1010 1,81

4. Lander Packaging Design

a, Additional required inputs for the lander packaging design are as
follows: THS, XCGMIN, RCHUTE, EF, RHQF, TFMIN, and SIGCYF,

C. OUTPUT DEFINITIONS e

External Internal Symbol Parameter Units

Name Name >

AD AD Ap Area of drogue chute, ftz

ALT Z z Altitude. feet
' ~21-



-22~

CRUSHING STRESS, psi

2000

-
”’
1500 ;/ z
2~ BALSA WOOD /'r

EXPANDED

ALUMINUM
- [~ HoNEYcOMB

s e
P

1000
/7
7

500 L
/

/%

-
o

PLASTIC FOAMS

0 2 4 6 8 10
DENSITY, Ib/t3

65-11693

Figure 6 CRUSHING STRENGTH OF IMPACT MATERIALS



External Internal Symbol Parameter Units
Name Name
2
AMC AMC Ayc Main chute area. ft
2
AREA AREA A Area, ft
DELXF Axg Distance between vehicle feet
nose and payload nose.
DD DI Dp Diameter of drogue chute- feet
DMC DMC Dyc Diameter of main chute. feet
DR DR DR Diameter of retrorocket. feet
GAMMA GAM y Flight path angle. degrees
GPEAK PGCALC Maximum value from g
PGCAL array.
GPEAKS PGCAL Array of impact g
acceleration values.
X ROLL L Moment of inertia about slug -£t2
the x-axis.
IXTOTCG Roll moment of inertia slug-—ﬁ:2
of the entire vehicle
about the c.g.
Iy PITCH 1 Moment of inertia slug--ﬁ:2
¥y
about the y-axis.
IYTOTCG Pitch moment of mmertia slug-ft2
of the entire vehicle
about the c.g.
i¥el)] Lo Length 1n the internal feet
payload cone,
LCYL L Length 1n the internal feet
eyl
payload cylinder,
LR XLR LR Length of retrorocket. feet

23 -
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External Internal Symbol Parameter Units
Name Name
MACH. XMAC M Mach number. -
MC m, Mass of the crushable slugs
material,
MI m, Mass of the internal slugs
- payload.
PD PD PD Opening shock load pounds
on drogue chute,
PMC PMC\ Pyc Opening shock load pounds
on main chute,
R R r Ordinates of all points feet
computed along the
body surface,
R R Small radius of the feet
internal payload cone,
R1 R, Inner radius of the feet
crushup segment,
R2 R, OQOuter radius of the feet
crushup segment,
RCO Internal payload feet
cylinder radius,
RHDC P Density of the crushable slug/ft3
material utilized.
S Su Maximum crushing stress. 1b/£t2
SECTION Section specification number.| --
T T LN Total time of descent seconds
system trajectory,
T te Thickness of crushup feet
material.
24~
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External Internal Symbol Parameter Units

Name Name

TD T ty Total time on the scconds
drogue chute.

TF TF Main chute filling fime. seconds

TIME T Time, seconds

T (INS) Thickness of the internal inches
structure face sheet,

VEL v v Velocity. ft/sec

VFINAL VFINAL A Final resultant descent ft/sec
velocity for the drogue
retro system.

W(LBS) Itemized section weights pounds
of the internal structure,

W INTERNAL Total weight of the pounds

STRUCTURE internal structure.

WD WD LS Drogue chute system pounds
weight.

wE WF Ve Final weight for sizing pounds
retro system.

WHS WHS Unit weight heat shield pounds
factor times area.

WI Wi Vi Imitial weight for sizing pounds
retro system,

WL WL v Landed weight. pounds

WMC WMC YuMe Main chute system pounds
weight,

WST WST Unit weight structure pounds

(includes weight factor)

25
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External Internal Symbol Parameter Unats
Name Name

WR WR Yar Entry weight less heat pounds
shield and structure weight.

WR@C WRG@GC Wr Retrorocket system pounds
weight,

WHSTOT WHSTOT Total heat shield weight. pounds

WSTTQT WSTTQT Total structural shell pounds
weight,

WSTRAPS WSTRAP | Werpaps 0. 05(WD + WMa . pounds

X X X Abscissas of all points feet
computed along the body
surface.

XCGH/S XCGH/S C.g. position of the heat feet
shield and structural shell,

XCG XCG NN Centroid of each section feet
from the nose of the vehicle,

XCGO Xce Total vehicle center of feet

° gravity measured from

vehicle nose,

YDD/G PGCALC y'lmp Peak 1mpact acceleration, g

Y/R2 VALUES YR2 y/R, Nondimensional parameter.

1

D, SAMPLE PROBLEM

1. Statement of Problem

Determine the residual weight for the blunt cone configuration used in the
sample problems of Programs 1880, 1881, 1884, and 1886.

The descent system is to utilize a single main chute system. The chute
is to be deployed at Mach 1.2 at an altitude of 21451. feet and a flight
path angle of ~35.19 degrees. The heat shield and structure is to be
jettisoned at its deployment. Vertical impact velocity is to be 60 ft/sec.




The lander geometry 1s to be a spherical shape utilizing balsa wood as the
crushable material. The horizontal wind velocity 1s 30 ft/sec and the maxi-
mum i1mpact acceleration 1s not to exceed 1000_g. The balsa density cannot
exceed 0.4 slug/ft3 or be less than 0,1 slug/ft~.

The 1internal payload 1s to have a packaging density of 1.5 slug/ft3, and. the
parachute system packaging density 1s 35 1b/£t3. Internal structure 1s to be
constructed of aluminum face sheet with a minimum thickness of 0. 010 inch.
Final design 1s to have a maximum center of gravity position of 3. 75 feet.

2. Input Form

The input data required is shown on the following pages, Decimals

are used for all input and all the variable names are keypunched wherever
an input quantity is given. An additional unused input form 1s provided in
the following page for the program user,

3. Output

The output is shown on the following pages. The keypunched data are listed and
should be verified with the mmput form.

The vehicle coordinates (X,R) are provided for use in drawing the con-
figuration. Detailed section data are given regarding the surface area,
heat shield weight, structure weight, moments of inertia, and center of
gravity., The coordinates refer to the exterior of the structural shell

and are used to evaluate all the weights by considering that the thicknesses
of the structure and heat shield are small with respect to the size of the
vehicle.

The heat shield and structural weights for the individual sections are totaled
and the remaining weight (WR) is given. The overall center of gravity of
the heat shield and structure is also given,

The trajectories during descent on the drogue and main chutes are given,
including velocity, Mach number, flight path angle, altitude, and density.
The parachute designs are given in terms of their area, diameter, and
weight. Other pertinent information is given, including the parachute
filling time, opening shock load, and the dynamic pressure at chute deploy-
ment, The number of clustered chutes required for the main system is
also given, as well as the estimated parachute harness weight and the
landed weight (WL).

The impact attenuator design results indicate the density of the attenuator
material, the peak deceleration, the crush up stroke and history of de-
celeration versus stroke. The size of the impact attenuator, the mass of
crush-up, and the residual mass are determined. Details of the internal
structure are also provided.

The overall vehicle center of gravity and moments of inertia are finally
determined and given as output.

27-
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RAD 2 0963
363

DIGITAL COMPUTER INPUT [PRO8NEM No 1882 PROGRAMMER
REQUEST FORM |'ree  Packaging and Moments of Inertia
MEMO NO SECTION NO | WORK ORDER NO {E240 USE ONLY) fREQUESTED BY |EXT EST TIME
PAGE] OF 3 PAGES
©
$INPUT
ALPHA = 5 ISP = , STRFAC = s
A0 = s IYR2 = , TFMIN = s
Al = 5 JET = , THA = s
A2 = s LC = , THB = .
A3 = s LCORCO = , THG = s
BETA = , LCYRCO = , THC® = s
DELTA = , LRDR = , THM = ,
DELMIT = s MACD = , THN = )
DLVFAC = , MACMC = , THS = ,
DESSYS = . MCVEL = , THG = s
-DDMIN = ; MR = , TH3G = s
DMCMIN = s PSI = , TN = ,
DMCMAX = s RA = , TSL = s
DRVEL = s RB = , TS8T = s
EF = , RC = , TZERG = 5
EPSILN = s RCHUTE = , VELW = s
EPS1 = s RHGCM = , VIMP = s
EPS3 = s RHGCMI = ., VvV = s
FACTGR = R RHGF = , WE = s
FALR = s RHGI = , XA = ,
FREQ = s RHGROC = , XC = s
FREQ2 = , RHGSL = , XCGMIN = s
FREQ3 = s RN = , XD = s
GAMD = s RSB = .,  XMC = .
GAMMC = ) RSC = , XN = s
GIMP = s RSN = ., X = ,
GSL = s RT = *, zZD = s
IMPSYS = . SIGCYF = » ., ZMC = ,
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DIGITAL COMPUTER INPUT
REQUEST FORM

FROBLEW NGO |MEMO RO SECTION NO
1882

CONTINUATION SHEET
PAGE 2 OF 3 PAGES

NRINGS = s

DNBND = : , ;

UPBND = , , s

SECTN = , , 5 s . . . s >

WHSD = , ; s , > , » s 5

WRING = 5 , s > s s s > ,
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263

DIGITAL COMPUTER INPUT [PRO®LEM NO 1882 PROGRAMMER
s Torerm  vom shame—Eackaging and Moments of Inestia___

K420 (W305-050-0005 P. Levine [2996 PAGE | OF 3PAGES
$INPUT
ALPHA = _1.65E10, 5P = , STRFAC = 1.5 ,
A0 = 1.0 s 1YR2 = 0.4 , TFMIN = 0,0i0
Al = . JET = 1.0 , THA = -80. .
A2 = s LC = 0. , THB = ,
A3 = , LCORCO = , THC = 60.0 s
BETA = 0, R LCYRCO = , THCAO = ,
DELTA = .01 R LRDR = , THM = 90,0 .
DELMIT = 1.E-5 |, MACD = , THN = _60.0 ,
DLVFAC = s MACMC = 1.2 , THS = _0.2 s
DESSYS = 2.0 R MCVEL = 50. . THG = _o0. ,
DDMIN = , MR = , TH3G = 0. .
oMeMiN = 1000 s PSI = 1.81 , TN = _2.1 ,
DMCMAX = 80.0 , RaA =0, , TSL = _200.0
DRVEL = 50.0 s RB = 0, , TST = _100.0 .,
EF = 1.0E7 , RC’ = 7.5 , TZERG = s
EPSILN = _0.75 , RCHUTE = 35.0 , VELW = 30.0 )
EPS1 = 001 , RHPCM = 0.40 s VIMP = s
EPS3 = _.001 s RHGCMI = 0.1 - , VvV =+ 60.0 .
FACTOR = .2 R RHGF = 172. , WE = 1850.
FALR = 1.11367 , RHGI = 1.5 , XA = 0. s
FREQ = .5 s RHGROGC = , XC L= .999 ,
FREQ2 = 2. , RHGSL = 2.56E-5 , XCGMIN ~= 3.75 ,
FREQ3 = 2. ) RN = 1.25 , XD = .
GAMD = , RSB = 0,15 ,  XMC = 1.8 .
GAMMC = -35.19 , RSC = 0.15 , XN = .00l .
GIMP = 1000.0 |, RSN = 0. , X¢ =._0. ’
GSL = 12.3 , RT - = 3.75 , 2D "= ,
IMPSYS = 1.0 s SIGCYF = 6.0E4 , ZMC = _ 21451, ,

2
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CONTINUATION SHEET

DIGITAL COMPUTER INPUT mm.m-—rm rm%
REQUEST FORM 1882 PAGE 2 OF 3 PAGES

NRINGS = ___,

DNBND = ___ ,_ .,

UPBND = R R ,

SECTN = _1.0, 3.0, 6.0, 10,0, 11.0. 13,0 , s s

WHSD = 1.0 , .94 , .94 , .94 ; , s , X , ,

WRING = s s s R . , , , , ,

WSTR = .507,.526  .526 ,.526 ,.405,.414 R , o,

XRING = s s ., R . s , , s

RR = H s ; ’ , : > »
E) F B E ] £l E)

XX = , ; ’ , ’ f ’ P
2 4 ! 2 2 -

GDD = R s ) s , s R R
1‘ 1 3 3’ 2 E £ 3 E)

comMG  =0.8 , 0.8, 1.0, 1.0, 1.0, , s s
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> s , » 5 ) s ’ 5
; : ; 7} > ; 2 s s
s s ) s : s » s »
} » s s > s s ) 3
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2 s 2 s ) s » s 2
s s s 2 ) s s s s
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SIBLPR 5201k
$IBLD® SARIK
SIBLOR SARTLY
SIALD® SRP34%
$IBLOR SGENSH
SIALOR STENSH
$TALOR <FINDR
S$IBLDR SNFeg2>
SI{BLDR SACAMS

. _STRLDR_SPFAK
“¢IRLDRTSR2B3
SIBLNR SALAIN
#[BLOR SR7A34
S$IBLDR SaT40s

$DATA
I mur _
* MFMNRY MAP ¥
© SYSTEM
FILE BL 1 02729
TFILFS T UuNITOS - i
. L 7. unTTOS

FILE LIST RIGIN 02750
PRF-EXFCUTION INITIALEZATION 02754

CALU ON DBJECT PROGPAY
_BBJFCT_PROGRAM

nECK unml_u__

03004 211 177434}
- 12262 © 707 177434}
. S38LK 16766 BLOCK3 25624
- SARTLU™ 26483" ARTLY 27704
SRP346 P73 355 RPI46T 27757
< SGFNSH 30027777 GENSHP 30437
30545 TENSHL 31367
31533 Jlnosy 32505
32704 7477434}
a¥gs 7T ‘Anm’s 36450
36610 PEAK 37055
37140 ° R203 T 37343
87402 BLIINT 40031
40141 T TUR2R34 4072%
15. SATMOS 41112 ATHOS 21374
TIATUEXCONTTATS0S TTUINSTR 41505 *
41574 =
— e 42156
42165
42201
42252
————r 473347 °
42401
TE. LS Tark06 T 7T 42406
42532 &
TIOT IFPTRP 42545 TUFFPT. 42545
20. .ERAS. 42755 E.1 42755
TZLLRCC, TR2TETTTTTTTUCSLT 42781 T
22, XIT 42765 FXIT 47765
“23TFXENT "7.7166 JEXFYL 42766
24, FOUT SFIUT. 43416
iy e —3760 <ECOM. 43760
SENC2 44025
- T T 08C20 44206
<DNRS1 44552
- e JANPT 44712
FLT 45224
had =T LT 45633
SLIST 46416
—_— WHIDTI 26523
JDOFLG 46561
T26. FIOR T 466057 7 -FINS. 46605
ZFILL. 46770

CONTROL SFCTIONS _

77
03004 THRY 60547

{/NAME/=NON O LENGTH,

BLOCK2

NERGZ

“TLXSTPT

SLXFRR
-LFBL

LXCSEL
SLXDIS
-FPOUT
E.2?
€c.2
EXIT.
-FXouT

SFCNV.

<FSEL.
<FCLS

12701744

12/01764 528L2000
12/01/64 $30LI000
12701764 SARTI000
12/01/64 SRP3I0I0
12/01764 SGENOODD
12/91764 STEND030
12701745 SEINI00O
12701764 SHFRI090
12701464 $ADAD0OD
12/01/64 SPEAJ0DD
12/01/64 $R280000 Sm—
12701764 $8L30000
12701766 5R283000
12701764 SAT2000
12701764

00000 THRU 07717

{LOC)=DELFTED, #=NDT RFFFRFNCED)

12266 %

16265 - T

33253 L —_—

41511 SLXOUT 41557 JLXRTN 41571 T TBEXTT T RISTIOR T

41574 LDBCLS 41756 & .LXARG 42125 Lo 42150 *

42157 ¢ LLUNR 42150 -DFOUT 42161 ~ i

42171 % .CLISE 42173 2117

42211 *  .READR 42221 2223% —

42755 *  JAREAL 42257 42301

%¥340° T .DERR 42354 RT3 75T

42407 SLXIST 4zalz ® LLXOVL 42452 % LLXRCT 42467

42535 & LLXFLG 42536 *  JLTCH 425

42674 .FPARG 42702 /.COUNT/ 427«4 +7 OVFLOWT 42750 +

42756 .3 47757 Eo4

42762 cC.3 42763 [ '42764‘_'_‘_'

427A3 *

43323 JFXARG 43331  /.OPTH./ 43405 b

45003 JENDFS 44016 JChysH 44020 L _FDX1  4a0ps -

44027 +DBCB 44152

452167 T LDOFIX 44225 °

44564 -p1 44557

45727 JLNTP 45003

45314 JEXD 45315

45657 XCF 45703

46827 SOUTBF 45473

46524 -GAINL 46525

45562 WPEX 46553

46745 WFILR. 46751 RT

45772 = +FOPN 45776 % REOF 47002 * -TOUT. 47143
-34-



1BLDR _ . lerouss

T TTTTIREED T 47153 = LBIN 47154 *  LECT 47155 SECKSZ  4TIST &
_ 27, FIOM 47241 SFIOH, +FFIL. 50020 LFRTN, 50095 &
o FRRO 502477 SFHRATT -
29. FHRU 50266
50317 TFREST 50615 *
50717
[IRT1) BHITE
N 50761 <BUFS7 50767
LLS LCTUIN 51440 SNMLST 514583 SNAME. 52866 SINTAP 52667
53212 ASINR 53272 * _ ASIN 53301 ASIND 53310 *
53317 ALUST ITTTE T ACOS 53406 ACOSD 53415 * — -
53424 ATANOR 53502 ATANG 53511 = ATANGD 53520 *
TR 83527 ARSTMP 535707 °
_ 39, FLOG__ 53621 ALOGI0 53621 ¢ ALOG 53623
40. FXPF 53162 T EXP 93162 T T T
41, FSCN 564102 cos 54102 SIN 54104
ZZ. F50R 54313 ORT 54303 T T T T T - -
43. EATN 54420 ATANZ 54420 ATAN 54422 %
TThGo FIP3 54626 | JXP3. 546267 "
45. .INCS 54753 -L10) _ 54753 JHONSH 54773 JTEOR 55062 .DEFI. 55122 JJOINX 55146 *
T T T .CLesT 55205 T LATTC. 55720 WSHL 55432 #  .SH 55474 % " .0PFN. 85515
+0P4 55543 % 55574 *  .0P9.2 55610 ¥ .ALSE. 55662 WRFR2. 55662
“READ: ~ 5568 55706 LHRIT." 85712 ““TINNTIA THEDIE ¥ TUENREX SSISTHT
FEFIT 56227 56250 JRWT 56356 *  LRET 57005 * L.ENDTR 57446
T SSELSYTST4507% 60061 JEOTOF 60206 JETOF3 60214 *™ 7 JSWITC ™ 60243  ~ ~ 77
CHEX__ 60544 -BASIO 60547 %
TTEECTOCSW Go05k0 - - T
aTs 11 17434 . . e
1/0 BUFFERS . 60550 T RU_ 77333
UNUSED CORF e T334 THRU T7433 _
SINPYT - .
SECTR = 0.10000000F_01, 0.30000000F 01, 0.60000000E 01, 0.10000000€ 02, 0.11000000F 02,
0.1 02 [ - o, 38y T 0 T TToL
RN = 0.7 L1 13 — T T - T - -
RSW = T T
REC = L) 005 i T T —
RSB = L) [ oo
RE = T T
TAN = ™ Ty -
LI 0 L2 T
THE = T 3
TAR = =0 0z - -
XK = () ) SOOE= R A 18y T TN =387 ¢ T
) 0. . o. . o . [ v
0 0 T, a¢ 02000 v T 0 T
o M 0. o M o 2. ° N
L] , o T o T T . o
(33 = L'} oL 0 T Y * I
0 ) v 0. ’ o 'y 0. +
) FEy T T T o T f T
0. 0 . 0 v a. . 0
5 SOF=38,— £ 38, 0% S o . “0 -
TC = T bt ~ —_— T e - T
RE = a *
T = L2 oLy T - T ot
Y = UTBTSTIOOGF 0T = e Tt B
BETA = O
“THZG = () 'y — T e T - - S
TH3G = T T T T T orm T/ T o - = e
WAS—= TT oY 10 TU3 0s 5
0.00000000E-38, -0 9 =0.00000 00F-19,
WSTR = 0.59700000§ 00, 0.52600000E 00s 0.526000005 00, 0. 00,
0.4 L40UT00F 0y =0 Lo L] 9
TRFAL = 0T 0Ly - T/ T e -
WE * = oY 0%y — T T - ottt T T - - -
JET = TS TU00UUL0E OTy I T - -
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MACB

—0.0G000000E=19,

20

~0.00000000E-19,

GAND

o

~0.04046048E-26

~0,0404684TE-26 4

0.205997L0E=-245

-0,0000 v

0.207

T 45553344E 00y
0.49938931€ | 00'

o.uouzeszqs-sa.

0047111 leE—BT.

0. 169406595-20.
02000, =

0.33135625E-23,
v =38,
0.00000036E-265

UI00080 7T TESZTy
0.70535401E-37,

0. 1016446 0E=1 9:
U 000005655-35'

V2T
0.000126145-25,
0.161511355—25.

0.041441165-23.
SI9ZTE=2hy

. =29y
0.00028638E-38,

. g
0.00007877E~26,+
0. £3 =19,

0. 1035
0,00080780E=24,

021035994 1E-24,
= =35,

0.000 286225—38,
0113578997E-13,

n. 1357900&5 10,

0.33167983E-23,
o

£ v
L ToT UL,
THE 7-ZT45T000E U5
THAC [ B0 T vy oo (89
0418844998E~36, 9. 161511355-25. o 00950781E—24. 0.1262197 7E-27, 0.414;93105-24.
T 000000 =0+ g
~0.115135798_24s 0 00000000E-374 0. 268663815 14, ~0,00119114E-19, “06095238E 02,
=0 0%y U-2ZT07IT0TE=35, =UeT T D =25y “BYZITITIE UG
o M o ) . o
=0 TSy SO0 TTATRE 10, ~U.ODI2I%62E=38y ~  ~U+DI4B35TUE-TTy
0. 9y 0. 9 0. 0. s a
(2 (g g T T O
o o o N o . o
XHC 0.1 o1,
cov 0.10000000€ 01, 0.10000000F 01, ﬂ.lZOOUDOOE 01. 0.15000000E 01, 0.15000000E 01.
=0 g == D00 7I03E=3 T+ T 0Bz TYB75E= gy
—0,47025514E-37 0,00007853E-26+ o 10359899E—24. .000051315-24. -0.00008054E-23
G g g =197 g =38y
0.00015777E-26+ ~0.00001985F-31, 0208312195623, 0:331194756-23, 0.33135631€-23.
5 LY T+ 206815526237 U3 335BT3TBE=20> TTII559T45E=TTy
0.13571696E~19, -0.00061630E-29y 0.04176292E-234 —0.00007860E—26+ 0,00080777E-23,
=0, 000 I577T7E=267 =0 g = TE=207 T 9%
0.00007878E-26, 0.315545T8E-29, 0.0001831 3E-36, 8. 04143971E-23, 0.00317302E 00,
TLFIIBEITSE U0y TIUUUTE3T3E=357 U033 IILE-TTy o STESATT =U-UUDIB3T0E=35:
TS UTTZS Lo —
Ag T vz
TESSYS v oLy
X TT
Xt
o o oy
XK v
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0.20000000E 0%,

ST = 0.10000000E 03, o _ I

RHOSL_ = 0.256000008~04,

FALR = 9.11136700E 0L,

1sp = ~0.00000000E-19,

MR = =0 19,

RHOROC = —0.00000000E-19y

VINP = —0,00000000E=19,

LROR = ~0,00000000E-12, N - ~

DLVFAC = -0 9

TIERD = [ . . .

DELTA = 0.10000000E-01, [ _

UPBND = 0.1000000GF=01, 0.1 0.1 00, ~

ONBND = 0.1 . 0.1 0.1 .

FRED = 0.50000000E 00, -

FACTOR = 0.20000000F 00, B

DELMIT = 0.1

AMCHAX = 0.80000000F 02+

HACH = 0. . 0. 90, 0.10000000E 01, [ o1, o o1,
L 03I3TBTITHE=Z3y U.33T g T 33TIIHIRE=23y o TOE=Z&y
0.10359951E~24y 0.00000281E-245 0.16168513E-25, -0.00091620E 19, ~0.00063110E-26,
DIDOUZRS3 TE=38, - = E=387 0FTEy g
0.00N07877TE-261 0.10380148E-24+ 0.18844856E-36, ~0.00000023F~38, 0.00063110E-26+
0.00NZB54TE=385 UL TO3397BIE=2%, T. 00007 [« v U T358A93TE=TYy
0.13572358E-19, 0.339474936-20, ~0.00030652E-29, 0.039751206-2%, 0.04136187F-23,
0.TIB5BAETF=T%,y =0. 0000000 TE=2Ty . v T.Z564567 TE=T%y T33T
=-0.000073286-35, 0.0441763TE=27, 0.00032080E-26, 0.0002861 9638 0.00031514F-26,
o7 TIESTEY o1 g T UMV IS TTTE=ZEy TIOFIRIITIF2S, =035 6]

GAMHC = =0, 35TI0T0U0E 02y

BORTN ™= =v 55

DRVEL = L 07y -

MCVEL = T o7y - -

FRED: = e Oy =

FREU3™ = il ULy

DHCHTR = 0T 0Zy ~ - e

1939«



o1,

_RHOT = 0.1
RHOCH = 2.40000000F 00+ .
_RHOCH] = 0.1 00, )
ALPHA = 0.16500000E 11,
PSI = 0.18100000E 01,
EPSILN = 8.750000005_00,
THE = 0. 02,
VELN = 0.30000000€ 02,
GiMp = 0.1 04,
THPSYS = 0.10000000F 01,
_LCORCH = o 38,
LCYREA = 0.
THCO = o
AS = 0.1 01,
Al = =0 £l
LY4 = =0 9
a3 = -0 9y
_Eps1__ = 0.1 :
EPS3 = 0.1
™ = 0.21000000E 01,
1YRZ = 0.4 00,
EF = 0.10000000€ 08,
RHOF = __ 0.17700000E 03,
TFHIN = 0.1 .
SIGCYF = [ 05y 5 -
THS = o 00+
XCGHIN = 0.37500000€ 01,
RCHUTE = 0.350000006 02,
NRINGS = [ 3
XRING = -0. 9 ~0. 193 9 -o0.
= G =0 Iy = v T = Ty
WRING = - 9 —0.00000000E~19, -0, 2, o Y —o. .
; - 9 =0 0O000000E-1 9, =0 Ty =0. Ty =0 0
T END
~-38-
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X_CODRDINATES

R_COORDINATES

0.0000E-39 0. 0000E=39
T 0892E=07 T.6316E=0T
4.2593E-02 3.2352E-01
LD = %< TB35E-0T
X1 = 1.6747€-01 R1 642500E-01
3= %.0934F 00 R3 T.%250E 00
4.1173E 00 7.4561E 00
- d T
4.1845E_00 7.4949E 00
X% %.2Z34E 00 R4 T 7.5000E 00
4.2747E_00 7.4910E_00
4. 3T5BE 00 T 4BA%E 00
4.3533F 00 7.4250E_00
%.3711E 00 RE = 0

5,0104E 00 R9

- [
3.7500E_00

1.8750E 00

5.0104E_00
5.0Y03E 00 < 3750E=0T
X10 = 5.0104F 00 R10 = 0.0000E-39
SECTION APEA WHS HST LIX 4 XC6
k] TLBST (TAST TSCOG=FTZY TETT
T TITIN3E 00 T-3T53E 00 T-0003E 00 15 = 7-ETU5E=03 BL3734E0Z
3 1.985TE 92 1.8666E 02 1.5668E 02 2.9628E 02 2.4116E 02 2.6832€ 00
3 TFIEE 00 &9340E 00 5-3201E 00 252147E70T YT7I05F 0T ZTISTEE OO
n 9.8114E 09 9.2227E 00 7.74126 00 2.93168 0L 2.4463E 01 4.3119€ 00
i} T-78708 0 0 72 8184E70T &73201E “0T GIEISHE O -
13 4.4179F 0L 0.0000E~39 2.7435E 01 _5.9963E 00 2.4408E 0L 5.0104E 00
TOTAL HEAT SHIELD — STRUCTURE RESULTS
WHSYOT = 2,0413F 07 WR_= 1,3690E_03
CHSTTRT E™""" * ZI76BBE 02 TXCBA7S ™S 3TZ205E -
TIFF = VET HACH GARNA ACT RAT
UNDRFLOW AT 27146 IN MO
UNDRFIOW AT 27150 TN HD
[}
UNDRFLOW AT 27151 IN 9
P { —_—
UNDRFLOW AT 27154 IN MO
UNDRFLOW AT 27156 IN M0
CTUSTER OF 5+ CHUTFS REUUTREU.
ITATSETOT TS8%40E 0, ZITACESOY =3.9029E 01 TT95%9BE 04 T
5.7475F 00 1.1333€ 02 1,682€-01 % B45TE DY 1.94596E 04 1.6105E-05
FZITSE G BTI2ABE 0T W T56E=T =9T0I00E 01 5T5TETEE Uy TITZEET
2.9596F 02 6.0096E_0L 8.158€-02 -9.3000E 01 0. 00000E=39 2.5660E-05
L FSEFTSTAE OV TMC &.7ZZ865TE UL WAL = G PRC=TT V5™ WL = 1.2Z8TTUBE O3 T 2. 959BTHBE U
1.7475145E 00 QMC = 4.8928737E 00 WSTRAPS = 6.8019444F 00
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RHOC= 4. 0000E-01 BPEAK=_6.0878E 02

Y/R?=_ 1.0284E-01

GPEAKS Y/R2 VALUES

~0.0000E-39 0.0000E-39

7.-4598E 0T I. -

1.4601E 02 2.0568E-02

2. 1430F 02 3.0852E-0.

2.7950E 02 4.1136E-02

'
3.4168F 02 5. T470E-02

4.0087E 02 654 17T04E=02

4.57I2E 02 T.1988E=-02

5.1051E 02 8,2271E-02

B5.6105E 02 e =

6£.0878E 02 1.0284E-01

SPHERE OPTION

R2 2.0177T003E 00 T = 2.7666522E-01 S = 2.6617195E 05 MI = 3.3159080E 01
TF 5.1174E-03LESS THAN <0DODE-02 MINTHUM GAUGE FACE SHEET.
XCGU = «&57ZE U0 DELRF = T XTOTCG™ = % YHIIE U YTOTLG = 3.2226F UL

TNTERNAT SYRUCTURE DESTEN

AREATFTZY TTTNSY WTLHST
SPRERE

3.8091E 01 1.0000€-02 5.4597€ 00
#_INTERNAL STRUCTURE =  5.4597E 00
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11, COMPUTATIONS

In the following pages are presented block diagrams illustrating the operation
of each portion of Program 1882 and the engineering equations which are
solved,

The block diagrams and engineering write~-ups are broken down into the four
portions of the program, namely; heat shieldand structural shell, descent

system, impact attenuation system, and the lander packaging design. Symbols
used precede the equations.,
A, BLOCK DIAGRAM
A block diagram of Program 1882 1s shown below as Figure 7.
BODY
PARAMETERS
ROUTINE #1
8 .S, uNIT VEHICLE
1 WEIGHTS COORDINATES [~ ]
| Ix, y, Xch/S
ROUTINE #4
Es_si STR. UNIT ¥ PACKAGING
WEIGHTS | DESIGN . _ ___|YES 11y ly,
H/SWT. GEOMETRY NO oo
CONSTRAINTS ﬁ
OEFFS + oo Xcg oI
Sogr> ROUTINE #2 }
PARACHUTE
) AND s
TRAJ. RETRO'S Ts.
1880 *
LANDED WT. LANDER
DESCENT WL DIMENSIONS
DEPLOY CONDS y
M, Z,y, Y _
ATM. MODEL ROUTINE #3
JETTISON H/S IMPACT
] SYSTEM
IMPACT M 2 Mo
Vv, G'S, MATS.,
o .rt |3
ANISOTROPIC
ISOTROPIC
EMPIRICAL
| DATA
86-2953

Figure 7 BLOCK DIAGRAM OF PROGRAM 1882
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SYMBOLS

24, a3, 8, a3 Coefficients of the S$(9) equation in the anisotropic crush-
up analysis
2
A Area, ft
a Speed of sound, ft/sec
Cp Drag coefficient
S Spécific heat at constant pressure, Btu/lb
d Diameter, feet
D Drag force, pounds
E Modulus of elasticity, psi
2
g Acceleration due to gravity, ft/sec
I Required specific impulse of retrorocket system,
sp -
Ib-sec/1b
. . 2
L Roll moment of inertia, slug-ft
2
L Pitch moment of inertia, slug-ft
Ly Temperature gradient in the troposphere expressed as a

function of the adiabatic lapse rate

L. Length of cylindrical vehicle section, feet
Leo Length of internal cone, feet
Loyt Length of internal cylinder, feet
L, + Temperature gradient in the troposphere, 0K/fi:
Ly Length of a retrorocket, feet
m Mass, slugs
M Mach number
M Molecular weight
MR Mass-fuel ratio of retrorocket
42
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Exponent of the S(f) equation in the anisotropic crushup
analysis

Number of chutes in a cluster

Opening parachute shock load, pounds

Dynamic pressure, 1b/ft2

Vehicle ordinate dimension, feet

Uniwversal gas constant, 89,516 ftzlsecz- mole - °K
Inner radius of lander payload package, feet

Quter radius of lander payload package, feet

Aft spherical body radius, feet

Flare body radius, feet

Vehicle cylinder body radius, feet

Radius of internal cone and/or cylinder, feet
Spherical nose cap radius,feet

Toroidal radius adjacent to thc; flare cone section, feet
Toroidal radius adjacent to the cone section, feet

Toroidal radius adjacent to the spherical nose cap section,
feet

Aft cone base radius, feet

Crushing stress of impact material, lb/f(:2
Internal structure face sheet thickness, inches
Thickness of the crushable material, feet
Thickness of the parachute packaging ring, feet

o
Temperature, K

~-43 -
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Design impact velocity for the retrorocket system (ver-
tical and horizontal component included), ft/sec

Total resultant impact velocity, ft/sec

Design vertical descent velocity for chute systems, ft/
sec

Horizontal velocity component, ft/sec
Unit weight, /8%

Weight, pounds

Total vehicle entry weight, pounds

Entry weight less the total heat shield and structure
weight, pounds

Vehicle abcissa dimension, feet

Centroidal distance as measured from the vehicle nose,
feet

Mole fraction of argon in the atmosphere

Mole fraction of COj in the atmosphere

Dynamzic opening shock load factor on the drogue chute
Dynamic opening shock load factor on the main chute
Mole fraction of N, in the atmosphere

Mole fraction of O in the atmosphere

Distance between vehicle nose and lander nose, feet
Crushup stroke coordinate, feet

Altitude, feet

Curve fit constant relating crushing stress ar;d density
Initial body angle in the tension shell section, degrees
Flight path angle (positive in climb), degrees

_44-
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Subscripts:

1,2,3, etc.

HS

H/S

Total usable strain

Initial body angle of the general shape section, degrees
Final body angle of the general shape section, degrees
Aft cone section body angle, degrees

Flare section body angle, degrees

Cone section body angle, degrees

Internal lander cone angle, degrees

Angle subtended by the crushable material segment,
degrees

Complement of nose cap angle, degrees
Density, slug/ft3
Yield strength of face sheet, psi

Curve fit constant relating crushing stress and density

Designated points on the vehicle surface

Crushup

Parachute cluster

Center of gravity

Drogue parachute conditions
Final utilized value

Face sheet (internal structure)
Heat shield

Heat shield and structure



1 Internal lander (payload and crushup)

1 Initial weight just prior to retrorocket ignition
mp Impact conditions

m Maximum

MC Main chute conditions

R Retrorocket conditions

SL Sea level conditions

ST Stratosphere conditions

STR External structure

susp Suspended weight on chute system
v Vehicle profile

vert Vertical component

w Wind component

s Earth conditions

ENGINEERING EQUATIONS

1. Heat Shield and Structural Shell System

There are 13 possible body sections which exist for the overall general
shape. The x and r coordinates can be evolved for any shape via equations
which are provided. These coordinates are evolved from input body para-

meters. 3
For the tension shell option, the x andr coordinate equations are provided,

and for the general shape option the x and r coordinates are specified as
inputs,

With the body coordinates in hand for the desired vehicle shape, the area,
centroid, moments of inertia, and weight of each section are then calcula-
ted. . -

The final calculation in this portion of the program is to establish the cen-
ter of gravity of the heat shield and structural shell,

_46-
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2. Shape Generation Equations

a.

d,

RELRDER fp (o tH

SECTIQN 1. Spherical Nose Cap
Coordinates Formula Independent Variable Limits
x, x, =0 g, = 90°
x, > Xy x = Ry (l~sinf) 6 =0y
xy -oxp = Ry (1 ~sin 9N) 90 <6< 0
5 5, =0
Iy r = Rycosf
5 r; = Ry cos GN
SECTI@N 2. Torus
X1 > Xy x = 31 +Rgy (sin By — s10 6)
=, x, = X; +Rgy (s1n Oy ~ sin 6,)
PR r = 1) +Rgy (cos 0 ~ cos fyy)
Y 1y = 51 +Rgy (cos 8, — cos By)
6, depends on which option is utilized:
SECTIPN 3. 0 = 6,
SECTI@N 4. 6, = 8
SECTI@N 5, 6, = Oy
SECTIPN 3.
Xy + X3 x = %y +(r~ry)cot b, el |
x3 T3 =X + (r; - ‘2) cot Gc
fyry r o=t
3 13 = Rc - RSC {1 - cos Gc)
SECTIDN 4.

47~
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HH O
RE-SROER Mo,
1/2
<l+cos€>
" o
_ 1.2 2 _ .2 s < 6 < 90°
i +(:2 r3) . licos B8 k - -
i sin 8
I
x = x5 + f cot 8 dr
2
3 = Re-Rye

e. SECTION 5.

Table of x and r coordinat(es (maximum of 25 points)
First pair of coordinates are X2, I3

Last pair of coordinates are X3, 13

Also specify 6,; and 21

1, = x| + Rgy (sin Gy — sin f,g)
t; = 1 + Rgy (cos 5 — cos )
x3 - %y + (r3 — 1)) cos by

r3 Re — Rge (1 = cos b)
f, SECTION 6,

T3 x4 T = x3 + Rge (sin 93—sin9)
x5 x4 = x3 + Rge sin 03 935950°
13z £ = 13 + Rge(cos 8~ cos 93)
. 5 = RC
Osdepends on which option section (2-3) utilizes,i.e:
SECTI®N 3. 6, =6, .
SECTION 4, 93 = 90°
SECTIDN 5., 03 = b35
48~
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(2)

(3)

4)
(5)
(6)
Q)

(8)
(9)
(10)
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g. SECTION 7.

xf = X5

h. SECTION 8,
xs ->X6
s
IS —>r6
%
i, SECTION 9.
X6+X7
X7
r6-yr7
7
j. SECTIQN 10,
X7 —>x8
%9
r7 —)[8

s

k., SECTION 11,

xg > Xg

*9

*6

%6

*7

7

*g

:

]

]

X = x
X5 = x4+Lc
r =RC
Is =RC

X5+ (r = Re)cor b
X5+ (tg ~ Re)cot GB
£

RB - RSB (1 = cos QB)

X6+ RSB (sin 0B —~ sinf)
%6 + Rgp sin 0y
5+ RSB (cos 0 — cos 9B)

Rp

Xy = RSB sin 8
X7 - RSB sin GA
Rpg - Rgp (1 - cos )]

Rp — Rgp (1 — cos §,)

xg + (r — 1g) cot 7%

xg + (r9 - r8) cot GA

~49-
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x5 Sx<lxg+ L)

<rg

(12)
(13)
(14)

(15)

(16)
(17)
(18)

(19)

(20)
(21)
(22)

(23)

(24)
(25)
(26)

(27)

(28)

(29)



r8 - r9
9
1, SECTION 12,

¥g9 = X10
*10
f9= 110
10

m. SECTION 13,

Xg = X0

*10
f9>rig

10

fg = Ry cot Oy

X = x9+RA (sin Gy — sin@)
XjQ = Xg ¥ Ry (sinfy + 1)

r = Rycosf

rp =0
X =X9
%10 = %o
r =Rp-r
g =0

Shape and Body Parameter Logic

fa <0< -90°

a. The nose cap, SECTIQN 1. cannot be omitted. "

b. If the Rgytorus, SECTIPN 2. is omitted, then:

6, = Oy
¥ =1
o =1

c. When SECTIONS 3., 4., 5., and SECTIDN 6, are omatted,

Xy = Xy

1'2 =r4

50 -
<ia=<

(30)

(31)

(32)
(33)
(34)

(35)

(36)

(37)
(38)

(39)



d. If the cylinder, SECTIQN 7. is omitted, then:
x5 = X4
l'S = l‘4
e. SECTIQN 8. and SECTIYN 9, can be omutted
together only in which event:

x7 = x5 = x5
ry = g o= ;5
f.  If SECTI@N 10. 15 omitted:

Xg = xy

8= .
g. If SECTIDN 11, is omitted, then:

Xs = X9
1'8 = f9 .
h., Either the aft sphere, SECTION 12, or the base, SECTION 13,
has to be specified. Both can not be simultaneously present or deleted,
Listed below are the equations for the surface area, centroid, and moments

of inertia of each section. The centroid and moments of inertia are mea-
sured about the nose of the vehicle.

a. SECTIDON 1.

1) Ares

A = 27R¢@ (1= sinfy) - (o)
2} Centroid

X = "jN% 121 - s1n6y) — cos? O] (41)
3) Roll moment of inertia

L - 2:;;1“4 [2 - s Gy(cos? Oy +2) )



4) Pitch moment of inertia

2 wop R , , L (43)
Iy - . [1~—3sm6N+3sin Oy — s Oyl + —
386 2

where wg; is the sum of the unit heat shield and structure (the
structure includes the weight factor STRFAC)

b, SECTION 2.

1) Area

Rgpy cos Oy
A = 27 Rgy —5 (By ~ 09) + Rgy (stn by — sin 6,)

Rgyy cos Oy (0 ~ GN)}

57 3 (44)
2) Centroid
(4, B
- 27 Rgy 12 712 .
X = " [T (8y — 0,) + By, Rgy (s1a Oy — sin 6,)
RSNZ 3 " (45)
+ A12 Rgpy (cos BN — cos 92) - - (s1n GN — sin 92)

3) Roll moment of inertia

27 w; Rey [Alé 5 -9

N + 34,2 R R
* gs L 575 3414 Roy (sinfy — sin6y)

Oy ~ 6 sinZBN—sinZG
N~ 02 2
- App Rey + )
2 {573 2 /

Rey
3

(46)

+

isin@N (ccs2 Oy +2) —swmnb, (cos2 02 + 2)} J

52—
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4) _Pitch moment of inertia

2
2 vy A12Bg” Oy
= Ry |- T 7

Iy - 8 573
A1y RSNZ /@N -6, sin 20y — sin 26,
2 \s73 2
2
R
SN
- BlZ RSN2 (sm2 Oy — 102 92) +
where,

A2 = 5 — Rgycos by

By, = x + Rgysm Oy

and ¢; depends on which option is utilized;

(sm3 GN —~ s 92)J +

SECTIGN 3, - 0 - o,
SECTI@N 4. 6, = B
SECTION 5. 0 = b
SECTION 3.
1) Area
A= T (rz—rz) (48)
sin 0C 3 2
2) Centroid
_ . 2 2 2 cot 6, 3 3 (49)
X = - — -
A sin eC [A23 (r3 rz )] * 3 (r3 r2 )
3) Roll moment of mertia
W3
[ S 4__ 4 (50)
L 2g, sin 6, (r3 2)

=53~

<i5=<

+ 2415 By Rey (cos Oy — cos 6))

) + B122 Ry (stnfy — sinf,)




4) Pitch moment of inertia

723 2.2 .2, ‘42 3_ 2
Iy = m Eza (5" =) + 3 cocec(r3—r2)

cot? ‘8 (51)

4 4 5
+ —— I o —
Z @3 =) 2
where,
A23 = x5 —1y cotf,

SECTIPN 4, and 5.

) Area

d
A = 27 /‘ x (52)
cos 8

2) Centroid

- / fxdx (53)
A cos @
3) Roll moment of inertia
o= 7T 2 dx (54)
8o cosf

4) Pitch moment of inertia

2 V23 £ x2 dx I (55)
g’ = 8s cos @ * 7
SECTION 5. 0 £ 0 < 636
SECTIDN 4. B <0 <90°
-54-

<ib=<



e. SECTIDN 6.
1) Area
13 03 < 63 cos 6;) (56)
A =2 - R O, - "~
"RSC |:573 + Rge \sm 573
2) Centroid
=~ 2Rge | A3yBy 0y
X = - 573 + B34RSC sin 03
2
R,
SC 57
+ A’,’4 Rge (cos 03 -1) - 5 (sm2 93)] (57)
3} Roll moment of mert12
2m w3y Rse Asf by 2 )
L = o 3 + 3 A34 RSC sin 6’3
) sin 26, Rge?
3 3 3 SC
c 2w (e T 5 s e 2’]
4) Pitch moment of inertia
2
21wy Ry | A34Baf O3
Iy - - 53 + 2A34 B34 Rge (cos 93 -1
o .
Ay R /6 sin 26
34 RsC 3 3 2
T <57.3 T T2 > * Byf’ Rec =n by
. ? I (59
- Bgg Rgc” sin” 63 + sin® 03 +2—
where,
A34 = rs—.Rsc cos 93
334 = x3 + Rgc sm b
-55-
A
2i7=



and 63 depends on which option section 2-3 utilizes:
SECTI®N 3, 63 = 6c
SECTI®N 4. 03 = 90°

SECTION 5. 6 = f,5

SECTION 7.
1) Area
A = 2w ReL, (60)

2} Centroid

- Le (61)
X = x4+ T

3) Roll moment of inertia

5
. 27 wys R,
45 Re 6
e 5w (2
&8s

4) Pitch moment of inertia

R, L 63
- IR (3L, X (63)
y 2. > 2
D
SECTIDN 8.
1) Area
_ 22 (64)
sin (rs IS)
2) Centroid
2 cot 6
3 - 7 2_ .2 B 3 _ .5 65
s L URTE TR R ©
3) Roll moment of inertia
™ Vs 66
I, = *2—-— (r64—-r54) (66)
2g, s g

56~
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4) Pitch moment of inerti

a

V56
Iy B 8 sin 0
I
1
+ 5y cot? oy (1-64 - r54)] + —Zi
where,
Asg = x5 — R cot op
h. SECTIGN 9.

,:Aséz g% =1 +

4Asg

cot Og (r63 - r53)

(67)

The area, centroid and inertia equations for this section are identical
to SECTIGN 6. with the following changes:

x3 is replaced by x¢

Rgc is replaced by Rgp

6; is replaced by 65 (for all options)
r3 15 replaced by 14
1, SECTIQN 10,
1) Area
< 0 > Rp 0y (68)
A = R _ g -
27 Rgp | Rgp 573 sin Gy 73
2} Centroid
27 R, R, Aeg Bog 0
- SB B, 78 ©78 YA 3
X = — [ > sin” 0y — 573 - B78RSB sin 0y
— Ayg Rgp (cos 6y — 1)] (69)
3) Roll moment of mertia
2m w5 Rgp l' 478 64
L = - + 3 AyZ Rep sin 0 (70
x o ) 78 Bsp sin Oy )
8 . Rep®
A < A sin ZeA ) SB 0, 24 2
-_— —_— + —_—_—— p-3 cos’ +
* 78’8 573 2 oA Lot TA
»-57=
P
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4) Pitch moment of inertia

2
2mwg Rop | AygBrg” Oy
Iy = - 2 573 + 2 Ayg Byg Rgp (cos G4 ~ 1)
(] B
Az Rgg? [ 84 sin20y ,
+ 2 —57—3' - > + Byg RSB sin Gy
3
Rsp L
~ Bug RSBZ (sm2 0p) + 3 sin3 a + T (71}
where,
A7g = Rp-Rgp
Bzg = x7
j. SECTI@N 11.
1) Area
(72)
A o (t92 - r82)
in Oy
2} Centroid
- 2 cot By
- " 2_ .2 3_ .3 (73)
X = WE&Sg(rg —-:8)+-——?’-— (g’ ~1g ):,
3) Roll moment of inertia
w Wy
I = i (r4—r4) (74)
* 2ggsin Oy 2 8
4) Pitch Moment of inertia
" Va9 2,22, 8 3_ .3
Iy =m A89 (g ~1g°) + cotOA(r9 - 1)
) < L '
cot® Oy (r94 _ 1'84)] . 5 (75)
2 2
=58~

243



where,
A89 = xg—1Igcotfy

k. SECTI®N 12,

1) Area

2
A = 2Ry (stnfy+1) (76)

2) Centroid

_ 2w Ry RZ )
X - — 4910 Ra(omn 64+ 1) + —— (1= sun? 6) (77)

3) Roll moment of inertia

4
27 %o 0 Ry
L = +_ [sm gy (cos? 0a+2) +21 (78)
8o

4) PBitch moment of inertia

27 woyo Ry 2
10 TA
Iy = _:“ [A9102 (sinfy + 1)+ A910 Ry (1~ sin? 84)
]
2
L L (79)
+ 3 (sin” 64 +1) + -
where,
A910 = Xg+Ry sin gy
1. SECTIDON 13,
1) Area
2
A = 7Ry (80)
2} Centroid
X (81)

= 10

=50«
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3) Roll moment of 1nertia

4
7 Wgip Ry (82)

Ix=

Zg@

4) Pitch moment of inertia

2 2
7 wo10 X109 BT L
1, I S — (83)
geo

The weight of each section of the vehicle 15 calculated in the following
manner:*

Example:*
SECTION 1.
W = A ound
HS WOIHS P!
W, = A
STR wo1 STR ) (STRFAC) pound
VRr = We - E :(WHS + WeTR) pound

The center of gravity of the heat shield and structural shell 1s
calculated, with respect to the nose of the vehicle, by the follow-
1ng expression:

Wy, X, + Wiy Xpo b wemememe Voro X
o1 Fo1 + Y12 ¥12 910 X910 (84)

X -
CGrys

Wor + V12 + = Woyg

4, Descent System

The descent system portion of this program consists of three options,
as shown in Figure 3; namely:

a. Option One -- Two Chute System
1) Drogue chute
Chute diameter > specified minimum diameter

2) Main chute

~60~
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a) Single chute diameter > specified minimum diameter

b) Cluster of n chutes if the diameter of a single chute >
maximum input diameter,

b. Option Two -- Single Chute System
1}  Main chute
a) Single chute diameter > specified minimum diameter

b) Cluster of n chutes if the diameter of a single chute >
maximum input diameter,

c. Option Three -- Drogue Chute - Retrorocket System
1) Drogue chute
Specified chute diameter
2} Retrorocket
Sized on required AV

5. Atmosphere Equations

To solve the equations of motion utilized in each of the descent system
options, a model atmosphere relating the atmospheric density and speed

of sound as a function of altitude must be generated, The model atmos-
phere will consist of a troposphere and stratosphere, Equations are not
generated for the thermosphere since 1t is assumed that chute deployment
conditions will always be well below the thermosphere region. The inputs
required to establish the atmosphere are sea-level temperature, strat-
osphere temperature, the temperature gradient in the troposphere expressed
as a fraction of adiabatic lapse rate, the acceleration of gravity at sea le-
vel, the mole fraction of the concentrations of oxygen, nitrogen, carbon
dioxide, and argon in the atmosphere, and the sea-level density, Nine
quantities are used to specify the atmosphere, The atmosphere 1s assumed
to be in hydrostatic equilibrium.

a. Troposphere

M = 28Xy +32Xg + 44 Xc + 40Xy (85)
R = 89,516
R
G =7 B5Xy+35%g+4.0Xc+25%y)
M (86)
-61-
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(87)
P

Tsr - TsL

Z - —_—
ST
LO

(88)
(89)
(90)
(91)
b, Stratosphere Z > Zgy
(92)
Mggy,
AR
<T§T) o (93)
p 2
ST 'SL TSL
Mgt
T Rigp - 2sp (94)

6. Equations of Motion

For purposes of short-range parachute trajectories, the two-degree-of-
freedom equations of motion are utilized neglecting the centripetal aceelera-
tion and lift component of the vehicle. The equations are as follows:

-62-
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(95)

mv =—D—mgSL sy

. (96)
v = -

¥ 8gp COs Y
. (97)
Z = +Vsmy

Two Chute System - Option 1
1) Drogue chute

It is desired to deploy a drogue chute at some specified Mach
number (MD) and altitude (Zp) so as to have the vehicle decelerate
to a specified set of main chute deployment conditions of Mach
number (MMC) and altitude (Zpgc). The intent 1s to determine the
drogue chute canopy area which will satisfy these end conditions
(see Figure 3b).

To start the drogue chute trajectory, a mimimum specified
diameter chute is used in the drag component:

1
D = — (ChA 2) vz 98
2(D>eﬁp()v() (98)
where,
(CDA>eff = (CDA)v + (CDA)D {99
W
m oo (100)
-2
and,
Ay = #RZ (101)

If the minimum specified drogue chute diameter satisfies the

main chute deployment conditions such that the main chute deploy-
ment Mach number (M) 15 reached at a higher altitude than the
specified deployment altitude (Zy;), then the drogue 1s allowed to
decelerate to the specified deployment altitude (Zy;) and some
new somewhat lower Mach number. In this case the design drogue
chute diameter is the minimum specified value and the main-chute
descent commences at the specified deployment altitude (Zyp4c)
with the newly established Mach number.

~63-



If the min imum specified drogue chute diameter does not sat-
isfy the deployment conditions of the main chute, then increasing
drogue chute areas (Ap) are used until the end conditions are sat-
isfied within + 500 feet of the specified main chute deployment
altitude (Zysc)-

a) Drogue Diameter

4ATy

d = {102)

b) Drogue Weight

g
Vp = 011 ,:_.D__ _q_D_:l Ap [Curve fit fron'fl
18.6 65 Reference 3

c) Opening Drogue Shock Load
103
Pp = %p g (A [Reference Z:I (103)

where,
2
9 = 1/2 Pp Vp (104)
2) Main chute

The main chute canopy area is sized such that the suspended pack-
age decelerates to a specified vertical descent velocity (see Fig-
ure 3b). Terminal descent velocity is assumed such that
2 g m,
SL “susp
My = —————— ) (105)
P51 CDMC Vyert

The calculated main chute canopy diameter must be = a min-
imum specified diameter, If the calculated diameter is less than
the minimum specified value, then the specified diameter is uti-
lized. In the above equation Tsusp is dependent upon when the heat
shield and structure is jettisoned from the vehicle, There are two
options; namely,

a) Jettison at main chute deployment

¥rr - ¥p (106)

m,
susp 2o

-64-
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b) Jettison just prior to impact

W, - W
m RS {107)
susp g@
Main Chute Diameter
4A,
MC
dyc = . (108)

7

b. Main Chute Cluster Option

If the diameter of the main chute exceeds the maximum specified dia-
meter, then a cluster of n chutes are employed so as to reduce the size
of each chute to less than the maximum allowable value, The area of
each chute 1n the cluster 15 defined as:
Ave = _Z_gSLmSLSPZ__ (109)
2 Pgyr CDcl Voere

where n is the number of chutes in the cluster and CDcI the drag co-
efficient of each chute in the cluster,

CDcl = CDM(: (0.95 ~ 0.030) [Reference 2:, (110)
The diameter of each chute in the cluster is

| 44mc
cl = > (111)
m

hence n should be increased until this diameter < the maximum speci-
fied diameter,

d

The number of chutes n is increased in odd increments, i.e,, n equal
to 3, 5 7, «..15,

The weight of the clustered main chute system is:

0.013 quc Ayc

Vacy = T g (098 + 00650 (112)

—65-
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¢. Main Chute Descent Trajectory

With the area of the main chute canopy established via either a
single chute or cluster, the actual main chute descent trajectory can
be determined from the equations of motion. In general, because of

the large size of the main chute, the filling time and/or loss in altitude
has to be accounted for before the trajectory commences,

The main chute filling time is expressed as:

t = dyc (0.05 — 3.0 x 1070 V) [Reference 2] (113)

Assuming no change in velocity during inflation, the loss in alti-
tude is:

Az, = VMe 3
hence the main chute trajectory commences at yy~, Vyc, and (Zyc ~
AZ), The mass(m) used in the equations of motion 1s Msusp and is de-

pendent upon when the heat shield and structure are jettisoned.

1) Jettison at Main Chute Deployment

Yrr ~ Vb (114)

Msusp 2
L]

CpAl A (11s)
Cohgge = ©DMyc

2) Jettison Just Prior to Impact

Ve~ p (116)
msusp -
8o

- (117)
©pA) = (CpA) + (CpA),

Note that if the cluster option is utilized, then CDMC is replaced by

{n) chl .

3) Single Main Chute Weight

0.013 qyc Ayc (118)
WMC = T_

4) Opening Main Chute Shock Load (Single or Cluster)

Puc = Fuc e (Cof)y, (119)
-66~-
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where,

1
2
Mc = 5 PMc VME (120)

5) Landed Impact Weight (Crushup, Payload and Internal Structure)

VL = WRR ~ Vp - Wy — Vgrraps (121)

where,

Vstraps = 005 (Fp + Wy
d. Single Chute System~-Option 2

It 1s desired to deploy a main chute at a specified Mach number
(Mpgc) and altitude (Zpgc) so as to decelerate the package to a speci-
fied impact velocity at zero altitude, This option is identical to the
main chute portion of Option 1, inéluding clusters,

e. Drogue Retrorocket System-Option 3

Option 3 consists of a specified drogue chute diameter and a retro-
rocket, The intent 1s to deploy the drogue chute at specified deploy-

ment Mach number (Mp) and altitude (Zp) conditions, The drogue 1s
allowed to decelerate down to impact and the drogue chute impact ve-
locity (VD) 15 obtained via the equations of motion and/or descent tra-
jectory. The retrorocket is then sized on the AV which exists between
the resultant of the drogue impact velocity (VD) and horizontal wind

velocity (V) and the required specified impact velocity <V1mp) .

1) Resultant Velogity at Retro Ignition

VR =4/ + Vi (122)

2) Reguired Rocket AV

‘ (123)
AV = Vg = Vi
3) Retrorocket Weight (Structure and Fuel)
Vi ~ Veinal (124)

W, =
R MR
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where,

< v >
g (125)
Yenal = Y, € P =e

4)_ Initial Weight Prior to Retro Ignition

(126)
V, =Vg - ¥p - Vus - Ystr — WsTRAPS

5) Drogue Chute Weight

W, 0.11 ‘> 9 A (127
D= 18.6 (65) P

6) Strap Weight

(128)
VsTraps = 005 ¥p
7) Rocket Volume
v Y o3 Lr (129)
s — = 7 —
OLR PR R dR
8). Rocket Diameter
s Wy dg \Y? (130)
R ﬂpRLR
9) Landed Impact Weight (Crushup, Payload, and Internal Structure)
(131)
VL=V, - W
10) Opening Brogue Shock Load
(132)
Pp = Xp op (Cp4A)p
where,
2 (133)



Since the retrorocket system has some inherent AV error, 1t should

be accounted for so as to ascertain a correct resultant impact velocity
which is required in the impact attenuation system,

11) Final Resultant Impact Velocity

(134)

Vo = Vlmp (1+ AVerror)

7. Impact Attenuation System

This portion of the program 1s the impact dynamics of the lander package
using crushable material. The intent 1s to determine the weight and geo-
metric dimensions of the crushable material and residual payload.

The equations presented herein are based on an analysis which accounts for
the variation of mass_during the crushup stroke and for materials with an-
isotropic properties.” The equations have been derived for the particular
case where the crushable material is 1 the shape of a spherical segment,

There are two options for the type lander configuration and three special
cases therein-

a, Option One - Lenticular Shape
1} Lenticular (see Figure 4d).

2) Sphere -- The sphere 1s a special case of the lenticular with
Oy set equal to 90 degrees (see Figure 4e). _

b. Option Two - Spherical Segment Cone-Cylinder Shape

1) Cone-Cylinder --A spherical segment of crushup ( 6y < 90 de-
grees) with a cone and cylinder payload package (see Figure 4a)

2) Cylinder ~- A special case of the cone~cylinder with the
exception that the cone portion of the payload is deleted (see

Figure 4b),

3} Cone ~-A special case of the cone-cylinder with the exception
that the cylinder portion 1s deleted (see Figure 4c).

a. Lenticular - Option One

This option 15 capable of handling either a lenticular or spherical shape
lander. The sphere portion of the option 15 utilized by setting 6y equal
to 90 degrees whereas the lenticular utilizes a Oy of anything between
0 and 90 degrees (see Figures 4d and 4e).
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1) Geometry Expression

3@, + mc)

R =
2
20 [p; K2 Ky + p §(1 —cos 8,)%(2 + cos By) — K K; }1
where,
VL
ml + mc =
8o

Ym 0
K; = ——— = cos
1 R,y M
%,
XKy = |2- T 4 cos O
[3:9)

2) Internal Payload and Mass

27 3 2
m = Y (p, Ry K;° Xyp)

3) Crushup Mass

27

o = 3 Pe R% [(1-cos GM)2(2+ccs ) —Klz Ky ]

4) Maximum Crushing Stress

S, = (a Pc)l/‘b

5} Crushup Thickness

< (Im) Fe
. R, €

1/3

(135)

(136)

(137)

(138)

(139)



6) Velocity Expression

2
W fm’*‘zc—@ (@) e

dms_ R,3 3
™S R2 o |yl TRy (L)Z SEYEAY
.omy oo €R, 3 \e Ry
where,
1/2
v, = (v,2 + v, %)
w=1-
€Ry
b4 o N-2 1 (l—uz)
(——) = [1-u™~2] «
Ry (N-2) 2 (?)
22 cos~lu
f— | — - 1-u?
2u u
a. —1 2 -1
3 s
+— (co u) (cos” " u) l—uz — 2 Inu
2 w2 u
The constants a,, a; 5 2,5 a, » and N are empirically determined

and are used to describe thé materials anistropy, i.e. the vari-
ation of crushing stress with the direction of loading {see Reference

1).

SO = aocosNe +ap +ay 0+ a3 62

7) Acceleration Expression

o e () [E)]
(=)

S P

<33<



b, Cone~Cylinder-Option Two

This option is capable of utilizing a cone-cylinder, a cone, and a
cylinder as the lander payload geometry (see Figures 4a, b, c). The special
case of the cylinder is made possible by setting L., /R, equal to zero,

whereas the special case of the cone is evolved by setting Lcylcho equal
to zero.

1) Geometry Expression

2 R L
" (Lo 5 2, (R0 Reo 2Reg GO g3 [
(m +m) ——~{—|R {14K3+K5} = mom [ e = + (8o
3 \Reo c 3 \stnfy tan By sinfyy  tanfy co
R, =
2 27
5 pe (1= cosOyp)
1/3 (142)
3
RCO
sinBGM
where
L
CO
K3 = 1 - ———
Reg tan Oq

2) Internal Payload Mass

2
L itco @2 s R ke kD1 (= Reo Rco 2
1= Co* Reo R+ RO+ 5= | Ry~ 2Ry + 8y ) Rcoten
143
where, ( )
R, - ko
L= —
smn Gy
R = Rep K3
and,
Ym Reo
Sl - ==
R,y R, sin Oy



3) CrushupMass

27 p.

1~ cos 6y) (R)> — R3
. 3 (1 ~cos Gy) (Ry 17) (144)

Note that the velocity and acceleration equations are identical
as those utilized 1n the lenticular option.

4) Cylinder Length
L

cyl
L= R (145)
1
Ed Reo | °
5) Cone Length
Leco (146)
Leo = Reo

Rco

8. Engineering Logic

In order to satisfy the geometry constraints of the lander, the impact velo-
city, and impact 6 sumultaneously, iteration is required between specified
values of the crushup density, i,e, Pemm and p. .. . DBoth the lenticular
option and the cone-cylinder option are started by using pe max and then
satisfying the geometry and velocity expressions. With these two expres-
sions satisfied, the acceleration equation is checked to see that . eak <
Sgpecified. I this requirement 1s not satisfied, then p. is decreased by
increments towards p. p,, until ¢ eak S Gg ecified If at Pe i’ Gpeak i
still greater than Gy necified » then ghese are the values used, 1.e., Pemin

and the associated G and geometry. The method of solution is depicted by
a flow diagram in Figure 8,

9. Lander Packaging Design

The ntent in this portion of the program is to package the lander (payload
and crushup) and descent system within the vehicle such that 1t both fits
within the inboard profile of the vehicle and also satisfies a minimum cen-
ter of gravity constraint. To include the thickness of the heat shield and
structure in the packaging design it 1s necessary to redefine the lander outer
radius as*

Ry =Ry + s (147)
where t/5 is the thickness in feet.
The design is started by placing the lander at the nose of the vehicle, 1.e.

Ax =0; if the constraints are not met, then the lander is moved aft a given
Ax until design is made possible. The geometry constraints are cited below



(DOUBLE ITERATION ON tc AND £)

ESTIMATE MASS LANDER RADII
te EQUATION R1, R
" uax 2
A
NEW tc
Pc max
NO .
R2 ENERGY EQUAT. {_
SATISFIED INTEGRAL EQUAT, . a1
K Yo -ffc(t P, Ry ) dt
= ¢ o) Ro c
YES S Ro° Jo

ACCELERATION

EQUATION

REDUCE A—>Ps yin

EFSST PEAK L .ouTPUT
Gp < GrEQ.
(DESIGN SATISFIED)
Gp > GrEQ.

65-11695

Figure 8 METHOD OF SOLUTION OF IMPACT ATTENUATOR DESIGN



a, Lenticular Option
2Ry (1 - cosfy) < X - AX
2 cos Oy Vemal

RZ’ sm By < Re

b. Cone-Cylinder Option

R ’ RCO L L, <X AX
———— & + -
2 tan Oy eyl CO } = "Veyna)

.

R, smfy < Rg

If the above geometry constraints are not satisfied, then return to the im-
pact attenuation system and increase p- to p gy, and find new, smaller
lander dimensions. With these new dimensions, check the geometry con-
straints again.

If pCpax Were already utilized in the impact attenuation system, then stop
the problem realizing that packaging 1s impossible for the given design
constraints.

Once the overall geometry constraints are satisfied, one can proceed to
check the x and r coordinates of the lander(x_  and r, ) against the inboard
profile coordinates x and r (see Figure 5).” An overall logic diagram 1s
shown in Figure 9, depicting the manner in which the packaging is done.

a. Lenticular (Sphere) Option

, . (148)
=, =R2(1—cos(9)+AX,rP=stm9 0 <0< by
x, =R2’ (1 -2 cos By + cos 0) + AX , rP=R2 smf@ 6y<H<O (149)
b. Cone- Cylinder Option
%, = Ry (1-cos 6) + AX r, = R, s 0 0<0<6y(150)

= RZ’ (1—cos By) +tcos Oy + AX + L = Reco OSLchyI (151)

p
. L (152)
X = R, (l—coseM)+:c059M+Lcyl + AX + L, rP=RCO— YU
CO ~R
0<L<lcg
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(START)

CHECK GEOMETRY
CONSTRAINTS

NEW LANDER
GEOMETRY
LENTICULAR (SPHERE) CONE-CYLINDER
PTION OPTION
CONSTRAINTS
= NOT SATISFIED CONSTRAINTS
l (INCREASE A;) SATISFIED
IMPACT | CHECK COORDS.
ATTENUATION | SUCH THAT
SYSTEM | o <ty
+ NO YES
NO
ALL | CALCULATE CHECK THAT
tysS s | Xcgo Xego Z XegMIN
. YES c6
SATISFIED
Calculate
h>ty Ixo TOTAL
1yo TOTAL
PACKAGING MOVE VEHICLE
STILL NOT BACK AX, 2 AX, =w-|
SATISFIED
(INCREASE A¢) |
PACKAGING
65- 11696 SATISFIED

Figure 9 PACKAGING LOGIC DIAGRAM




Vehicle Coordinate Logic -- Solve for x, from the given equations
and then determine which body section xpoccurs., With this es-
tablished, go to that section and find £, noting that .-P must be e-
qual to or smaller than r, .

1) SECTIPN 1.0

(153)
fy = Ry cos [
where,
Ry — %
6 = arc sm —_F
Ry
2) BECTION 2.
(154)
r, = 1) + Rgy (cos 8 — cos HN)
where,
Rgy sin 0N - Xy X
g = arc sm
Ron
3) SECTI¢N 3.
. _xp+:2 cot Gc—xz (155)

v
cot 6,

4) SECTI®N 4. and 5.

Linear extrapolation is used for both of these options.

5) SECTIPN 6.

(156)

fp =3+ Rge {cos @ ~ cos 03)

where,

x3 + Rge sm O3 ~ x
0 = arc sin C 3 P

Rse
77
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and,
a) SECTION 3.
03 = 0c
13 = Rg = Rge (1 cos O¢c)
%3 = X + (t3—f2) cot 55
b) SECTION 4.

3 = 90 degrees

13 = Re — Rge

X3 is the last point in this section.

c) SECTION 5,

b3 = O3

r3 and x3 are the last values of the input tables.

6) SECTION 7.

v P

7) SECTI@N 8.

xP+RC cot O - %
cot O

g8) SECTIQN 9,

5, = 15 + Rgp (cos § ~ cos 6g)

where,

1, = Re  forall x s 1n this section.

%6 + Rgg sm 0 — Xp

f = arc sm
Rsm

9) SECTI@N 10.

t, = Rg — Rgpg (1 —rcos @)

v

(157}

(158)

(159)



where,
X - X
6 = arc sin (_Z___ll
Rsp
10) SECTI@N 11.
X, + 1g ot By Sx
2T ATTs 1160)
cot Oy

£, =

v

11y SECTIQN 12,

ry = Ry cos 0 (161)
where,
%9 + Ry sy - %
0 = arcsin ——t——
- RA
12) SECTIPN 13,
(162)

r, =0

If for a limiting value of AX, the lander still cannot fit within the in-
board profile of the vehicle, then the design must return to the impact
attenuation system and increase pc to PC so as to assure a smaller
dimensional lander which may or may not Ht into the vehicle,

If the lander is finally positioned within the vehicle, the overall center
of gravity position must be found such as to check the requirement that

C+ 8- sverall < c.g. specified

Overall Vehicle Center of Grawvity

a. Lenticular (sphere) Option

(163)

. AXp +=—
[105 (7 + W) + Ve + WIIAXe + Ry (1 —cos 6] + Wyss Xegpys + WR< f 2>
*ce, = v,
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b, Cone Cylinder Option

3
/s XCGH/S + W (AX”T) + W, (8% + Xoge) + W, (8% + ¢ + Xeg,) + 105 O + Vyc) AXp 4t cos Gy +

R
10

z W,

4 4
3R, -Rg 2
[R; (R; - 313) (1 = cos 6yy) _(__8 )sm 6y

(112-” - RI3) (1 —cos G\

where,

Xeoe =

(164)

where,

L
cyl
Veap Xcap + wcyl <h + 2 >+ Veone (h+Lcyl + Xcone)

cap + wcyl + Veone

Xcei =

n'hz Py
Veap = —5— GRi-bg

2
Yey1 = 72 Reo Loyl 8o

- 7p Lco 2 )
Veone = 3'_'“ (Reg” + Rog R + RYg,
(2 W3Ry v >
X, 2= — e——— — ——
CAP
Veap 3 4
7 h?
Veap = —5— GRi—h)
Leg bR 2Leo
CORCO ™ 3tan 9co
Xcone = L
co
2R, —_—
co tan G
h = Ry (1-~cosby
-80-
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If x >x then the design ret s to the mmpact
C8overall Cgspec;lfied’ en urn P
attenuation system and increases p, to Pepax It Pemax WBS already
utilized, then packaging 1s impossible for the given design constraints.

If the center of gravity constraint is satisfied, i.e. X <
& Y ’ CGo XCGspecxfxed,

then the moments of inertia of the entire vehicle about the overall cen-
ter of gravity can be established,

Total Moments of Intertia

1) Lenticular (sphere) option

2
W D,
L, = E L + i —.Ii(___R> + -4—‘1 Pe, (R25 _R15) [2—cost9M (sin20M+2)]
TOT/XCGO H/S 2 g 2 15 f ;

4 5 1.05 (W + Wy 5
+ np1<? RIZ B~ R; nt +T> o IRy + tcc)z ~Ry*]

28
(165)
where,
080 (Wp + Wy
tee = ..—.T
Pchute R2
Wu/s
2 2
= + — X, - X, - X
I3’1‘01‘/)((:(30 2 Ys 2, [( CGo CGH/s) CGH/S]
2 2 2
v (L Dy v < LR>
R [ LR R
LAY - —— (166)
* £ <12 * 16) * 8o XCG0 £ 2

4n 4 4 2
* 5 g Ry2 ®Ry>-R3) (-cos G~ 7Ry Pe; ®By® Ry )y s Gy

4

2
T Pcf (Rz5 - Rls) a- cos3 0M) + -—11—;— ‘Dcf Ry E RIS) [2 - cos O (sm2 GM +2)]

2 - 5
- ZPCf Vg X5 + 2 Po Vg [Ry (1 -cos by -X.]
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W, + W, + 1.05 (Wp + Wy
=" [Xcg,, — A%¢ = Ry (1= cos o
8

5 7P (4 W
g _ 2h t 2,3 4 2
+ wp, <R1 h* - 3 >+ T(? Ry W —Ry % + y -2p, Veap ¥cap

2 2

2 Vere (b Xeopt? 105(Wp +Wyo) | Ry Ry *+ o)

+ - —_— e
7 Veap cAP = o0 73

where,
27
Vs = 5 @=cos 0, Ry3 — R
4
- 2 ,:Rz ®% - R a oy L 52 -ReH 2
ST G s

b. Cone-cylinder option

2 27

W, D, Pe

I, - L, o4 = <_R> et (R = Ry [2 = cos By(in? By + )]
TOT/%cg,, Hs T 7 g, W2 5

(167)
TP | 4 2 hs] w<:yl P
ZR2W - Ry s Reg
* [3 1 Y PR
3 7l 2 ) /RCOS"RS\‘ 105 (D + Wyc) s o
tyhi—y— Reo' * RCOR+R)\ Farey M IR +6.)” ~Ry”]
Red ~R
c
w
H/S 2 .
= X, - X - 168
IY'ror/xCGo ZIYH/S * ( = > [®cey = Xcay,9” = Xconys ) (168)
W |1 Dg? YR Lz [?
- — e —] — X - AXp - —
w2 Tt e % £~

7R, p
2 Fe
_ (RZ4 - Rl‘i) sin? Oy

27
* o by Ry? ®,3 — Ry3) (1—cos ) — >

27
o5 pop B =Ry (L—cos G + _151 e (RF = Ry?) [2—cos fy(sun? 3y +2)
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- 2 32
- p Vg XSZ 3 b (1—cos Byp (Rz3 - R13) (XCGO — AXp — Xg)

4
Ry b W ” 4 W 5 2
+ "m[———— +—p —Rlzha—th‘i*'—s = A Veap Xcap

2 5 4 3
2
Wcyl l_ Lz:yl

v, P‘C02 :,
CAP s 2

A% -t - +
Cee, =t — Xcap)” * n L2 1

+

S

N4 L
cyl cyl
+ <XCGO—-AXf—-:C—h— 3 > +

-
v L.2 {Reo® + 3Rog R + 6R2 Reg - RS
cone co co * co ™t 3 CO
—— _— + — T
10 2 2 20 3
25 Reg + ReoR + R ) Reg ~ B3
WCOﬂe 2 WCOHE - 2
- FKeoned” + (XCGO - M¥p—to~h- Leyt ~ Xcone)
8o 8o

1.05 (Wye + Wp) |:R22 (Ry + :Cc)z-l 1.05 (W + Wp)

+ —_— e |+ +
B

R, |?
— AX; = Ro(1~cos )~ —
N 300 7 Xogq ~ A%~ Rall—cos Oy~ 15

8o
10, Internal Structure

The mternal structure consists of a cap or spherical segment, a cylinder,

and a cone for all possible lander geometrics, The cap is designed for a
buckling mode of failure assuming the maximum stress to be that applied to the
crushup during impact. The cylinder 1s also designed for a buckling mode

of failure and assumes the internal payload 1n the cylinder to be reacted

at one end. The cone is designed by assumang it reacts the parachute open-
ing shock load in tension.

a. Lenticular (Sphere) Option

1) Face sheet thickness

s, ¥/
e = 0117<144_E—fs-> (1~cos 17 R, (169)

s must be > than a minimum gage face sheet ¢
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2) Area
A = 417R12(1—coseM) (170)

3) Internal structure weight

Pes A s (171)
12

v =

Cone-Cylinder Option

1) CAP
Acap = 2mRy? (L—cos Gy (172)
s 3/7
= 1/7
tfsCAP = 0.117 144 B, (1—cos ) Ry (173)
'S,
Pes Acap 1,
CAP
W, = 174
cap 1 (174}
2) Cylinder
Acyl = 2R Ly (175)
1/3
Y; ol Lol
. _ Ym ¥icyl Ycyl (176)
eyl 546 Reg Egg
p. A t,
- - ts eyl fscyl (177)
e T
where,
2
- . 7Reo Loyt ‘l
eyl = %y
27 R13 5 7Ley 2 2
3 (1—cos By + 7Ry Lcyl + 3 (Rcg +RcoR +R )
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3} Cone

= TR +R) L2 + Reg - RZ1V? 4 4R2 (178)

S WRemo. (179)

= (180)

If the drogue- retrorocket option is used in the descent system then

t =
fsco

"D (181)

27 Reg 0,

¥

The total internal structural weight is the sum of the components;

namely,

(182)

WV = Weap + Wy + Vo,



IV, IBM PROGRAM ROUTINES

A, PROGRAM FLOW
1. Descent System

The program flow for the descent system 1s shown in Figure 10,

3 DROGUE AND RETRO-ROCKET

INPUT * OPTION
HEAT SHIELD AND TYPE
STR._SHELL ?

2§ MAIN

DROGUE & MAIN

.

33%‘}9&%&&% COMPUTE COMPUTE
TRAJECTORY TO MAIN AND ‘PRINT
DEPLOYMENT TRAJECTORY DROGUE

OF MAIN ATMOS & PRINT TRAJECTORY

CLUSTER
[
SINGLE

PRINT FINAL
VALUES

COMPUTE & PRINT
FINAL VALUES

IMPACT SYSTEM

65-11697

Figure 10 PROGRAM FLOW FOR DESCENT SYSTEM
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2. Impact Attenuation System

The program flow for the impact attenuation 1s shown in Figure 11,

INPUT AND
DESCENT SYSTEM

3,4

CHOOSE
Reo

Pe= Powax

ARSIMP m

R2B3 Iq__l

R2B34
BL3INT
COMPUTE y/Rp: COMPUTE y/Rj,
PEAK G PEAK G
RSIMP BL3INT

PEAK G PEAK G
<PEAK INPUT 2PEAK INPUT

COMPUTE OUTPUT ICOMPUTE OUTPUT
VALUES AND e PACKAGING VALUES AND
PRINT ALL RESULTS]| PRINT ALL RESULTS]

65-11698

Figure 11 PROGRAM FLOW FOR IMPACT ATIENUATION SYSTEM



3. Lander Packaging Design

The program flow for the lander packaging system 1s shown 1n Figure 12,

GEOMETRY COMPUTE
CONSTRAINTS ™ Xp Rys p
ACROSS PACKAGE |-

MET ?

INPUT AND FINDRV

IMPACT SYSTEM

IMPACT SYSTEM je—y P¢ =Pcmax

MOVE VEHICLE
&X, 208X, ETC.

NO

CALCULATE
XCGO

XCGy € XccMIN

COMPUTE Iy TOTAL
lyo TOTAL AND
PRINT ALL RESULTS

65-11699

Figure 12 PROGRAM FLOW FOR LANDER PACKAGING SYSTEM
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B. COMMON STORAGE

Input or

Name Quantity Source Output Description

AD AD Main Output Drogue chute area.

AMC MC Main OQutput Main chute area.

AS a ATMPS | Output Speed of sound.

AV Av DERQZ Area of vehicle,

CDD CDD Input Tnput Table.

CDbDD CDD value ATMDS | Output Interpolated value at
XMAC.

CDM CDMC value ATM@S | Output Interpolated value at
XMAC.

DM

¢ ¢ cDMC Input Input Table,

Ccbhv DV Input Input Table.

CDhVV CDV value ATM@S Output Interpolated value at
XMAC.

DV DV Main Diameter of vehicle,

FALR Ll Input Temperature gradient
in troposphere expressed
as a fraction of adiabatic
lapse rate,

G G Input Gravitational acceleration

SL.

at planet surface,

IJET JET Input Input sentinal,

1ISYS DESSYS Input Input sentinal,

MACH M Input Table of Mach numbers.

-89~
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Input or

Name Quantity Source Output Description

PI T Main

RHQ o ATM@S | Output Density.

RH@SL Pgy, Input Density of atmosphere
at planet surface.

TSL Tgy, Input Atmospheric tempera-
ture at planet surface.

TST TST Input Atmospheric tempera-
ture 1n stratosphere.

v v Main OQutput Velocity.

WD W5 BL@CK2| Output Drogue chute weight.

WE We Input Total entry weight.

WR WR Main Cutput WE - WHSTQT - WSTTQT.

XA Xa Input - Mole fraction of Argon
in atmosphere,

XC XC Input Mole fraction of CO,
in atmosphere.

XMAC M ATM@S | Output Mach number,

XN Xy Input Mole fraction of N,
in atmosphere,

XZERGQ X0 Input . Mole fraction of O, in
atmosphere.

-90-

PR A




C. SUBROUTINES

Calling Sequences and Definitions

Variable AS CDD CDDD CDM
ATMOS Input or Output| Output * Input Output Output

Source ATM@S Main ATMDS ATMDS
CpMC CDV CDVV FALR G RHD
Input Input Qutput Input Input Qutput
Main Main ATM@S Main Main ATMPS
RUPSL TSL TST \ XA XC
Input Input Input Input Input Input
Main Main Main Main Main Main
XMAC XN XZERQ . Z
Output Input Input Input
ATMDS Main Main Main

ADAMS4

(See the writeup of ADAMS4 under the section SPECIAL SUBROUTINES, )
ARSIMP

(See the writeup of ARSIMP in the section SPECIAL SUBROUTINES. )

Variable AMVEL BEL CDDb CDbMC
BLOCK2 Input ox Qutput| Input Input Input Input

Séurce Input Input Input Input
CDV DD DELMIT DLVFAC| DMCFAC DMCMIN
Input Output nput Input Input Input
Input BLOCKR2 Input Input Input Input
DMIN DNBND DR DRVEL | DV FACTQR
Input Input Output Input Input Input
Input Input BLOCK2 Input Main Input
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Variable FALR FREQ FREQ2 FREQ3
BL@CK2 Input or Output | Input Input Input Input
(Continued) Source Input Input Input Input
G GAMMAD GAMMC IGDGFX IJET IISYS
Input Input Input Input Input
Input Input Input Output Input Input
PD PMC RHOR RHOSL TSL TST
Output Qutput Input Input Input Input
BLQCK2 BLGCK2 Input Input Input Input
TZERG® UPBND VIMP VFINAL VW w
Input Input Input Output Input Input
Tnput Input Input BLYCK2 |Input Main
WD WE WL WMC WR WROC
Output Input Output Output Input Output
BLOCK2 Input BLOCK2 BLOCK2 |Main BLOCK2
WWHS WWSTR XA XC XD XIspP
Input Input Input Input Input Input
Main Main Input Input Input Input
XLRDR XL XMACH XMC XMD XMMC
Input Input Input Input Input Input
Input Input Input Input Input Input
XMR XN XZER® | zD ZMC
Input Input Input Input Input
Input Input Input Input Input
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Variable ALPHA A0, Al BETA CTH1, CTH2, CTH3,
A2, A3 CTH6, CTH9
BLGCK3 Input or Output | Input Input Taput Input
Source Input Man Main
CTHM DIAM DR EF EPS]1, ETA
EPS3
Output Input Input Input Tnput Input
Main BLHCK2 Input Input Input
GS IBLX3 IG@GOFX nsys P PD
Input Output Output Input Input Input
Impact Input Mazin BLOCK2
PMC PSI Q R3,R12, RA,RB, RCHUTE
R34, R67] RC
Input Input Input Tnput Input Input
BLGCK2 Input Main Main Main Input
RHQF RHQI RHQMN RHOMX RG SIGCYF
Input Input Input Input Output Input
Input Input Input Input BL@CK3 | Input
STHI1, STH2 STHM s¥sIMC TFMIN THC THETAM
STH3, STHS,
STH9 Output Input Input Input Input
Input Main Input Main Input
Input
THETCD THS TTCG TTHM VFINAL Vv
Input Input Output Output Input Input
Input Main Main Main
vw wC WD wE WHSTOT | WI
Input Output Triput Input Input Qutput
Main BLGCK3 BLOCK2 Input Main BL@CK3
WMC WROC WSTTOT X3 XCGHS XCGMIN
Input Input Input Input Input Input
BLQ@CK2 BLOCK2 Main Main
XIRDR XITOT XLCRC XLCYRC| XN YIRZ
Input Input Input Input Input Input
Input Input Input
YITGT
Input
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Variable ﬁg, Al, A2] DYR2 ETA FUNC
BL3INT Input or Output| Input Input Input Output
Source Input Main Input BL3INT
GSTAR GUNC IISYS P RHGC ROFX
Input Qutput Input Input Input Input
Main BL3INT Main Main Main Main
SM SMIMC VFINAL vv vw WW4
Input Input Output Input Input Qutput
Main Main BL3INT Main Main BL3INT
WwW5 XN YR2I
Qutput Input Qutput
BL3INT Input BL3INT
Variable DERN K NPAR Nz
DERQZ Input or Output! Output Input Input Input
Source DERQZ ADAMS4
PAR T VALUE
Input Input Input
Main ADAMS4
Varable BETA CTHI,CTHz, I P
FINDRV Input or Output| Input ggg;’ CTHS, Output Input
Source Main Input FINDRV Main
Mawmn |
Q ROl R3,R12 RA, RB, RV STH1, STH2,| THC
R34, R67 RC STH3, STHS,
5 s t
Input Tnput Input Output STH9, Inpu
Main Main Main FINDRV Input Main
Main
X3 XP
Input Input
Main -94.

~o6=




Variable AREAG NX PG RGEN
GENSHP Input or Output| Output Output Output Input
Source GENSHP GENSHP | GENSHP| Input
ROLLG THET2G THET3G WLB XCGG XGEN
Qutput Input Input Input Output Input
GENSHP Input Input Main GENSHP| Input
Variable DYR2 ETA GSTAR PI
PEAK Input or Output| Input Input Input Input
Source Main Input Main Main
PGGAL PGGALC R3BLK3 RHPC SM SMIMC
Output Qutput Input Input Input Input
PEAK PEAK Main Main Main Main
YR2 YR2T YR2P
Tnput Input Output
fnput Main PEAK
Variable CTHM ETA PI R2BLK3
R2B3 Input or Output| Input Input Input Output
Source Main Input Main R2B3
RHOC RHGI SMIMC
nput Input Input
Main Input Main
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Variable A0, Al, A2 CTHM DRY2 EPS3
A3,

R2B34 Input or Output Tnput Input Output

Source Input Main R3B34 Input
ETA GSTAR 1ISYS PI RCG RHGC
Input Input Input Input Input Input
Input Main Main Main Main Mawn
RHQ@L ROPFX SM SMIMC STHM TTCO
Input Qutput Input Input Input Input
Input R2B34 Main Main Main Main
VFINAL vV vw XLCRC XLCYRC| XN
Input Input Input Input Input Input
Main Main Main Input
YR2I
Output

Variable PIT3 ROL3 RR RRR
RP3467 Input or Qutput| Output Output Input Input

Source RP3467 RP3467 Main Main
THH w XX
Input Input Input
Main Main Main

Variable AREAT BETA CTH2 PITT
TENSHL Input or Output| Output Input Input Qutput

Source TENSHL Input Main TENSHL
RC R3 R34 ROLLT RT2 RTEN
Input Qutput Input QOutput Input Output
Input TENSHL Input TENSHL | Main TENSHL
STH2 THETA3 WLB XCGT XT2 XTEN
Input Input Input Output Input Qutput
Main TENSHL Main TENSHL | Mam TENSHL
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1.

GENSHP
a, Purpose

This subroutine computes the surface area, centroid from the nose,
and moments of inertia for the general shape.

b. Method
The trapezoidal rule 1s used, with as many as 25 input values for the

coordinates XGEN and RGEN., The number of XGEN and RGEN values
are counted.

IENSHL
a. Purpose

This subroutine computes the surface area, centroid from the nose and
moments of inertia for the tension shell.

b. Method

A set of five ordinate values between R2 and R3 are computed corres~
ponding to five abscissas and the trapezoidal rule is utilized.

RP3467

a. Purpose
This subroutine computes the moments of inertia of Sections 6 and 9.
b. Method

The given equations are utilized with the input variables for Sections
6 and 9.

BLOCK2
a. Purpose
This subroutine performs a trajectory calculation with three options, a

drogue and main chute or cluster, a main chute or cluster, or a drogue
chute with a retrorocket. :
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b. Method

First the program checks which of these three options mentioned above

are to be used, and presets initial conditions, including those for the deri-
vative equations. In the drogue chute trajectory, the minimum diameter

is used first and the Mach numbexr is repeatedly checked unitl the time 1t
becomes < MACD input. If the corresponding altitude 1s above ZMC, the
program continues with this size drogue chute and prints the trajectory

down to ZMC, where it switches to the main chute logic If this altitude

is below ZMC, an equation is used to calculate the next drogue chute area.

I the altitude is zero, AD is increased by 1.5 (Statement 250) and the pro-
gram begins again This process of checking the Mach number MACMC
against the altitude ZMC 1is repeated. When again the altutide is tested

and it is not within 100 feet of ZMC, the present drogue area is multiplied
by ZMC/S at Statement 249 Eventually an area will be found where
MACMC occurs within 100 feet of ZMC. Then the trajectory is recalculated,
and printed out at intervals specified by DRVEL, the change in velocity
Output values for the drogue trajectory are also computed and printed before
starting the main chute trajectory.

For the main chute portion, first the area is calculated. Then, 1if the dia-
meter is less than DMCMIN, the minimum main chute size is used If

the diameter is greater than DMCMAX, a cluster of three to fifteen chutes
is used. (The number is increased from three to fifteen by intervals of

two until a diameter less than DMCMAX is found (See DO LGOP at Statement
351)). Then the program calculates the filling time for the main chute or
cluster, and the initial conditions for the main chute trajectory. The tra-
Jectory printout proceeds at intervals of MCVEL changes in velocity until
impact, Then final output quantities describing the main chute are calcu-
lated and printed

For the drogue-retrorocket option, a trajectory is computed utilizing a
specified drogue chute size diameter DDMIN., The program prints out at
intervals of DRVEL in velocity from ZD (drogue deployment altitude) to
impact The impact velocity on the drogue VD is then taken with a speci-
fied horizontal wind velocity VW and the resultant velocity VR is evolved.
The required retrorocket AV is the difference between the required speci~
fied impact velocity VIMP and the resultant velocity VR, With the AV
established, the sizing of the rocket system commences, i.e diameter,
length, and weight.
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5.

DERQZ
a, Purpose

This subroutine computes the values of the derivatives of velocity, flight
path angle, and altitude for the trajectory.

b. Method

Subroutine ATM@S is called to obtain C,, values from which the drag is
calculated. The value of the suspended weight Msusp 1s calculated de-
pending on when the heat shield and structure 1s to be jettisoned

ATMOS
a. Purpose

This subroutine computes the density RHY and speed of sound AS vari-
ations with altitude Z,

b, Method

Initially, Z,.is cdlculated and compared with the altitude Z in the calling
ST ) :

sequence. en, depending on whether Z is greater or less than ZST’

one or two sets of equations are used to compute the density RHD

and the speed of sound AS,

BLGCK3
a. Purpose

This subroutine determines the crushup density (p ) required to absorb
the impact energy. €

b. Method

First the program determines whether to use the lenticular (sphere) op-
tion or the cone-cylinder option. For the lenticular option, the program
starts with p. = p. . . Then Subroutine R2B3 is called to get R23 . Next
BIL3INT 1s called, then ARSIMP, If the y/R2 value is good enough, the
program calls PEAK, otherwise it uses a Newton-Raphson approximation
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to converge on y/R2. The chosen PGCALC is compared with the input
GIMP until PGCALC is less than GIMP. If it is not, p  is reduced by

(Pemax ~ pcmm)/ 10 and the loop starting at Statement 822 continues. If
no satisfactory values are found before Pemm ' 18 reached, the pro-
gram continues with the values it has at that time to calculate output
equations. Then 1t goes on to the lander packaging design.

If the cone-cylinder option is used, the iteration starts with Pe = Pemax *
Then Subroutine R2B34 is called with a starting value of R_,. Next PEAK

is called to determane if PGCALC is less than GIMP. If it is, the program
computes output equations and goes on to the packaging design., If PGCALC

is ‘st111 too large, pe is reduced by (pcmax - pcmin)/lo and the iteration con-
tinues from Statement 726. If p_ . is reached without a satisfactory PGCALC,
the program continues with the p.,,, value and calculates the output equa-

tions and continues on to the packaging design.

Geometry constraints are checked at 901 or 902 depending on which option
was used in the impact system, the lenticular (sphere) or cone-cylinder.
For the lenticular {sphere) option an array of SM values is set up and each

x_and rp is calculated. Subroutine FINDRYV 1s then called to get L All rp

values must be less than the corresponding r values If notf, the package
must be moved back a distance of 0 025 R2 ai’ong the vehicle axis until a

position 1s found where all the rp values are acceptable If no such position
can be found, the program returns to the impact system with o, equal to

pC max

If all the geometry constraints are satisfied, then the overall XCGO is
calculated and tested against XCGmin' If XCGO is les$ than XCGmin’ the
program continues; otherwise it goes back to the impact system with o,

& . : 5 g : :
equal to Pemax With XCGO satisfied, the overall moments of inertia
are calculated and finally, the internal structural weight.
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8.

10,

11.

R2B3
a, Purpose

Subroutine R2B3 calculates the value of R2 for the lenticular and sphere
option.

b, Method

The program evaluates the expressions for R2, using the values of
o, from BL@CK3.

BL3INT
a. Purpose

Subroutine BL3INT evaluates the integrand of Equation (140) in prepara-
tion for integration by Simpson's Rule.

b. Method

The expressions for the integrand of Equation 140 is evaluated at 11
points between 0 and Ym/RZ'

PEAK

a. Purpose

This subroutine determines the maximum value of G during impact.

b, Method

Eleven (11) values of G corresponding to 0 < y/R, < y_ /R_ are com-
puted and the maximum of these values is chosen as PGCAL , the out-
put of the routine.

R2B34

a. Purpose

This subroutine computes the value of R2 for the cone cylinder option.



b. Method

Subroutine R2B34 computes the value of R2 for the cone-cylinder option
and calls 1t RGFX. Then it calls Subroutine BL3INT to evaluate the
expression within the velocity integral using this R2, Next R2 is

corrected by a Newton-Raphson approximation. This process is
repeated until the R2 value gives a solution within EPS3.

12. FINDRV
a. Purpose

This subroutine determines whether the payload package fits within the
vehicle envelope.

b. Method

This subroutine compares the X computed in the main program with
the abscissas-computed-inthe hedt shield and structural shell system
until it finds the section in which X falls. Then it calculates the
ordinate r which will correspond to X_from the equations in that
section. 4

D. MAIN PROGRAM

The program first sets the values of any preset inputf, then reads the data
into storage as specified by the namelist array INPUT,

After converting angle to radians and computing their sines and cosines,
the program begins at Statement 20, computes five (x) and (z) values for
the nose cap section which is required to be the first segment. Area,
moments of inertia, and centroid from the nose are also calculated after
the (x) and (r) values are written on the output tape.

The program then tests to see if the toroidal section following the nose

15 included. If it is not, starting at Statement 31, theta 2 is set equal to
theta 1, and x2 and r2 are set equal to x1 and ¥l If the section is included,
five (x) and (r) values are computed and written on the output tape. Then
the moments of inertia and centroid from the nose are computed.
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Next, at Statements 21 and 28, the program determines which, if any, of the
three options (3., 4 , and 5. ) for Section 23 is to be used. If none are
included, theta 4 is set equal to theta 0, and r4 and x4 are set equal to r2
and x2 Section 34, a toroidal section, has to be included if Section 23 is
used.

If the tension shell option is used, five (x) and (r) points are computed and
written on the output tape The area, moments of inertia, and centroid from
the nose are also calculated. All of these calculations use the trapezoidal
rule and subroutine TENSHL, and occur between Statements 34 and 44.

For the general shape option, as many as 25 points may be used to describe
the curve. The program proceeds in steps similar to those used for the
tension shell, but with subroutine GENERL, between Statements 44 and 42

For the conic section, two (x) and (r) values are computed and written out,
followed by area, moments of inertia, and centrord from the nose calcula-
tions, between Statements 42 and 52

Then, from Statements 52 to 22, Section 34, 1s handled a toroidal shape,
with five (x)} and (r) values which are written on the output tape. Next the
area, moments of inextia, and centroid from the nose are calculated. The
moments of inertia are calculated in Subroutine RP3467.

Section 45, if included, is a cylinder described by two pownts. If it 1s not
used, x5 and r5 are set equal to x4 and r4 If used, the two (x) and (r)
values are computed and written out. Then the area, moments of inertia,
and centroid from the nose are calculated, (Statements 45 to 46).

Section 56, a flared section, is described by two points. If it is not used,
x6 and x7 are set equal to x5, and r6 and r7 are set equal to r5. After

the two (x) and (r) values are written on the output tape, the area, moments
of inertia, and centroid from the nose are calculated. If section 56 is used,
section 67 a torordal segment must be included Five (x) and (r) values are
written on the output tape, then the area and centroid from the nose are
calculated The moments of inertia are computed in subroutine RP3467.
These computations occur between Statements 46 and 24

If section 78, a toroidal section, is not included, x8 15 set equal to x7 and
r8 is set equal to r7 If used, five (x) and (r) values are computed and
written on the output tape. Then the area, moments of inertia and centroid
from the nose are calculated, (Statements 24 to 25).
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Section 89, if used, is a cone described by two points If it is not included
%9 is set equal to x8 and r9 is set equal to ¥8, When this section 1s used,
two values of (x) and (r) are written on tape, and then the area, moments

of inertia, and centroid from the nose are computed, {Statements 25 to 53).

There are two options, 12. and 13 , for the final section, one of which must
be used. The first is a cap described by five (x) and (r) values which are
written on the output tape. Then the area, moments of inertia, and centroid
from the nose are calculated. The other option is a two point base section,
Two values of (x) and (r) are written on the output tape, and then the area,
moments of inertia and centroid from the nose are calculated. (Statements
51 to 40).

Next, output values for the total heat shield and structure weights, WHS and
WST, for each section are calculated. If one or more rings 1s to be added
to the vehicle, the appropriate moments of inertia are computed and printed
Then the total vehicle shield and structure weights called WHSTQ@T and
WSTTOT, are calculated along with the vehicle center of gravity XCGHS
and moments of inertia RLLT and PITCHT. Depending on which sections
have been included, a tabular printout of section number, area, WHS, WST,
and moments of inertia is provided, followed by values of WHST@T, WSTTOT,
XCGHS, and WR, the entry weight less heat shield and structure weights.

If WR is found to be less than or equal to zero, work on the present case is
terminated, a transfer to Statement 1000 being made for consideration of
the next case. If WR is greater than 0, subroutines BLOCK2 and BLGCK3
are called to carry out the rest of the computations for the case Then the
transfer to 1000 is made.

SIGNIFICANT EQUATIONS

1. MAIN

The programmed expressions for surface areas, center of gravity, moments
of inertia, and weight, are very straightforward, and only the case of

Section 2 is given here as an example.

Subroutines GENSHP and TENSHL perform similar calculations for the
general and tension shell shapes.

A= AREA (2) = 2.+ 7+ R12- (ROl + CTHI- (THETAl - THETA2) + Ri2.

tatement 1002
(STHI - STH2) + R12 . CTHL. (THETA2 - THETAL)) (oratemen )



CTHI = cos 61 THETAL = 61
STHL = sin §; THETAZ = 6,
STH2 = 6
2
X = XCG(2) = WS1:*(WS2 + WS3) (Statement 9210)

WS1 = 2.. 7-R12/AREA(2)

WS2 = Al2l . Bl2.(THETAI - THETA2) +,B12. R12-(§THI - STH2)

WS2 = Al21 . R12+(CTHI - CTH2) - (R12)° .« ((STHI1)" - (STH2)")
Z

where,

CTH2 = cos 6@
WSl =2, . ‘WI%BS(Z)- R12/32.17

Al21 Rl - R12. CTHI1
Blz = Xl +Rj2. STH] 2
WS2 = (AL21)(THETA] - THETAZ) + 3. (A121)"- R12- (STHL - STHZ)
WS3 = 3..A121.(R12) -((THETAl - THETA2})/2, - (SINF (2.® THETA2))/4 )
WS4 = (Rlz)3 . (STH1 . ((CTH1)2+ 2.) - STH2 .((CTHZ)2 N
3
ROLL(2) = WS1 - (WS2 + WS3 + WS4) (Statement 1002)
where,
WLBS(2) = WHS(2)+ WST(2): STRFAC (Statement 54)

WSz = Al2l- (Bl12)°-(THETAL - THETA2) + 2. - Al2l- BIZ-RI2- .
B12- R12- (CTHI - CTH2)

WS3 = Al2l- (RIZ)Z- ((THETA1 - THETA2)/2. - (SINF(2.: THETAIL) -
SINF (2. - THZETAZ))/4 ) + (B12)"+ R12°* (STH1 - STH2) 3
ws4 = Blz. (R12)% (STHI?  (sTH2)?). (R12): ((STHL)® - (sTH2)®)

3
PITCH(2) = WS1: (WS2 + WS3 - WS4} + .5- ROLL(2) (Statement 9210)
WHSTQT = T WHS(I)

State t 1016
WSTTOT = T WST(I) (Statemen )

2. BLOCK2
Wy = WD = .11- DIAD/18.6" QD/65.+ AD (Statement 4444)
P, = PD = XD- QD- CDDGGI- AD
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where,
CDDGGI is value from CDD table versus Mach

Amc = AMC = (2.- G - SUSPM)/(RHGSL - CDM - (VV)%)(Statement 501)
C. cluster = CDCL = GDM - ( 95 - .03 AN)

D
Amc = area of each chute in a cluster = AMC = (2.+ G *SUSPM)/
(RHGSL - CDCL* (VV)2 + AN) (Stateme(ntt 321)
= - . . . 3 ate-
W_ . cluster = WMC = .0013- QMG -AMGC:AN:( 98 + . 045 - AN) tment 215)
te = TF = DMC.{ 05 - 3.E-5+ VMC) (Statement 214)
2
Vy = VR = SQRTF((VD) + vw)?) (Statement 406)
AV = DELV = VR - VIMP
W./W, = WFWI = EXPF (-DELV/(XISP.GTHET)) (Statement 411)
3. DERQZ
V = DERN(1) = (-D-SM ‘G *SGAM)/SM (Statement 2)
v = DERN(2) = (-G-CGAM)/V
Z = DERN(3) = V.SGAM
4. ATMOS

M = AM = 28. . XN +32.- XZERD + 44.-XC +40.-XA

Cp= CP = R/AM-(3.5(XN + XZER@) + 4. » XC + 2.5+ XA)
Lo = AL = -FALR:G/CP

ZST = ZST = (TST - TSL)/AL
T = TSL + AL-2

Troposphere
FAC = -1. - AM-G/(R+AL) FAC
p = RHD = ((TSL + AL- Z)/{TSL) }+ RHG@SL

FACl = CP-AM/R - 1, (Statement 4)
a = AS = SQRTF ((CP-T)/FAC1)

Stratosphere
FAC
pST = RH@GST = ((TST/(TSL) }* RHOSL (Statement 2)

p= RHG = RHQST - EXPF (-(AM -G)/(R* TST)- (Z - ZST)
a = AS = SQRTF ({(CP- TST)/FACL)
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5. BLQCK3

SMIMC = W1./32.2

Sm = SM = SBLK3 = (ALPHA - (RHOC
t = TBLK3 = YR2-R213/ETA
R213 = (R2BLK3){1-/3.)

Uy/R,)

WSl =1. - YR2/ETA (Statement 832)
WS2 = 2.- /3. - R2ZBLK3

Ws3 = (WSI - (CTEM)?)- (2. WS1 + CTHM)
FMI = RHQI.WS2.WS3

WS4 = (1. - (CTHMY ). (2. + CTHM) - WS3

FMC = RHQC - WS2- WS4

WS1 = 7-RHOL-COP/3. - ((RCG)® + RCH* RWS + (RWS)’) (‘rsx::;et-925)

WS6 = m-RHQI/3.: (RP1 - RCO/(TTHM)Z)' (2. RP1 + RCG/TTHM)
+7.RHQI. (RCG)%.CYP

FMI = WS1 + WS6 3

FMC = 2. 7+ (RHDPC/3.* (1. -CTHM) RQFX - RCO/(STHM) )

WS3 = WHSSTT - XCGHS + WROC(DEL4 + XLR * , 5) {Statement 987)

WS1 = (1.05-(WD + WMC) + WC + WI) - DEL4+R2BK3+(1. - CTHM))(Statement

XCGH = (WS1 + WS3)/WE (Statement 991) 988)

)(1. /PSI))

where,

WHSSTT = WHSTQT + WSTTOT 4
X = XCGCR = 3. - (R2BK3- WS1/3. - (1. - CTHM) - ({R2BK3) (Statement
Clcr 987)

- (R1BK3)Y) / 8. - (STHM)®)/(1 - CTHM) -WS1)

WS1 = (R2BK3)° - (R1BK3)®
h = H= RIBK3- (1. - CTHM)

Xoe = XCGl= (WCAP: XCAP + WCYL- (H + XLCY: .5)
4 WC@N - (H + XLCY + XCON))/ WCAP + WCYL + WCGN)
wcap = wsz. ()23 (3. RIBK3 - H)

WCYL = WS2. (RCQ))Z- XLCY 2
WCON = WS2- XLC/3. - ((RC@®)” + RCP- RBK3 + (RBK3))
XCPN = XLC{RCPO - (2. XLC)/(3.  TTC@))/(2.- RCH - XLC/TTCQY)

veapr = mom2/? . (3. R1BKS - 1)

XCAP= 7w / VCAP: (2./3-(H)3-R13K3 - .25'(H)4)
WS2 = RHQI- 7



Lenticular
Ix
TOT/ XCG0

WS = WRGG/{2, - GSTAR)-{(.5-(DR)%) , (Statement 990)
WS2 = 2. -7 /15.+ RHGC - WS10. (2. - CTHM ((STHM)” + 2.))

WS10 = (RZBK3)°- (R1BK3)®
WS3 = g-RHGU/Z.- (4./3.- (RIBK3)Z-(m)° - RIBR3(m)2 + ()°/%")

WS4 = 1.05/2.- (WD + WMC)/GSTAR- ((RZBK3 + (TC)%) - (R2BK3)%)
XITGT = T ROLII)
XTQTCG = XITOT + WS1 + WS2 + WS2 + WS3 + WS3 + WS¢

TC = ( 8+(WD +WMC))/(RCHUTE'(RZBK3)2)
Cone - Cylinder
I
TDT/SCG
WS16 = .5 WCYL/GSTAR (RC(D) +.3- RH((')I 7-XLC/3.- ((RCO) (%252-994)

+ RCQ -RBK3 + (RBKB) (((RC@) - (RBK3) )/((RCD)3 - (RBK?») N
XTOTCG = XITQPT + WS1 + WS2 + WS3 + WS16 + Ws4

Lenticular
y TPT/XCG,
wSs5 WHSTT/GSTA.R 2 (Statement 990)

WwS6 ; (XCGPD - (XCGHS) ) - (XCGHS)

WS7 = WR@C/GSTAR’(((XLR) Y12, + (DR)2/16')+ (XCG®) - DEL4 -
(XLR/Z ) )
WS8 = - o/3.* RHQC * (RZBKS) + W81l (1. - CTHM) - 7 ‘R2BK3-

RHQC/2. - ((R2BK3)" - (R1BK3)%)- (STEM)? + 2. /15.- RHOC -
7 WS10 (1 - (CTEMY®) + 7/15. - RHGC- WS10+ /(2. - GTHM-

(sTEMY 2. 1)
WS11 = (RZBK3)3 - (R1BK3)
VS = “@/3.+ (1. - CTHM) - WS11

XBARS = 2 * #/VS-(R2BK3- WS11/3.- (1. - CTHM) - ((R2BK3)*
- ®1BK3)Y)/8. (sTEM))
WS9 = RHPC. VS- (XBARS)
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Cone

WS12 = 1 05-(WMC + WD)/GSTAR- (R2BK3)2/ 300"

WS13 = 2. RHQC-VS-((R2BK3. * (1. - CTHM) - (XBARS))®
WS14 = (WI+ WC + 1.05-(WD + WMC))/GSTAR-({XCG® ~ DEL4

- R2BK3-(1. - CTHM)))?
4/2, 5/5.
WSI5 = 2. - (W~RH¢>I (RlBK3 T - @) + 7 -RHDL/ 4.
(4./3 -(RIBK3) @ - risxs- () (1°/5)) - 2. REOI-

VCAP- (XCAP) +72.- RHGI- VCAP - ((H-XCAP))*

YITOT = ¥ PITCH(I)

YTOTCG = YITOT + WS5: WS6 + WS7 + 2.-WS8 - 2. -WS9 + WS13
+ WS14 + WS15 + WSI12

- Cylinder

I
yTDT/XCGO
WS17 = 2. -q/3 RHQSC (1 CTHM)-((RZBK3)3 - (R1BK3)3).((XCG¢>

- DEL4 - XBARS)) (Statement 994)
WS19 = WCAP/GSTAR ((XCGO DEL4 - TBKS3 - XCAP)) + WCYL/

GSTAR- ((xLCY)2 1% & (chﬁ)z/4 (+ (XCG@® - DEL4 - TBK3
- H - XLCY/2.))

WS18 = nRHgI (R%BKB ~(H) (H) 5/) + m/4.  RHGL 4. /3
(RIBK3) - (H)” - R1BK3- (H) + (H) - RHQI.- VCAP-(XCAP)

WS20 = WCON/GSTAR- ((XLC)*- .1-({RCG)> + 3. RCO - (RBK3))/
((RC®)2 +RCO- RBK3 + (RBK3)%) - . 15+ ((RCD)® - (RBK)®)/

((RCQS) - (RBK3) N
WSs21 = WC(DN/GSTAR (XCON)* - ((XCGO - DEL4 - TBKS - H -

XLCY - XC¢>N)) )
WS22 = 1.05- (WMC + WD)/GSTAR- ({(XCG® - DEL4 - R2BK3 * (1. -

CTHM) - .1.R2BK3))
YTGTCG = YITOT + WS5:WS6:°WST + WS8 - WS9 + WSI7 + WS18
+ WS19 + WS20 - WS21 + WSI12 + WS22

6. R2B3 (Lenticular Option Only)

WSI = (1. - YR2/ETA - CTHM))®

WS2 = 2. -2..YR2/ETA + CTHM
WS3 = RHQ@I-WS1-WS2
WS4 = RHGC - ({((1. - CTHM)) - (2. + CTHM) - WS1 - WS2)

R2BLK3 = (3 - SMIMC)/{2.+ 7-(WS3 + WS4))
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7. BL3INT
ws1 SQRTF (1. - (U)z)/U
ws2
wS3
WS4 = 0. or BG/(XN-2.) (1. - (0)(XN-2)
YR2IT) = WS4+ Bl.. 5 (1. /WS3 -1.)+ B2, .5 -(WS2/WS3 - WSI)
+ B3 -. 5+ ((WS2)2/(U) - 2. WS2-WS1 = 2. LOGF(U)) (Statement 4)

(Statement 3)

oo
>
Q
©
7]
Gl

where,

B¢ = A0, Bl = Al, B2= A2, B3 = A3

U = 1. - YR2P(I)/ETA
YR2P(I) = (I-1)"DYR2 (Statement 2)
Vo

VFINAL = SQRTF ((VV) + (VW)?)
WS1 = YR2P(I)/ETA

WS3 = RHPC 7 /SMIMC

WW4 = ({1. WS1))2 YR2KD)
GUNC(T) = WS3 ((WS1)2 - (wS1)3/3
WWS5(I) = 1. - ROFX GUNC(I)

Ym/RZ
f FUNG(I) = / WW4 (I) /WW5(1)
0 0
8 DPEAK
WSl = YR2P(I)/ETA
WS2 = 2. 7 SM (R213)°/(SMIMC GSTAR)
WS3 = RHGC r R2BLK3/SMIMG
WS4 = (1. - WS1)® YRoum) .
WS5 = 1. - WS3 ((WS1)2 - (ws1)>/°")
PGCAI{I) = WS2 WS4/WS5 (Statement 817)
~110-
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9.

R2B34

YMR2

ws2
W53
WwS1
WS4
wSs5
WSé

WS7

R@PFX

= ETA (1. - RCO/(ROFX) 22223333 grm

1., - XLLCRC/TTCQ (Statement 5)

2. 7/3. RH@C (1. - CTHM)

SMIMC/WS3 2

/3. RHOI XLRC (1 + WS2 +Hys2)")

7 RHQI/3. ((1./STHM - STEM))” (2. 1STHM + CTHM/STHM)
(WS4 - WS5 - 7 RHPI XLCYRC)/WS3

WS6 + 1. /(STEHM)’

3

= WS1 + WS7 (RCO) (Statement 8)
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I. INTRODUCTION

A. GENERAL DESCRIPTION

Program 1883 computes the equilibrium gas properties in the stagnation region
behind a normal shock, and the associated radiative heating, ‘given ambient
conditions of density, temperature, and molecular composition of the atmos-
phere, the shock standoff distance and the flight velocity. The shock standoff
distance can also be computed, provided sufficient body shape data are given,
based on the correlation of standoff distance stored in the program.

B. CALCULATION MODEL

During hypervelocity entry, the state of the gas behind a bow wave can vary
from a highly iomized state to a molecular and atomic state. Enumerating all
the likely species to be encountered throughout entry to solve the thermody-
namic state of the gas would require an equal number of equations to be solved
simultaneously. The present approach is an approximate method which divides
the thermodynamic states into 4 zones, wherein only a few major reactions gov-
ern the state of the gas result in simplified and more rapid solutions for the
state conditions. For example, Figure 1 illustrates the variation in specie
concentrations with temperature, and typical zone demarcation lines are indi-
cated for initially pure CO, The zone division is performed automatically by
testing enthalpy and pressure.

Assumptions include:
1. Ragid rotator molecules
2, Harmonic oscillators
3. [Electronic energy states are not considered beyond 70, 000°K
4. The enthalpy of all molecules is taken as 0 at 0°K
5. Equilibrium thermodynamacs apply

6. Only several major reactions govern the thermodynamic state at
any time.

The calculation model is described in detail inReference 1, and a summary
1s presented herein for completeness.
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1. Stagnation Point Conditions

During hypervelocity entry, the state of the gas behind a bow shock can
vary from highly 1onized to atomic and molecular states. Enumerating
all the likely species to be en,cou'ntered throughout entry would require
an equal number of equations to be solved simultaneously. In general, a
sufficient number of chemical reaction equations,

Zax A be B,

( where A arethe reactants, B; the products, and 2, b, the stoichiometric
coefficients ) must be formulated, such that taken together with the ele-
ment and charge conservation equations, we are able to solve for the specie
concentrations. The present program considers 19 species, 4 elements
and electrons and hence there are 14 reaction equations and 5 conserva-

tion equations.

The elements considered are carbon, oxy;gen, nitrogen, and argon; how-
ever, the conservation relationships are utilized in terms of the molecular
concentrations of mitrogen, carbon dioxide, oxygen, and argon as they ap-
pear 1n the atmosphere. The complete reaction matrix 1s given in Table
I-13, page 46, of Reference 1.

The 14 reactions could be solved at each point along the trajectory using

the method of the minimization of free energy, e. g. Reference 2, page

207. Since the reactions cover the whole range of species to be encountered,
at any one fime only a few of them wall be important, which leads to the
alternate method of solving a small number of concentration equations
simultaneously, The latter approach, demonstrated by Hansen® for aur,

is utilized in the present prbgram.

For each reaction, an equation involving an equilibrium constant is formu-
lated: % 3

nix@)] ™ p \h

m[x(a]™



where Z1is the compressibility factor and represents the number of moles
of gaseous products per mole of reactants, and X(Al) and X(B, ) are the
moles of reactants and products, respectively.

The equilibrium constants are, in turn, calculated from kinetic i}feory using
spectroscopic and structural aspects of the individual molecules, atoms

and ions. & 3

The equilibrium constants are expressible as

AE,
o
In IS, e + Zb, In QP(Bi) — Zai In Qp(Ai)
where QP (Al) and Q (BI) are the partition functions of the individual molecules,
atoms, ions, and electrons, and AE, is the change in the zero point energy
for the reaction. The expressions for the equilibrium constants and parti-
tion functions are given in Reference 1, Tables I-15 and I-18,

The partition functions and equilibrium constants are given in terms of
pressure and temperature and hence the solution to the species concentra-
tions is obtained for these two-state variables. During entry, sufficient
trajectory data exist to compute the total enthalpy and to estimate the stag-
nation pressure closely, and hence an iterative solution of the specie con-
centrations is required to determine the temperature of the gas as well,
such that the stagnation enthalpy is matched. The enthalpy of the gas given

by:
HM TH M
= Xl
RT, Z RT,

must equalhthe stagnation enthalpy during flight:

HM vZ M BM
= .
RT, 2 RT, RI,

The stagnation pressure is approximated as:

"
-
<
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The velocity (V) 1s input in fps, the densnyoas RH@A in slug/ft3, and the
ambient temperature TAin degrees Kelvin( K).

For the approach selected, of solving a limited number of key concenira~
tion relationships simultaneously, a priori knowledge is required of the
relative importance of the reactions for various flight conditions. Hence,
tabular data were computed and stored in the program as Table 1I-19 in
Reference 1, which specifies zones of HM/RT, and P, where the number of
simultaneous algebraic equations for the species concentrations can be
optimized. The dominant reactions in each zone are discussed in Refer-
ence 1,

The general nature of the solution proceeds as follows

Trajectory Data

B,pa,Ta,XN,XC,XO, XAL
-

Zone Table
and
Zone Selection

Iterate on T
to locate gas state
by matching HM/RT,

Solution yields concentrations, and
state variables for stagnationpoint
behind normal shock.

The radiation heating is computed for a parallel slab of gas at uniform
stagnation temperature and pressure of thickness (A) DELTA. The heat-
ing is given by*

QR =?¢7T4

~5-
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where o = the Stefan-Boltzmann constant, The calculated emissivity of the
gas accounts for absorption, and is given as:

€= 1-2E;(Sn)

where 7 is the optical path length of each radiating specie,

and Eg (r) s defined as:

1

Eg(r) = / se=/S ds .

[

Tabular values of 1-— 2E3(r) are shown in Tablel and are used in the com-
puter program,

. N ST/T

1 1

L 5 4x 1019 (T x 104"
where N; 1s the particle density of the radiating species,

The values of C,, Tj, n; for the corresponding species X, are given in
Table I-20 in Reference 1. A detailed discussion of the radiation heating
model 1s given in Reference 1 also., The standoff distance { A) may be input,
or the nose geometry can be input, in terms of RN, RSN, THNas shown in
Figure 2 which utilizes the correlations of Reference 5 as shown in Figure
3.

2, Limitations

The limitations of the calculation model are discussed in Reference 1,
page 49, from the point of view of the kinetic theory approximations,

The flight speed range and atmosphere limits are governed by the range

of species considered. Doubly ionized carbon, oxygen, and nitrogen ions

-6-
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and singly ionized argon are considered in the.extreme temperature range,
hence, the calculable flight speed regime is higher for mixtures without
argon. As the program was developed primarily for high-speed studies,
its use for low-temperature work, corresponding to flight velocities below
8000 fps, is not recommended.

Because of the nature of the algebraic equations, several limitations arise
in specifying concentrations; both the concentrations of argon and oxygen
can be specified as zero, but the concentrations of CO2 and N should be
greater than 10-3.

The radiation model uses the parallel slab approximation and assumes an
isothermal gas layer of uniform composition; hence, the results will tend
to be conservative, especially at large radiative heating rates when the
radiation heat loss approaches the energy content of the gas. This lirmt
bas been treated by Wickf Yoshikawa and Chapman, 7

The Limitations of the model to predict the standoff distance are discussed
under Program 1880.

Comparative results obtained from Program 1883 with those obtained from
JPL and Amefs Programs are given in Figure 4.

TABLEI
TABULAR VALUES
F ¢
TAUTBL EPSTBL @
(1) 0 () )
(2) 0.01 (2 0 oz
(3) 0.05 (3) 0 092
(4) 01 (4 0 168
(5) 02 {s) 0 298
(&) 03 (6) 0 200
7 04 (7 0 486
(8 05 (8) 0 558
9 06 9 0 618
. (1 07 (10) 0 668
(1 08 (1 0 712
{12 09 {12 0 750
(13) 1o (13) o 782
(14 11 (14) 0 810
(15) 12 (15) 0 834
(16) L3 (16) 0 854
[$1/] 14 {17 0 872
(18) L5 (18) 0 888
(19) 16 (19 0 900
(20) 17 (20) 0912
2y 18 (21) 0923
(22) re (22) 0932
(23 20 (23) 0 939
(24 z5 (29 0 967
(25) 30 (25) 0 982
(26) 35 (26) 0 990
(27) 40 (27) 0994
(28) 60 (z8) 0999
{29) 16 0 {29} 100
{30) 1 OE + 10 {30) 1 00
-8-
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A, INPUT DEFINITIONS

1. USAGE

External | Preset -
Name Values Symbol| Parameter Units
ATMPS A number of the form XX, XX for -
identification.
;
CASE A number of the form XX.XX for -
1dentification.
DATE A number of the form XX.XX for -~
identification.
DELTA 0. A Shock detachrhent distance. feet
If = 0, Ais computed from a
geometry correlation.
MEMG A number of the form XX, XX for -
identification.
RC o. Cylinder radius. feet
RHOA 0. Pa Ambient density. slug/feet3
RN 0. RN Nose radius used for A correla-
tion (see DELTA). feet
RSN 0. RsN Shoulder radius for A correla=- feet
tion (See DELTA).
TA 0. T, Ambient temperature. °K
THN 0. 0N Nose angle used for A correla-
tion (See DELTA). degrees
v 0. vV Vehicle velocity. ft/sec
VEHICL A number of the form XX.XX for -
vehicle identification.
XA 0. XA Mole fraction of A in atmosphere. -

-10-
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Extertal Preset
Name Values Symbol Parameter Umts
XC 0. XC Mole fraction of COZ in atmos-
phere. _—
XN 0. XN Mole fraction of N, atmosphere f ----
XQ 0. X@ Mole fraction of @, atmosphere ———

B, INPUT PROCEDURES

The following procedures are to be observed when formulating inputs for Pro-
gram 1883:

1. All data are numerical and may be written with decimal points.

2. Since all variables have been pres'et to 0., before the first case, only
those which are to be non-zero must be input.

3. The concentrations of oxygen and argon may be equal to zero; however,
the concentrations of nitrogen and carbon dioxide should not be less than
0.001.

4., Argonis included only in Zones ! and 2 and hence, if the flight condi-
tions are outside of these limits, one must ensure that the concentrations
of oxygen, carbon dioxide, and mitrogen total unity.

5. A set of computer input forms are provided for the user. All the data
shown on the form 1s keypunched when the variable 1s supplied.

C. OUTPUT DEFINITIONS

External Preset

Name Values Symbol Parameter Units

ATMPS ATM@S Number of the form XX.XX used

for identification of the atmos-

phere, -
CASE CASE Number of the form XX. XX used

for identification of the case. -
DATE DATE Number of the form XX, XX used

for identification of the problem

run. -
DELTA DEL A Detachment distance. feet

~

EPSILON EPBAR Total effective emissivity. -




External Internal 3 .
Name Name Symbol Parameter Units

EPSILON (I} EPS 3 Table of erussivities for each

radiation source. --
HD/HS HDHS Hpy/Hy Ratio of dissociation enthalpy to

stagnation enthalpy, -
HM/RTQ HRT HM/RT, | Stagnation enthalpy ratic, -
MEMQ@ MEMO Number of the form XX. XX used

for identification of the problem

run. ——
QI QI Radiative heating contribution of

each source. Btu/ft2-sec.
QR QSUM Total radiation heating at stagna-

tion point, Btu/ft2-sec.
RH@S/RHG RHQST ps/p, Ratio of stagnation density to

ambient density, ———
TS T TS Stagnation temperature . °K
VEHICL VEHICL Number of the form XX, XX for

vehicle identification. --
X X X Specie concentration. moles
zS Z z Total moles of species, moles

1. Chemical Terms

Although conventional chemical symbols are utilized in the text and espe-
cially in writing chemical reactions, the symbols used in the program and
occurring on the program printout sheets must include only captial letters

without subscripts.

all the species considered in the program:

Program Symbol

Chemical Symbol

Chemical Name

@
@2

(e] Atomic oxygen

Molecular oxygen

The following table summarizes the nomenclature for




Program Symbol Chemical Symbol Chemzcal Name

C C Atomic carbon

c@2 CO, Carbon dioxide

co cO Carbon monoxide

N N Atomic nitrogen

N2 Ny Molecular mitrogen

A A Argon (monatomic)

@+ ot Singly iomzed atomic oxygen
@+t ot Doubly ionized atomic oxygen
C+ ct Singly 1onized atormc carbon
C+t ctt Doubly 1onized atomic carbon
N+ N* Singly 1onized atomic nitrogen
N++ N+ Doubly ionized atomic nitrogen
N2+ N2+ Single ionized molecular nitrogen
A+ At Singly 1omzed argon

CN CN Cyanogen

N@ NO Nitric oxide

E- e~ Electrons

D, SAMPLE PROBELM
1. Statement of Problem

Determine the radiation heating for a specified flight condition for a
gas mixture of 51. 2 percent nitrogen and 48. 8 percent carbon dioxide.

-13-
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E.

2, Input Form

The input form containing the necessary data is shown on a following page.
Case 1 typifies the input when the vehicle geometry is specified, and Case
2 is the optional input of specifying the shock stand off distance, All the
variable names for which data are given should be keypunched.

3. Output Form

The output 1s shown onthe following pages. Thekeypuncheddata are shown
and should be compared with the input form. The emissivities of each
specie contributing to the radiation are given as well as the total
emissivity including self absorption (grey gas approximation),

The stagnation temperature, compressibility factor, shock density ratio,
radiation heating, enthalpy, and dissociation energy are given. The
concentrations of the individual constituents are given as well as the
radiation contributions of the species considered.

DIAGNOSTICS

The number of messages are given in the printout reflecting the following
program diagnostics.

1. N@ VALID SGLUTIPN

The equilibrium gas dynamics (1883) solution was not able to obtain a
solution with positive concentrations for all the species satisfying the
elemental and charge conservation relationships. In this case, the data 1s
linearly interpolated between the last and the next point for which a solution
is found.

2. NOT CONVERGED IN 30 ITERATIPNS

The equilibrium gas dynamics (1883) solution was unable to converge
within 30 iterations to within 1 percent on the enthalpy; use the last value
found.

-14-
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RAD 2-0983
s 63

DIGITAL COMPUTER INPUT
REQUEST FORM

rroeremno 1883

PROGRAMMER

D, Gillespie

niree Radiation Heating Program

RIS~

MEMO NO SECTION NO | WORK ORDER NO (Egﬂb USE ONLY) |[REQUESTED BY |EXT EST TIME
PAGE 1 OF 1 PAGES

$INPUT

DATE = , MEMQ = , CASE = , ATMOS = , VEHICL =

DELTA = s RSN = T, XA = ,

RC = N TA = N XC = R
RHGA = s THN = , XN = )

RN = ) v o= ., X¢ = A

$
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RAD 2-0963
s 63

REQUEST FORM

DIGITAL COMPUTER INPUT [P7O8EEM 4O

1883

PROGRAMMER

D, Gillespie

nitee  Radiation Heatmn,

g Program

MEMO NO SECTION NO { WORK ORDER NO {E240 USE ONLY)} [REQUESTED BY |EXT EST TIME
1 K420 | W305-050-0005 P. Levine [2996 PAGE ] OF ] PAGES

$INPUT
DATE = ,MEM@= 1. ,CASE= 1. ,ATMGS = 3. , VEHICL= )
DELTA = s RSN =  .6768 , XA = s

RC = 6.7681 s TA =  100. , XC = .488 s
RHPA = 1.21E-6 THN = _ 66,92 , XN = 512 R

RN = 16,2434, v = 19705. , X¢ = s

$
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. <LIST 32700 <DONE 32711 SOUTBF 32755 «BUF 33003 .QSTo 33004
-DOFLG 33043 <HQD 33044 <PEX 33045 <FEXP 33046 +DIG 33047
SFILL. 33252 SFCLS 33254 *  ,FOPN  33260- %  REOF 33264 *  ,TQuT. 33427
23. FIOH 33523 <FIJH. 33523 SFFIL. 34312 <FRTN. 34337 %
25. FHRU 34550 <FHRU. 34550 .
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IBLDR 12701764
S Foo— == e ———-
27. FROU 35201 <FROU. 35201
B gNOS 35242 ~UND5, —35242- S e - e ———
29, UND6 35243 JUNDS. 35243 +BUFSZ 35244
7 = - EFUHE-~ 35722 = - — JNHLST —35745 =—— .NAH ~ o INFAP=-3705 1
3t. JPLRY 37474 POLROT 40651
——320 JEDIV——40T34 COMDIV~ — - = ~ - —
33. JPRTI 41033 POLRTL 41216
1315- —ALDb10-—4E3L5-4——-ALOG 41317 . - [
35. FXPF 41456 EXp 41456
W ESCH———41576 ~CO5 k1576~ —~~FIN-—=41600 - - - - - e e
37. FSOR 42007
———38a~FXPI——421 14 - M i - ==
39. .IACS 42241 <HONSH 42261 -TEOR 42330 <DEFf. 42410 SJOINX 42454 *
- ATTC. 42506 SSHL 42720 %  JSHO  -42762 *  .OPEN.~43003-
-0PT 43062 %  ,OP9.2 43076 ¢ .RLSE. 43150 -RERZ. 43150
LRERL. 43174 SHRIT, 43176 SHNFIA- 43364 %' L EOFEX —43445-% -
.GTIOX 43536 WRW7 43654 ®  .RET 44273 *  LENDTR 44734
= - SBSR, 45347 ~EOTOF 45474 <ETOF3 ~45502 *  WSWITC~-45531 -
JTCHEX 46032 JRASIO 46035 *
— 40510654 46034
——3£0-BUFFERS - ~46036 THRU- 77741
— ~UNUSED CORF 77742 THRU 77777
$INPUT
v = £.19705000€ 05,
XN 0.512000008 00,
X0 0.00000000E—385
0.000000005-38
0,48800000E 00,
THY = 0.66920000F 02,
RN 0.16243400€ 02,
LT3 0.67631000E 0Ly
RHOA = 0.12100000F-05
TA = 0.10000000E 03,
DELTA 0.00000000E~38y
ATHOS = 0.30000000€ 0L,
VEMICL = 0.99900000E 01,
RSN 0.676800008 00
oATE 0.40100000F 01,
KEMD = 0.10000000€ 014
cAsE = 0.100000008 01,
$ FND

LT s g
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DATE 4.01 CASE 1.00 HEHD 1.00 ATHOS 3.00 VEHICLE 9.99

1 8.7 % o ~39 5 6.9978TE-04 & 0.000006-39
3081E-08 16 2.961276-03 11 4.6294LE-03 12 8.686096-05 ~

3.

13 1.20091€-06 14 1.158926-06 15 2.31B07E-07 16 5.569896-30 17 3.82328E-26 18 6.93851€-22

DELT A-=—93.-926 756~01 - e

- - RHOS/RHO - @R HD/HS HH/RTO
—a.6L 0.1 0z 0.44432617E 02 0.58907126E 00 0.28240456€ 03
X{ ML AR~ CONE ———— - .- -— -
N2 0.39843028E 00 w2 1 0.45589495E-01
—- 0 — ==  0.37035265€ 00 -~ =  -— - -
co 0.4T152183E 00 N2 0.1 8693974E-04
. we—  ©.00000000E=38-~ - ~—= - - -
] 0.499550576 00 co 0.36255298E 01
~gw221 S-R——  0.00000000E-38 - -
CN 0.85885380E-03 oz 0.00000000E-38
- oua - 0.229702416-03 -
© 0.156193196-01 N 0.793007666-04
we 0.53380483E-05 cN vid 0.23984492E 02
B ar 0 0,876161356~04—— NO B-6 0.55001797€ 00 -~ -
€~ 0.11103584E-03 NO 16 0.62217899E-02
B e s © 00000000E-38 — —-- —-NO - 0.600423136-02 - - --
ore 0.00000000E-38 © 0.12009694E-02
o — - 0.28857057€-25 --—- - -
N2+ 0. 11474966E-05 N 0.19808027€-21
© . 0.3594TT2EE-1Tmrmmmens  on
A+ 0.00000000E~38 N2+ 0.60084711E 00
s e A= = mue 0,000000008-38 -— - —m -
. A+ 0.000000005-38
SINPUT
. v = 0.19705000F 05,
XN = 0.51200000€ 00,
X0 = 0.000000006-38,
Xa = 0.00000000E~38,
XC = 0.489C0DO0E 00, T Tt - - -
™Y = 0.66920000E 02, T - - e
RN = 0.16243400€ 02, R o e
RC = 0.67631000€ 01, T ot e - - i -
RHOA = 0.121000008-05, - It -
Ta = 0.10000000E 03, e - T T o e e
DELTA = 0.10107000€ 01, - T N e -
ATHOS = 0.30000000€ 01, ° ° T o -
VEHICL = 0.99900000E 01, e - B e T T up
RSN = 0.67680000E 00, - = - - - -
DATE = 0,401000008 01, - e e -
MEMD = 0.10000000F 01, ——— e
CASE = 0.20000000E 01, T -t T .- -
s Enp - o i ) . o )
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DATE 4.01

CASE 2.00 “EMO

1.00 ATHOS

3.00 VEHICLE 9.99

1 8.95931F=06 2

7.27822E-05

3

3.6T3TTE-09 & 0 5

7.1 6

13 1.222726-06 14

1.17996E-06 15

2.36016E-07 16 5.67103E-30 17

3.892706-26 18

T.064506-22

N2 0.39843026E 00 Nz 1 0.46417324E-01
ca 0.47152183€ 00 Nz 0.19033426E~04
] 0.49955057€ 00 co 0.36913635€ 01 -
o 0.85885380E-03 02 0.00000000E~38 -
c 0.156193198-01 " 0.80749900E-04
N+ 0.533A04836~05 A vIo 0.244200L1E 02 |
E- 0. 11103584E-03 HO 18 0.633476736-02
ot 0.00000000E~38 c 0.12227770E-02
N2+ 0.11474966E-05 Ne 0.201677086-21
A+ 0.00000000E-38 w2+ 0.61175749E 00
j ar 0.00000000E-38




1II. COMPUTATIONS

A, BLOCK DIAGRAM

The block diagram for Program 1883 is given in Figure 5,

e FLIGHT DATA SHAPE
2 V, RHZA, TA, XN, PARAMETERS
] X8, XC, XA OR DELTA
2
3 NORMAL SHOCK RADIATION
£ HEATING
3 STAG. CONDITIONS
2 SPECIE EMISSIVITIES
3 CONCENTRATIONS ABSORPTION
o
- GAS DYNAMICS RADIATION
g
=l
2 . 15, RHES, Qi, QR, DELTA,
5 73' % EPSILON,
3 ’ EPSILON |
65-11703

Figure 5 BLOCK DIAGRAM FOR PROGRAM 1883

B. SYMBOLS

E, zero point energy

H, total enthalpy of 1th specie, Btu/mole

H total enthalpy, Btu/mole

pr equilibrium consf.ant for 1th reaction

M mean molecular weight of atmosphere

N, number density of 1th specie, particles/cm3

~21-
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v

X()

X4, XC, XN, X0

o

Pa

C. EQUATIONS

pressure, atmospheres

universal gas constant

equilibrium radiative heating rate, Btu/ft2-sec
atmospheric temperature, °K

temperature, °K

reference temperature, 273.16 °K

flight velocity, fps

molar concentration

molar concentrations of argon, carbon dioxide, nitrogen,
and oxygen in atmosphere

compressibility factor; number of moles of products per
mole reactants

emissivity per umt thickness, cm~ 1

optical path length, feet
ermssivity, accounting for absorptivity (smeared out model)

atmospheric density, slug/ft3

1. Basic Equations

a.

Enthalpy
E 2
L I S ALY a
RT, RT, T, | a1 /),
HM

RT

H M
— = 3X (2}
o ‘(Rg)

-22-
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b. Energy of Dissociation

HDM E,,
—_ = X 3
RT, I RT, (3)
1
c. Egqulibrium Constants

The equilibrium constants for all the reactions used i1n the program
are given as a function of (T, P) in Reference 1, Table I-15,

d. Partition Functions

The partition functions for all the species cons1de1:ed in the program
are given as a function of (T, P) in Reference 1, Table I-18,

e. Zero Point Energies

The zero pownt energies used are given in Reference 1, Table I-14,
It 1s important to note that the values for all molecules are zero.

Zone 1
a. Major Species

1) Six major species considered:

Si1x major species considered
X(N2), X(C0,),X(0,), X(4), X(CO), X(0)
b. Major Specie Reactions

CO; » CO + 1/20,

0y + 20

c. Major Specire Conservation Equations

X(N5) = XN (4)

X(CO,) = XC ~ X(CO) (5)

X(09) = XO + (1/2) X(CO) — (1/2) X(CO) (6)

X(A) = XA (7)
S50=
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d. Equlibrium Constants for Major Species Reactions

[x(co) VIX(o! VP

[x(Col VZ 8)

. _ xcon? e
P27 Tx(ol z ©
Total moles: (10)

Z = 3% =1+ (1/2) X(CO)+(1/2) X(0)

e. General Solution

There can be as many as six major species governing the thermo-
dynamic state of the gas. Hence, six equations are required to be
solved (1identified as Equations (4) through (9)). The auxiliary equation
for the compressibility factor Zis given by Equation (10). Making use
of Equations (5) and(6), and combining Equations (8) and (9), an ex-
plicit solution for the CO concentration can be found, namely,

X(CO) Polynomial
4

E ¢, xecoi=t = o (11)

1=1

Kpi
C1 = Kp; VEpy 1) -P

VKp;
= 2Kp;
C, = Kp; VRp, d——— (1-XC) + XC ~ 1 — X0\ —2PX0
2 = Kp1 VEp;
VEKp; }

K

P1

Cs = Kp;VRpy XC JX0+1 + (XC — 4
3 = Kpj VKp;

{ VKp,

il

2.2
Cq = 2X0%Kp;

-24-
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Zone 2
a. Major Species
Six major species are considered in Zone 2:
X(N,), X(N), X(4), X(0), X(C), and X(CO).
b. Major Specie Reactions
Ny, » 2N
CO->C+ 0O

c. Major Species Conservation Equations

X(N)) = XN — (/XN : (12)
X(CO) = XC - X(O) (13)
X(0) = 2%0 + XC + .X(C) (14)
X(A) = XA (15}

d, Equblibrium Constants for Major Species Reactions

xani? P

Kp3 = Xz — (16)

[x(0)] [X(0)] P

P4= T ROz an

XN
Z <=1+ X0 + XC + 2()+x(c) (18}

e, Minor Species

A large number of minor concentrations are considered in Zone 2
because of their importance in the radiative heating calculations.
Ei1ght minor species are considered:

X, xmo), X, X(©), X0, X(4N), X, and X(e™ ) .

302<
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Minor Species Reactions
N 5 N* 4+ e~

05 0OF 4+ e~

C Chae”

A AT + ™

NY 5 NY 4 N

2

C+ N>CN

N+ O s NO.

Minor Species Concentrations

Z X(@©
X% = P75 xgel) (19)
A 40))
*) = Kpg 5 20
X0 = Xps T 10 (20
Z  X(C)
- z 21
(€ = Kpg P Xe ) (21)
Kps  [xqu) 2
X(N;} _ [x@] (22)
Kpyz X(e—)
p
X(@Q0 = X(OXO) Kps — (23)
P
X(¥0) = X() X(0) Kpg — (24)
2z Kpg 2
[X(em)1] =5 X(0)Xpy+ XMKpg + K(CKpg + X(AKpyy + ¢ xm]
LB (25)

_26-
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General Solution

X(N) Polynomial - (26)
5
5—1
2 C, x00" =0
1=1
Kes
= - - - K - —_—
¢ = (KP4)(4P + Kpg) - 2P [2P- k] -5
(KP?:) (KP‘i A KP3
C=—F [XN ~(1+ XC + X0 + XO)] e [4P (2N - 2 - XO)]
2
Kps

e (2 — 2XN + XO)

Cy = (Kpp (Kpg XN (1+X0 +2XC) + P (Kpg) XN (2+ XO)
2 2

2
Kp3 2 )
ahre [ XN% — 2XN (2 + XC) + (1 +XC — XOXC — X09)]

2
Kes 2 2
Cs= - 4 [XN?% (2+ XC) — 2XN (1 + XC ~ XOXC ~ X091
2 2 2
Cs = — Kpz XN* (1 + XC - XOXC - X0%)
8
X (CN) Polynomial
4
4—1
E ¢, [x(@a] 27
1=1
2 2
Cs = - [X©] KpsX@) P [X(C)+ XC+ 2X0] Kpg

C3 = (Kps) KO [ X(OXKpsH + D+ 29SG ]

H = PKpg [X(C) + XC + 2X0]



2
D = P (Kpg) [X(C) + XC + 2%0] [X(C) + XC+ 2X0 + X(N)]

+

1
[1+xC+x0+ Q) +—X 0] [X(C) + XC + 2X0) Kpg ]

WSG = — (Kpg — Kps) X(N) PKpg [X(C) + XC + 2%0]

Cz = X(Q) Kps (F+ 2WSH) + F(WS2) +(Kpg — Kps) (D + WSG)
2
F = - KpglX(C) + XC + 2X0] ~ Kpg P [X(C) + XC + 2X0]

WSH = (Kpg — Kps) PKpg [X(Q) + XC + 2X0]
WS2 = Kpg[X(C) + XC + 2%0]

C; = (Kpg ~ Kps) (F + VSH)

Zone 3

a. Major Species
Seven major species are considered in zone 3:
X(N), X(C), X(O), and X{e-).
b. Major Species Reactions
+
N->N + e
+
C->C + e~

+
0=+ 0 + e

c. Major Specie Conservation Equations

XM = 2XN - X(ND) (28)

X(©) = XC - % (29)

X(0) = 2X0 + 2XC - x(0") (30)
_28-
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X(eD) = X@) + X(CH + X© (31)

d. Equilibrium Constants for Major Species Reactions

o = X(O0Y X )P
P77 T x0z
(32)
XN X(e™) P
Kpg =—F=s——
; xmz (33)
X(CHX(eTIP
¥ps =<0z 34)
Total moles
Z =1+ XN + X0 + 2XC + X(e7) (35)

e. Minor Species

A number of minor concentrations heavily influence the radiative
heating and the following additional specie concentrations are required:

X(CN), X(NO), X(¥y)

f.  Minor Species Reactions

-
N* 4+ N > N,

g. Minor Species Concentration
P .
X(@0) = X(O) X@) Kps — (6)
P
X(NO) = X(N) X(0) Kpg - (37)

_29-
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X X@) P

XY = ¥oi3 2

(38)

h. General Solution

X(C*) polynomial

5

E ¢, xech] &9

1=1

(]
(=

Cy = (Kpg — Kpg) Kpy ~ Kpy) Kpg + P)
Cy = (Kpg+P) { 2XNKpg (Kpy — Kpg) + 2 (XC + X0) Kpy (Kpg — Kpg)
+ XCKpg (Kpg + Kp7 — 2Kpg) } + { (Kpg — Kpg) (Kp7 — Kpg)

[(1 + 2XC+ X0 + XN) Kpg — XCKpg 1}

C3 = XCKpg { (Kpg+ P} [2XNKpg + 2Kpy (XC+ XO) + Kpg XC]

+

(Kpg + Kpy ~ 2Kpg) ({1 + 2XC + XO + XN) Kpg — XCKpy]

— [2XNKpg (Kpy — Kpg) + 2 (XC+ XO) (Kp7) (Kpg — Kpg)]
— (1+2XC+ X0+ XN) (Kpg — Kpo) (Kpy — Kpo)}

2
C4 = XC?Kpg | (1+2XC + XO + XN) Kpg — XC Kpy

- 2(¥C + X0) Kpy — 2XNKpg

— (1+2XC+ X0 + XN) (Kpg + Kpy — 2Kpg)}

1

3
C5 = —Kpg XC3 (1 + 2XC + XO + XN)
5. Zone 4

Seven major species are considered in Zone 4:

(), xeh), xoh), xa™), xg™), x(0™), anda xE@").

-30-
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Major Species Reaction
Nt Y NP4 T
ct = Ct g e”

o -~ ot 4 e

Major Species Conservation Equations
X = 2N - Xt

X(CH = XC - X(CH)

X(0%) = 2X0 + 2XC - X(©O™)
X(e™) = 1+ XN+ X0+ 2XC + X(C™)

+ X0 + XNt

Equilibrium Constants for Major Species

X(C*) X(e™) P

X =
P10 X(chHz
K@) X(e™) P
Kpyy = —— T
XN Z

X0 x(eT) P

K
P12 X(0) Z

Total moles:

Z =1+ XN + 2XC + XO + X(e™)

.

~31-
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d. General Solution

X(0"") polynomial
5

z o xeo T <o (48)

1=1

Cy = Kpyy + P)(Kpyg — Kpyo) (Kpy; — Kpjo)

Cy = (Kpyp+ P Kpjp 2(XC+X¢) [ Kpjg+Kpjg — ZKp13]

+ XCXp g (Kpy; —Xp1p) + 2XNKpj; (Kpjg ~ Kp1p)}

+ (Kpjop—Kp1p) (Kpyg —Kpip) { 1 + 5XC + 3(X0 + XN)Kpj,
+ [2(XN + X0 )+ 3%C] P - Kpy, 2 (XC + XO)

C3 = Kp122(XC+ 30) {{Kp1y+P) [Kpyp 2(XC+¥0) + XCKpyg+ 2XNKpyy]
+ (KpjgKpyj ~ 2Kpyp) {1+5XC+3(X0+ XN ] Kpj
+ [2 (XN + X0) + 3XC] P - 2Kpj, (XC+ XO) }

—~[1+5%C+3(X0+XNM)] (Kpjg ~Kpyy) Kpyy —Kpyp)

[XCKpyg Kp11 — Kp1p) + 2XNKpy1 (Kpyg — Kpy)1H

Cg = [2Kp o (XC+X0)1 2 { [1+5¥C + 3 (XO+ X0 ] Kpj,p

+

[2(xN + XO) + 3XC]P - Kpj, 2 (XC + XO0)

— XCKpjg ~ 2XNKpjy; — [1+5XC+3(X0+3x0) ] .
[Kp1g +Kp1y — 2Kpyp]}

Cs = —[1+5XC+3(X0+ X)) [Kpj, 2 (XC + X0)] }

6. Equations Defimng the Radiation Heating

a, Basic Equations

QR = fot (49)

32~
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REORDER bo, &/

where,
¢ = Stefan-Boltzmann constaat
- (50}
€=1-2E(Zr)
B
n = 1524 — (DELTA) (51)

1

Ea(r) = / se™7 S ds. (32)

(]

The tabular values of 7 (r) given in Tablel are used in the computer
program.

b. Enussivities

The emissivities are taken to have the form:

& N; ST
g —— (53)

L 5.4x 208 (Tx 104"

where, .
M .
N, = 27 M 0% . (54)
2116
(89516)(273.16)
The values of C,»T; , andn; for the corresponding species X, are
given in Reference 1, Table I-20.
2
PV
P — - 55
2116 (55)

M v2uM . (McP T, (56)

RT,  2RT, R | T,

Y%

g =33 XN + 35 XO + 40XC + 25XA {57)

-33-
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IV. IBM ROUTINES

A, PROGRAM FLOW

A diagram depicting the flow of information within the program is shown
in Figure §,

ACQUIRE
INPUT

SUBROUTINE
HEAT1

susrouTiNE | [ 19 susrouTing |
HYSTL FINDTL I

SUBROUTINE
GETN1

NO

1S STAGNATICN

TEMPERATURE

CORRECT
?

302 CHANGE
STAGNATION TEMP

WRITE
OUTPUT

GO TO NEXT
CASE

SUBROUTINE FINKHL

[ 11 11 1

SUBROUTINE SUBROUTINE SUBROUTINE
ZONES1 GETK1 GETQ1

e5-1704

Figure § FLOW DIAGRAM FOR PROGRAM 1883

B. MAIN PROGRAM

The purpose of the main program 1s to define tables used with output from the
calculation, to acquire program input and provide output. The main program
defines tables of Hollerith words (ZNAMI1 and ZNAM2) which app"ea.r in the
output of Program 1883, ZNAMI contains the array of specie names in the
same order as their concentrations are stored in the array X, and the table
ZNAM?2 contains the names of the radiation heating sources as they are |
arrayed in the table QI. The arrays 2NAMI and ZNAM?2 should be referred
to for any changes on the computation of an individual specie or radiation ’
component. S
There are eleven tables of temperature and enthalpy which, with a pressure
table, are used to define the zone! in which a solution is computed, R The
selection of the proper set of tables from the 11 possibilities is determined

by the value of the quantity NX. Each of the 11 tables'is based on a specific
composition of O, N_, A, and CO2 in the undissociated mixture, and the main
program selects NX by choosing the table whose sum of mole fractions of O2

-34- .
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and CO3 1s closest to the input sum XO and XC, The array TBSUM contains
the sum O, + CO; for each of the 11 tables,

All input variables are read in through the namelist array INPUT,

Subroutine HEATI1, called after Statement 2001, begins all of the significant
calculations done by the program. When control 1s passed back to the main
program, the only remaining task 1s to provide the program output, all of
which is“contained in the calling sequence of HEATI, save for the effective
emissivities written out by Subroutine GETNI,

C. SUBROUTINES

1,

HEAT 1
a. Purpose

HEATI defines the heats of formation of each specie in the equilibrium
miaxture, provides data for the computation of the detachment distance
1f this quantity 1s not specified as input and defines the zone on which
the equilibrium solution will be found, Moreover, 1t controls the
temperature iteration which computes an equilibrium mixture of some
known pressure and enthalpy at the stagnation point, and obtains total
radiation heating and individual radiation components,

b. Method

The major function of subroutine HEATI is to control the iteration
i Tq, this stagnation temperature being such that the equilibrium
maxture has pressure {P) and an enthalpy (HRT) whose relative error
to the known stagnation enthalpy (HRTZ) is less than some number
(PCNT). i

HEATI first defines PCNT, then the heats of formation of each specie
(the array E) and the quantities necessary for the detachment distance
DELTA. DELTA 1s computed by a two-dimensional table lookup,
unless 1t 15 specified in the program input as some number > 0, The
lookup has, as independent variables, the inverse density ratio which
appears in the output (RH@S/RHJ), and the geometry parameter b/a
(see Reference 1); The corresponding tables are called RKTBL and
BATBL, The two-dimensional dependent variable table of detachment
distance 1s called DELTBL, .

£a
e
&
A
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HEATI then calls subroutine HVST1 which provides a set of tables ~--
T1TBL, T2TBL, T3TBL, HITBL, H2TBL, and H3TBL. This set 1s
selected from 11 possible sets, and depends on the value of NX and
thus on the 02 and CO2 concentrations of the ambient mixture. These
temperature and enthalpy tables are used with a pressure table (PTBL)
to define the upper boundaries of the zone, in which a solution will be
found, T1TBL being Zone 1, T2TBL being Zone 2, and so forth

After calling HVST1, subroutine HEAT] defines the pressure (P) and
enthalpy (HRTZ) at the stagnation point. If the pressure is lower
(higher) than the lowest (highest) value in the array PTBL, if 1s set
equal to the lowest (highest) value (Statements 11 to 14).

Subroutine FINDT1 provides a first guess for temperature, the number
of the zone for the solution (NUM), and upper and lower bounds in
temperature and enthalpy from the proper zone tables (T1TBL), and
‘so forth Statements 1007 to 1009 test to be certamn that no argon

will be calculated in Zones 3 or 4, where argon species are not com-
puted. If argon is present in Zones 3 or 4, no solution is provided
(GO TO 999). Between Statements 1010 and 106 successive values of
the temperature are computed by redefining the bounds 1n temperature
and enthalpy (TUP, TLQW, HUP, and HLOW)and interpolating
linearly to the value T which, with P, would give {for a lmear varia-
tion) an enthalpy HRT=HRTZ, For each iteration subroutine FINDHI1
is called; this routine solves the equation of state of the equilibrium
mixture at the pressure P and approximate temperature T. In addi-
tion to specie concentration, the enthalpy HRT is computed and
compared to HRTZ. If it is close enough, the iterative procedure 1is
terminated (Statement 106); if not, TUP and HUP or TLGW and HLOW
are recalculated, and a new temperature is interpolated. If no ade-
quate solution is found within 30 iterations, this fact is noted in the
output and the last value of temperature is used to provide the solu-
tion. Experience imndicates that a failure to converge occurs close to
the boundary of a zone, and generally where the total radiation heating
is small.

Statement 106 deletes the computation of the radiation for velocities
lower than 8000 ft/sec. Statements 116 and 107 define the "“trace!
specie N in Zone 4. If a positive detachment distance has not been
provided as program input, Statements 503 to not including, 504 compute
the density ratio P, /p , and a/b and compute the detachment distance
from a two—dlmensmnal table lookup performed by AR2 TLU (see de~
scription of AR2TLU).



If the species OF, Nt, Ct, and E- are present in Zone 2, in which zone
they are treated as trace speciles, their concentrations are entered in
the regular array X of specie concentrations from the trace specie
table DUM (Statements 504 to-502),

The normalized stagnation density 1s computed, and this with the list
of concentrations, temperature, and detachment distance 1s used to
compute effective emissivities, radiation compomnents, and total radia-
tion in Subroutine GETNI,

HVST-1
a, Purpose

Subroutine HVST1 provides subroutine HEATI1 wath a set of six tables--
T1TBI1, T2TBL, T3TBL, H1TBL, H2TBIL, and H3TBL-~which are
used to determine zone boundaries and to obtain a first guess for the
stagnation temperature,

b. Method

The quantity NX, computed by the main program as the index of that
set of tables which most closely approximates the concentrations of
O, and GOy, 1s used in a computed ""go to'' statement at the beginmng
of HVST1 to select the appropriate set of TITBL, T2TBL, T3TBL,
H1TBL, H2TBL, and H3TBL,

These tables are the same as 1n Reference 1 (pp. 59 to 69), except
that for the first nine sets of tables each value in the enthalpy tables
1s modified from Reference 1 by the subtraction of a constant times
the concentration of argon. The indices 1 through 7 correspond to
values of PTBL in HEATI with indices 1 through 7.

FINDT1

a, Purpose

Subroutine FINDTI provides a first guess for the stagnation temperature
iteration, upper and lower bounds for the stagnation temperature and
enthalpy, and the number of the zone in which the solution will be found,
b. Method

The quantities H1 and T1 are first found by table lookups using the
pressure P and the independent variable table PTBL, If the H1 1s with~

i a specified percent of HRTZ, then the zone number 1s '] and the first
guess T 1s T1, If the Hl is < HRTZ, but not sufficiently close, the

-37-
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zone number is 1, enthalpy bounds are Hl and 0, temperature bounds

are T1 and 0, and the transfer to Statement 100 provides a first guess T by
linear interpolation. If HI>HRTZ, but not sufficiently close, then the next
higher zone is considered and an H2 and T2 obtained by table lookup from

P and the array PTBL, Then H2 is compared to HRTZ as was Hl, and the
process is carried on until the zone containing HRTZ, the first guess tempera-
ture, is obtained from the interpolation at Statement 100.

4, FINDHI1

a. Purpose

Subroutine FINDHI provides the HRT for each of the temperature itera-
tions controlled by subroutine HEAT!. In doing so, the equation of
state for the equilibrium mixture must be computed at the pressure

and approximate temperature T. Hence, the concentrations of each
specie and total values of mixture are also computed.

b. Method

Subroutine FINDHI first obtains the logs of pertinent partition

functions (QP) and their partial derivatives (QPAR) from subroutine
GETQLl. Which partition functions are computed depends upon the
species in which zone the solution lies. The symbol QP 1s really the

log of the partition function times pressure, and hence the -In P term

in the equations of Reference 1, page 54 1s not included in the com-
putations of subroutine GETQl. With these partition functions, the rele-
vant equilibrium constants for the zone are computed by subroutine
‘GETKI, and are stored in the array PK.

The arrays of specie concentrations are then cleared to zero (X and
DUM) and subroutine ZONES1 called. If a solution is found in

ZONES], the X array will contain some nonzero elements. The do-
loop ending at Statement 104 uses the heats of formation, molar con-
centration, and partial derivative of the partition function of each of

the fairst 16 species to compute the dissociation enthalpy and total en-
thalpy (SUMD and SUMH, respectively). If species A and A+ exast
(XC18, XC19), their contributions to the enthalpy are included (the
partial derivatives of their partitions having first been computed), since
these have not been previously computed in GETQ1 (Statements 107 to 110).
N2+ does not contribute in this model to the enthalpy; hence, 1ts heat

of formation is not stored in the array E, and for this reason the 17th
heat of formation 1s for the 18th specie (A}, and the 18th heat of forma-
tion 1s for the 19th specie (A+). Having computed the HRT and HDHS,
the subroutine returns control to subroutine HEATI.

-38-
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5. GETQI

6.

a. Purpose

Subroutine GETQI provides the log of the partition functions tumes
pressure and their partial derivatives with respect to temperature for
those species which are included in the relevent zone.

b. Method

The evaluation of the logs of the partition functions times pressure (QP)
and thewr partial derivatives (QPAR) are merely algebraic evaluations
of the equations of Reference 1, page 54. Since the equations of ref-
erence are 1n Q, but our evaluation 1s for In QP, the -1n P term of
the reference 1s not included in the GETQI1 calculations.

If the solution lies 1n Zone 1, the functions evaluated are for N2, CO,,
CO, Oy, and O (QP and QPAR 1 to 5, respectively). For Zone 2, the
functions are evaluated only for Ny, CO, O, N, CN, NO, and C (QP and
QPAR 1, 3, 5, 6, 7, 8,and 9, respectively). For Zone 3, the functions
are evaluated for O, N, G, Of, N¥, C', and e~ (QP and QPAR 5, 6, 9,
10, 11, 12, and 13 respectively). For Zone 4, the functions are eval-
uated for N, Of, NT, Ct, e-, N, Otf, and Ctt (QP and QPAR 6, 10,
11, 12, 13, 14, 15, and 16, respectiwvely).

GETKI1

a. Purpose

Subroutine GETK] evaluates appropriate equilibrium constants given
In PQ for the relevant species.

b. Method

The equations for the equilibrium constants are given in Reference 1,
page 48. In Zone 1, the constants computed are for the reactions

CO, =CO + 1/2 02 andQ2 20 (PK 1 and 2, respectively}). For Zone
2, the reactions are Ny = 2N, CO= C+O, C+N +CN, and N+O -+ NO
(PK 3, 4, 5, and 6,respectively). In Zone3, the reactions are O =
Ot+e™, and C+C'+e {PK 7, 8, and 9 respectively). In Zone 4, the
reactions are N+ Nt+e~, CT o CtT+e~, Nt o Nttie~, and Ot » O +e-
(PK 8, 10, 11, and 12, respectively).

KUt e
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7. ZQNES1
a. Purpose

Subroutine ZONES] computes the concentrations of each specie of the
equilibrium maxture at the given pressure and temper ature of the itera-
tion controlled by subroutine HEATI.

b. Method

Given temperature, pressure, mole fractions gf 02’ NZ’ COZ’ and A

in the undissociated atmosphere, along with the zone number and pertinent
equilibrium constants, subroutine ZGNES] will compute the moles of

each specie in the equilibrium mixture at the stagnation point,and the

total moles of gas.

The method of solution depends on finding the roots of a polynominal
whose argument 1s equal (or proportional) to one of the important species
in the equilibrium mixture. The root which 1s used may be deter-

mined by physical constraints (e.g. it must be real and positive}. If

no such root 1s found, "NO VALID SALU" 1s printed and the case de-
leted. Which specie 15 solved for depends upon the zone in which the
solution 1s found. The coefficients of the polynominal are functions of
the mole fractions of NZ’ 02, CO,_, and A in the atmosphere, and the
equilibrium constants of the reactions assumed to be important in the
zone. The important reactions thus considered for equilibrium con-
stants are those (and only those) computed by the subroutine GETK1.
Where trace species are considered (Zones2 and 3), their concentrations
are purely ancillary to the principal reactions considered, and the parti-
tion functions and equilibrium constants pertinent to these trace species
are computed 1n subroutine ZGNES1, not in subroutines GETQI and GETKI1.

In Zone 1, no trace species are present and the species considered from
principal reactions are NZ’ COZ’ Co, 02, and O the reactions being

COp == CO + 1/2 Oz, and O3> 20, In Zone 2, the species considered from
principal reactions are N_, CO, O, N, CN, NO, and C, the reactions

being N_~—2N, C?-—>(_;J_+O,+C+If—>CN and N+O-»NO, Trace species
consqu_ered are O : N c, e, and A+, wh}l_ch come from ieactlons

0—0" t+e”, NN +e~, C—C +e , N2 —N 4N, and A~»A +e . The
equilibrium constants and necessary partition functions for these last

five reactions are computed at the beginning of the subroutine before
Statement 100 (DLPQ5, DLPQ6, DLPQ9, DLPQI0, and DL.PQI11 gre

the logs of the partition functions times pressure for O, N, C, N and

N_'; DGK13 is the equilibrium constant for the reaction N, —»N +N), and

in the Zone 2 calculations between Statements 55 and 8512°(DLPQ12, DLPQI3,
DLPQ14, DLPQRI15, DLPQI6 are the logs of the partition function times
pressure O, e”, C, A, and A"; DGK7 DGKS8, DGK9, D§K14 are equiliprium
constants for the reactions O—>O +e”, N—= N +e”, C~~C +e , and A->
A"+e”),In Zone 3, the species considered from principal reactions are O, N, C,



of, N*, C*, and e-, the reactions being O+ O¥+e~, N> Nt+e-, and
C= Ctte-, Trace species are CN, NO, and Nt which come from the
reactions C+N-= CN, N+O = NO, N2+-> Nt4+N. The equilibrium con-
stants and logs of the necessary partition functions times pressure are
computed at the beginmng of the subroutine before Statement 100
(DGK13 1s the equilibrium constant for the reaction N2+-> N++N,
DLPQS5, DLPQ6, DLPQ9, DLPQI10, and DLPQI1 are the logs of the
partition function times pressure for O, N, C, N+, and N +), In

the Zone 3 calculation between Statements 28 and 8112, (DLPQ7 and
DLPQ8 are the logs of the partition function times pressure for the
species CN and NO. DGKS5 and DGK6 are equilibrium constants for
the reactions C+MN = CN and N+O -»NO:

In Zone 4 no trace species are present and the species considered from
principal reactions are OF, NV, ct, e-, Nt+, Ot*, and C** from the
reactions N~ N++e", ct ->C+++e', Nt o NHF 4+ e”, and OF & ottie-,

GETN1

a. Purpose

Subroutine GETNI1 computes the effective emissivities of each com-
ponent of the total radiation heating and from them computes the total
radiation heating and the radiation component of each contributor.

b. Method

Subroutine GETNI1 first defines the tables TAUTBL and EPSTBL,

a tabulation of 1-2E_ (;)} (EPSTBL) as a function of the independent
variable ; (TAUTBﬁ). Next the table of emissgivities EL is cleared
to zero, and then the concentration of ea%h specie in the equilibrium
mixture is converted to particles per cm” (ZNI). The DO LOOP
ending'on Statement 199 then computes the emissivities of each
component to the total radiation which may come from a positive con-
centration of any of the first 12 species contained in the array X,
These emissivities (EL,, i = 1 to 21 correspond to the radiation contri-
butors in the same order as the Hollerith names in the table ZNAM2
of the main program. l\_{_% rad‘ﬁtion gontributmn 1s made from the
species X(13-16) (¢*, N' ', O'", C '), but contributions are made by
X (17-19), and the emissivities for these species are computed from
Statement 213 to 218. The emissivity formula and constants used to
obtain the average emissivity of the gas (EP BAR) may be found in
Reference 1, page 102. The total radiation and contribution of each
component is then computed based on the fand¢ (DO LOOP ending
on 301). Output is provided, which includes the €56 2 and A.
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CALLING SEQUENCE

Varable V, Velocity RH®, density XN, N2 mole X0, Oz mole |XC, COz mole
Name fraction fraction fraction
HEAT1 Input Or Output Input nput Input Input Input
of subroutine
Source Program Program Program Program Program
Input Input Input Input Input
XA, A mole NX, enthalpy P, pressure |THN, Onnose | BN, Ry, nose | RS, Rg, shouldejRG, Rg, cone
fraction table no. angle raduus radius radius
Input Input Output Input Input Input Input
Program Mamn HEAT1 Program Program Program Program
Toput Program Input Input Input Input
T, temperature | Z, moles of RHGST, 5 /p, QSUM, Qg QI, radiation X, specie HDHS, d1ssocratron|
mxture density ratio  [radiation heating| by specie concentration |energy« enthalpy
Output Output Output Qutput Qutput Output QOutput
HEAT] _ BONES1 HEATI1 GETN1 GETN1 ZONESI FINDH1

HRT, HM/RTo,
total enthalpy

DEL, detach- | DUM, concentra-
ment distance |tionofOF, Nt Che temperature

TINF, ambient

Output Input Output Input
FINDH1 Program 26NES1 Program
Input Input
Variable NX, atmos. table |TITBL 2Zone 1 |T2TBY 2Zone 2 | T3TBL Zone 3 |HITBL 2Zone 1
number temp table temp. table temp. table | enthalpy table
HVST1 Input Or Qutput] Input Output Output Output Output
of subroutime
Source Main HVST1 HVST1 HVST1 HVST1
H2TBIL. Zone 2 |H3TBL Zone 3 |XA, molefraction i
enthalpy table | enthalpy table af &
Output Output Input
HVST1 HVST1 Program
Input
A
GEB=
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Variable P, pressure
enthalpy (used with T&H tables)
FINDT1 Input or Output Input Input Input
for subroutine
Source HEAT1 HEATI HEAT!
T3TBL-Zone 3 HITBL, Zone 1 H2TBL-Zone 2

HRTZ, stagnation

PTBL, pressure table

T1TBL-Zone }

T2TBL-Zone 2

temp. table

enthalpy table

enthalpy table

temp table temp table
{used with PTBL & {used with PTBL & {used with PTBL & {used with PTBL & {used with PTBL &
HITBL}) H2TBL) H3TBL) T1ITBL} *T2TBL)
Input Input Input Input Input
HVST1 HVST1 HVST1 HVST1 HVST1
H3TBL Zone 3 [TUP-Highest tamp. for|TL@W-Lowest temp.for|HUP-Highest enthalpy [HL@W-Lowest enthalpy
enthalpy table 1st enthalpy iteration | st enthalpy iteration [forlstenthalpyiteratron forlst enthalpyiteration
. (used with PTBL &
T3TBL}
Input Qutput Output Output Output
HVST1 FINDT1 FINDT1 FINDTL FINDT1

T-first guess for
m enthalpy tevation

NUM-Zone number for

PCNT-percent error
bl

m

enthalpy iterat

py

Output Output Input
FINDT1 FINDT1 HEAT1
Variable NUM, Zone Number P, pressure T, temperature for
current enthalpy
1teration
FINDH1 Input or Output Input Input Input
for Subroutine

Source HVST1 HEAT1 HEAT1

XC, mole fraction XN, mole fraction

X0, mole fraction

E, Heats of formation | PK, equlibrium
at 0°K constants of Oz 1 of COp 1 atu of Np I atmosphere
Input Output Input Input Input
HEAT! GETK] Program Program Program
Input Input Input
HRT, enthalpyat T2nd P| HDHS, dissociation

X, specie moles 1n

~43.

XA, mole fraction Z, total moles of
of A 1n atmosphere equhbrium maxture equilibrium muxture HRTZ for lastiteration)) energy- entbalpy
Input Output Output Output Output
Program Input Z@NES1 ZPNES1 FINDH1 FINDH1
[DUM-moles of O% N+, CH
and e~ in Zone 2
Output
ZQNESL
¥ HS




Variable NZZ, Zone [TZtemp. at current|ZLPQ, log of OPAR-derwvatives
number h terat; fi of QP at P
GETQ1 Input or Output Input Input Output Output
for Subroutine
Source Man HEATI1 GETQ1 GETQL
Variable NZ, RZone [TZtemp at current [ZLPQ, log of PK; Equbbrium
number terat; n £
GETK1 Input or Output Input Input Input Output
for Subroutine
Source Main HEAT1 GETQ1 GETK1
Varable NUM, Zone ZTtemp at current | XPZ mole fraction [XGZ mole fraction
number halpy iteration |of O, m herd of GOz 1n P
ZPNES1 Input or Output Input Input Input Input .
for Subroutine B
Source Man HEATI Program Program
Input Input
XNZ mole fraction {XAZ mole fraction PZ, pressure PK, equihbrium ZZtotal moles of |XX specie moles
of Np 1h at: h of Ain h constants lequihib: Iibrium
Input Input Input Input Output Output
Program Program HEAT} GETK1 ZPYNES1 ZPNES]
Input Input
DUM, moles of OF,
N7, C%, &e" wm Zone 2
Qutput
ZPNES1
Variable TZtemp, at current|X, specie moles in | RH@S, normalized DEL, shock
enthalpy iteration |equbibrium mixture | st density [detach distance
GETN 1 Input or Output Input Input Tnput Input
for Subroutine
Source HEAT] Z@NES1 HEATI1 Program Input or
from correlation in
HEATI1
Q1, specie QSUM total
dat a
Output Qutput .
GETN1 GETN1
e 2
J4=




D. SIGNIFICANT EQUATIONS
Main Program None

1. HEATI

M=2M =28 XN+ 32X0 + 44 XC+ 40 XA Molecular weight of cold gas

CP/R = CP¢R= (35(XN + XO) + 4 XC+ 2.5%A)/ZM  Specific heat of cold gas/R

v? CPIR
H/RT0 =HRTZ= Tor 4 ey + . 273.16 * TINF stagnation
(64.4 - 778 ¢ —2-__2.5253—;4—.3_.) 3. point enthalpy

P=P= (RH¢ V2)/2116. stagnation point pressure

The above are computed prior to the execution of the IF test before State-
ment 11,

I Ais not specified as program input, the following quantities are computed
(Statements 503 to 604)

b/a = BA (1 (THN)) RS (THN) I: (THN) RS a THN))
2= = (1 _ =2 — - — (] -
RC o8 * RC s RC sn RC s (

2 89516 .
Pl =V Z ey T Density rato

A = DELA [RN sin (THN) + RS (1 —sin (THN))] Detachment distance

Geometry parameter

The radiation depends upon the normalized stagnation density

P 27316
p= RHfS =—~ -

HVST1 - Trivial modifications of Reference 1, pp. 59-69.
2. FINDTI :
Linear interpolations to find a first guess for the stagnation temperature,

the zone number, and the ranges of enthalpy and temperature for the stag-
nation temperature iteration.

Jd@a<
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3. FINDHI1

HM 2
1
= = th :
RT, = HI(;) = E(i)+ 73,16 QPAR(D — Enthalpy of 1™ specie (reference 1, p. 58)
HM .
F = SUMH = X(1)* HI(i) — Enthalpy at P and approximate stag. temperature T
o

1

Hp = SUMD = E X(i) E(i) — Dissociation enthalpy
4. GETQ1 1

This subroutine evaluates la PQ (X;) , pressure tfimes the log of the parti-
tion and the partial derivative of the partition function with respect to
temperature for some set of species dependent on the zone numbers,

9 1n Q
The correspondence between QPAR(1)= ( 3T 1) and ZLPQ(1)= In (PQ)
4

is explained on the description of GETQ, the ZLPQ(i) are contained in the
set of functions documented in Referencel, p..54, and the derivatives are
obtainable by inspection,

5. GETKIl

The subroutine evaluates equilibrium constants for the principal reactions
assumed to exist in the appropriate zone. The equations are in Reference 1,
ps 48.

6. ZPNES1

The partition functions, their derivatives, and equilibrium constants
computed in ZYNES are explained in the subroutine description and docu-
mented in Reference 1 (p. 48 and 54).

The Zone 1 equations are solved between Statements 100 and 200, The specie
concentrations are computed by finding on the appropriate root of a poly-
nomial.

4
4
fFEy = E (C¢ED(i)E§ K

1=1

Real and imagmnary roots are computed by the library subroutine POLROT
(see subroutire description ). The "appropriate'' root must be real. positive,
and such that no negative specie concentrations result. If no such root 1s
found, the message "N@® VALID SOLN'" is written in the output and the

case deleted. The equationsfor the specie concentrations are as follows:



%, PK;
2p=%; X0+ 2 7, (XC~-Zp + El]

X(Nyp = X(1) = XN

X(COp = X(D=XC~-3;
X(CO) = X(3) = %,

2
X (0 =X(4=X0 +T -%,
X(0) =X() = 23,
%
Z=1 +o Z,
In Zone 2, the computations are done between Statements 200 and 300.

First POLRPT is used to find the roots of the polynomial

5

fGg = E COED () zf")

1=1

Then the roots are computed for the polynomial

4

£(Sy) = E COED(,)2(74"‘)

6=1

As in Zone 1, the root used must be real, positive, and such that no nega-
tive concentrations are permitted. The principal species are as follows:

3 =(4 Zg P/PKy(XN -3g)—1-XC—X0-3
5 - 2 (3 4+ XC + 2X0) PK¢

(4~ 3,) PKy + 3, PKg
XNy =X (D= XN -3
X(Co) = X(3) = XC-—E4

X(0) = X(5) = 4+ 2 X0+ XC -3
—47-
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XM = X(6) = 255-3g -3,

X(@) = X = &

V{NO)=V(8)=2g
X(CQ) = X(9=34-27
Z = 1+ XC+ X0+ 34+ 25 -3, —Zg
For trace species,
xm)? Kpg}

z
X(e) =X (19 = DUM(2 = {= (¥(0) PK,+X(N) " PKg+ X(CO) ~PKp +
P KP3

Z XN
X(N*) = X (11) = DUM(1) =KPg {—P X((e_))}

X(O)

Z
X (0%) = X(10) = DUM(3) = K P ;F 5

|

Z XC
X (Ct) = X(12) = DUM(4) = KPy ;; X;e"))
KPg X2
X0,7) = XA7) = T
X(A) = X(18) = XA
X(4%) = X(9) = K Py ;i —}g‘_—g
P X(e7)

In Zone 3, the calculations are done between Statements 300 and 400.
POLROT is used to fine the roots of a polynomial

5

F(%)) = E COED() Eu(s_’)

i=1

The root used must be real, positive, and such that there are no negative
concentrations. The specie equations are as follows:
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2 3] (XC + X0) PK;

50 -
107 IXCoPry + ) (PK; - PK,)]

2.3, - XN . PXg

29 =

'

[xC . PKy + 2 (PKg - pxp)]
X0 = X(5) = 2 (C + X¢) ~ Iy

X0 = X(6) = 2 XN-Z,

X = X(9) = XC -3

X(0) = X(10) = 5y

@) = X1 =3,

XCH = x(12) =5y

X(eD) = X(A3) =8y + Fyg + Xy

Z=1+2 XC+XO+}(I‘f+Z9+211

For trace species,

P.PK
XD = X() = (2XN -3g) (XC ~3)
P ~PK6
X(NO) = X(8) = —-——Z (2XN-29) (2X0 + ZXC-—EIO)

(23N -3g) P

XM, = X17) = T
13

In Zone 4, the calculations are done between Statements 400 and 900.
POLROT 1s used to find the roots 6f a polynomial

5

£E15) = E COED() Sp,(F —1)

i=1

o
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g, Lo

The root used must be real, positive, and such that‘there are no negative
concentrations. The equations for the concentrations are:

%4, - XC - PKyp

Ty =
13 7 T[22 PKy, (XC+ X0) + Z,(PK)g — PKjy)l

. 2. Fp - XN - PRy,
3, =
14 7 T2.%0,, RC+X0) +X 1 (PK;; — PKyy)]

X(0*) = X(10) = 2(XC + X0) - 35
X(NF) = X(1) = 2 XN -Z4
X(CT) = X(12) = XC ~33
X(eT) = X(13) = 2(XN+X0) + 3-XC + &5 + 213.+ 14

XN = X(14) =2y
X(ot) = X(5) =5,
XM= X168 =33

One trace specie is considered,

X(NtY X (™). P

XM = X(©) = 7 PR
N 8

This specie 1s unique 1n that it 1s computed 1n subroutine HEAT,

7. GETNI
ZNL; = X; - RHOS - 2.69 x 1019 i=1, 19 Specie concentration to patticles
N per cm
& ZNI; 1 —T/T
T =B =G e V7 i=1,21
L 5.4x10% ) (T x 1074M -
Emissivities without self-absorption
correction. Cj, I, and T; from
Reference 1, p 102
2
i ,
r, = TAUTP = 1/2 A -—L"' Argumest of Eg(r)) for effective

emissivities
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T = TSUM = / A
1=1
6 = EPS(n)  1=1,21
¢ = EPBAR
0174 x 1078 (e xT)¢
q, = QIQ) = 3500 EPS(i),i= 1,21

0.174 x 1078 (1.8 x T)*

EPBAR
3600

JLH=
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Argument of E3(r) for total effective
emissivity. .

Value of (1 — 2E3(TI N, effecuve
emissivities

Value of (1 — 2E3(7)), total
effective emissivisty

Component radation heating

Total radiation heating
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I. INTRODUCTION

A. GENERAL DESCRIPTION

The purpose of this program 1s to determine the heat shield thickness and weight
requirements to protect the heat shield substructure from exceeding a specified
temperature limit at any time during the entry trajectory. The general inputs
include:

1. Convective heat rates as a function of time 1in tabular form and an in-
dication if, and when, turbulent flow occurs

2. Radiation heat rates as a function of time 1n tabular form

3. Supporting heat transfer data as the stagnation enthalpy variation with
time, atmospheric composition, and heat pulse scaling factors

4. Heat shield material properties, including the density, conductivity,
specific heat, emissivity, ablation temperature, heat of vaporization, and
convective blocking factor

5. Design constraints as the maximum allowable substructure temperature,
the total entry time during which the substructure must be protected, the
substructure thermal capacitance, and bond thickness and thermal proper-
ties.

The calculation model simulates a one-dimensional, heat-conduction problem
into a slab of finite thickness, subject to various thermal boundary conditions as
depicted in Figure 1.

RTBL araL

RERADIATION HOT WALL CORRECTION
o Ty -hw/Hg}
BLOCKAGE [wﬂ 1(.4,_,.‘",]

REFLECTION,
ABSORPTION

- +—— HEATSHIELD {COMPOSITE)

4 - e sOND

2

g ~4——— STRUCTURE

L INSULATED {Q=0)

85-11912
Figure 1 HEAT SHIELD CALCULATION MODEL
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The primary output 1s the heat shield unit area weight (1b/ft2) required to satisfy
the design constraints. If ablation occurs, the relative proportions of ablative
and 1nsulative weights are indicated also.

B. CALCULATION MODEL

The calculation model 1s described in detail in References 1 and 2; hence only a
brief summary is given here. The approach utilized considers that aerodynamic
heating data are available based on a cold wall consideration (i. e.the heating
calculations are developed without a knowledge of the wall temperature history

w
with time, and the assumption is made that H_ <<1). Hence, the convective
2

heating inputs must be corrected for the hot wall reduction, (1 -
wall temperature history is computed. s

}, as the

To arrive at a rapid method suitable for parametric studies, an approximate
calculation model which permits a direct solution for the unit area heat shield
weight is utilized, The approximate model replaces the actual heating history
with an equivalent one having the same total integrated heating, but also having
a constant surface temperature. The solution for the time wise variation of the
temperature distribution 1n a finite slab with constant surface temperature, and
hence the solution to the equivalent simulation model, is well known and the
solution is given in Reference 3

As shown in Figure 1, the calculation model allows for the inclusion of a bond and
substructure and a composite heat shield material and considers the effects of
laminar or turbulent heating, radiative heating, reradiation, the hot wall re-
duction, and convective heating blockage due to ablation.

In order to apply the approximate method, a number of detailed assumptions
regarding the nature of the heat pulse were made. Key features of the cal-
culation model are summarized below.

1. Initial Time (TI)

The heating data input to the program'is usually based on the flight time
history during the entry flight. For the simulated calculation model, an
effective imtial time 1s defined such that the portion of the heat pulse up to
the combined peak heating rate (1. e. add the convective and radiative pulse
and determine the time for their peak) 1s triangular, and the integrated
cold wall heating is 1dentical with the actual data. The location of the
nitial tume (TI) 18 shown in Figures 2 and 3 for nonablating and ablating
cases, respechively.

F34=
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2, Final Time (Actual TSTOP)

The final time of the simulation model is dependent on a number of program
test criteria. The input value of TSTOP reflects the trajectory flight time
and also the post-flight time during which the substructure must be thermally
protected by the heat shield, The input TSTOP is therefore a test criterion
for the actual TST@P. The linearization of the calculation model by utilizing
an average stagnation enthalpy for the nonablating cases, and when obtaining
the insulative requirements of the heat shield during the post-ablation period,
depends on the actual TSTOP, Experience has shown  that the actual TSTGP
should be limited to less than twice the length of the heat pulse (the length

of the heat pulse being defined as the time from TSTART to the point where
the convective heating is 1 percent of the maximum value), The above two
criteria are compared and the smaller value used for the actual TSTOP.

In addition to the criteria above, program tests are performed in the case
of nonablating slabs that reduce TSTOP if the slab equilibrates at a time
smaller than the TSTOP, in which case the actual TST@P is taken as the
time to equilibrate (i.e. for this case, the slab temperature reaches a
peak, which is equal to TREAR at the actual TSTOP),

3. Ablation Model

The steady-state ablation model is used to estimate the mass loss and heat
stored in the heat shield during ablation. A discussion of this approach is
given in Reference 1. The calculation model provides for blockage of the
convective heating only, during ablation as a result of either radiative

or convective heating.

4. Wall Enthalpy

The wall enthalpy is required to correct the cold wall convective heating.
Tables are built into the program, which automatically evaluate the wall
enthalpy as a function of temperature based on the atmosphere composition
which 1s input.

5. Material Properties

The material properties input are taker as average values commensurate
with the range of heating and enthalpy levels expected 1n the problem. A
special consideration has been given to the calculations where radiation
heating predominates by permitting an effective radiative heat of vaporization
to be input as well as an effective convective heat of vaporization.

—4-
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The heat shields considered can be homogencous or composed of two
separate materials, as a plastic resin with glass fibers, 1n which case the
material properties for each and the rclative proportions of each are
specified.

An allowance 1s made for incomplete vaporisation of the melted surface by
specifying the vaporizing fraction.

Under ablating conditions, the material properties can be dependent on
whether the flow 1s laminar or turbulent and provision 1s included for
handling both sets of inputs and specifying the transition time; 1n this case,

the convective heat pulse input must contain the laminar and turbulent
heating rates.

6. Heat Shield Bond

The calculation model can handle the effects of a bond by specifying the
average bond thickness and the bond thermal properties The heat shiéld
weight is reduced by the thermally equivalent (1nsulative) weight of the

bond. The total weight of bond and heat shield 1s an output.

7. Structural Thermal Capacitance

The calculation model provides for the effects of substructure thermal
capacitance on reducing the heat shield weight requirements. Program
tests are performed to determine whether a heat shield 1s needed by com-
paring the structural thermal capacitance with the total heating and with
the peak heat rate to ascertain whether an excessive temperature rise
occurs. The possible combinations of tests could yield the result that

{a) no heat shield or bond is required, (b) no heat shield 1s required as the
bond and structure are adequate; or {c) a heat shield and bond are required.

C LIMITATIONS

The limitations of the program arise because of the assumptions made in the
calculation model, namely:

1. The ablation model does not simulate the detailed phenomena of
charring.

2. The choice and performance of heat shield materials could be limited
by mechanical forces encountered 1n flight or while on the ground, These forces

are not considered in the program.

3. Minimum thickness limits on the heat shield are not considered.



The simplicity of the calculation model results i1n the need for spot-checking
results with the results of more sophisticated programs, and either modifying
the inputs to adjust the agreement or to adjust the outputs with a scale factor.

The program is aimed at determining trends parametrically.

6~

J38=



II USAGE

A INPUT DEFINITIONS

Preset
Name Values Symbol Parameter Units
AHR 1 HL'/HS Recovery factor. -
CASE 0 A number of the form XX XX -
used for i1dentification
CPB 0 Cpp Specific heat of bond. Btu/1b-°F
CPHS 0 CPHS Specific heat of heat shield. Btu/1b-°F
CPSTR 0 CPgrr Specific heat of structure. Btu/1b-OF
DATE 4 01 A number of the form XX. XX -
used for identification.
DTI 01 Az Tume step for graphical inte~ seconds
gration of g, and Hg/gy and
computation of W, . °
EMIS -0 € Emassivity -
EPSIL 0.005 Maximum relative error --
allowed in iterations for
structural capacitance
correction.
FACTOR 0.1 Initial relative change in heat -
shield weight for structural
capacitance correction itera-
tion
HTBL HS/RTo Free stream gas enthalpy table, -
maximum number of entries =
150.
HVIR 0 Hyp Heat of vaporization of solid Btu/lb
when convective heating 1s
blocked,
-7-
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Name

Preset
Values

Symbol

Parameter Units

HV2R

KB

KHS

KSTR

LAM

MEM@

MXIT

QCMULT

QRMULT

QTBL

0,

50,

Hyor

=

Heat of vaporization of resin Btu/lb
when convective heating 1s
blocked,

Thermal conductivity of bond. [Btu/hr-ft-°F

Thermal conductivity of heat Btu/hr-ft-°F
shield.

Thermal conductivity of [Btu/hr-ft-OF
structure.

Array of material proper-
ties for laminar flow,
arranged as follows:
Vaporization fraction of solid -
Heat of vaporization of solid Btu/1b
Transpiration fraction of solid -
Solid fraction _—
Vaporization fraction of resin -
Heat of vaporization of resin IBtu/1b

Transpiration fraction of resin. -

A number of the form XX XX --
used for identification.

Maxmmum number of iterations -
in structural capacitance cor-
rection,

Convective heat pulse multiplier] -. ~
Radiative heat pulse multiplier. --

Convective heat pulse table, [Btu/ft?-sec

maximum number of entries =
150.

-8-
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Preset

Name Values Symbol Parameter Units
RHOB 0. o Densaty of bond. 1b/5t3
RHGHS | o. Pus Density of heat shield. 1b/£t3
RH@PSTR | 0. PeTR Density of structure. 1o /£13
RTBL q Radiative heat pulse table, Btu/ft?-sec

maximum number of
entries = 150.
TABL 0. Tya Ablation temperature oF
TBL1 See Table of (ATR/ATs#M/L2 ), -
program arranged with first a value of
ATR/ATS then at/Lz , then
the next pair, etc. Maximum
number of entries = 25 pairs,
TBL2 See Table of {(at/L% ATy/ATg ), -
program arranged with first a value
of 2t/L?, then ATy/ATg, then
the rext pair, etc. Maximum
number of entries = 25 pairs.
TEMPI 0. T Initial Temperature. oF
TIME 0. t Table of independent variable seconds
time for use with HTBL, RTBL,
and QTBL dependent variable
arrays. Maximum number of
entries = 150,
TMSTR ) TMST Melting temperature of OF
structure
TREAR 0. Tg Masximum allowable design oF
rear temperature.
TSTART 0. % Start of reentry heating. seconds
TSTOP 0. 5 End of reentry heating seconds
TTRANS 1000. t Time transition occurs 1n secord

heating




Name Values Symbol Parameter Units

Preset

TURB 0. Array of material properties --

WTB 0. L W eight of bond. 1b/ft2

WTISTR | 0. L Weight of structure., 1b/£t?

XA 0. X, Mole fraction of argon in --
undissociated mixture.

XC 0. Xc Mole fraction of CO, 1n -
undissociated mixture,

XN 0. Xy Mole fraction of N, in -
undissociated mixture,

XD 0. X Mole fraction of Oy in -

for turbulent flow, arranged as
LAM (see above)

undissociated mixture,

B

INPUT PROCEDURES

Input procedures include the following:

1. Input heat shield, sfructure, and bond properties.

2., Input QTBL, HTBL, and RTBL as a function of TIME (NOTE: for
each TIME input, there must be a QTBL, HTBL, and RTBL input;
maximum 150 values for each table),

In stacking cases it is necessary to add at least one 0. value at the end
of the TIME table after the first case if the number of entries in the
table is decreased. This 0, is used internally as an indication of the
end of the table.

3. If transition does not occur during the convective heat pulse, input only
the LAM array of material properties.

4. If transition occurs during convective heat pulse, mnput both LAM and

TURB arrays and TTRANS, the time at which pulse switches from laminar
to turbulent flow,

Jde<
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5. Input atmospheric constituents, initial temperature, and stop time of

problem.

6. Input design rear temperature of problem.

7. For succeeding cases, input only the changes desired. However, note
(2) above if TIME, HTBL, QTRBL, and RTBL are to be changed.

8. A set of computer input forms are provided for the user.

C OUTPUT DEFINITIONS

All the data
shown on the form is keypunched when the variable is supplied.

External Name | Internal Name Parameter Umts
ACTUAL TSTQP| TSTOP t; used for problem. seconds
CASE CASE Identification number --
CORRECTED WEIGHT Insulation weight corrected lbs /ftz
WINS for structural capacitance
and bond capacitance.
CRMAX RQCMAX Maximum combined heating Btu/ft?-sec
rate.
DATE DATE Identification number.
DTM DTM Average temperature rise. °F
HADJ HGTQT Average stagnation enthalpy -
MEM® MEMG Identification number. [
MINCRABL QR Mimmum combined heat Btu/ft?-sed
rate necessary for ablation,
QCTQT QTYT Integrated convective heating Btu/ft2
including multiplier.
QRTQT QRRA Integrated radiative heating Btu/ft2
1including multiplier,
QTOTREQ QTREQT Combined 1ntegrated heating Btu/ft?
necessary to require heat
shield,




External Name | Internal Name Parameter Umts
TADJ TADJ Start time of insulation seconds
problem after end of ablation
TCRMAX RTQMAX Time of maximum combined | seconds
heating rate.
TI TI Initral time of constant seconds
temperature problem.
TR TR Time of maximum rear seconds
temperature.
TSMAX TS2 Maximum surface tempera- oF
ture of insulation material.
TTEST1 TTEST1 Structural surface tempera- | °F
ture attained without heat
shield, must be < TMLTSTR
to stop problem.
TTEST2 TTEST2 Structural rear tempera- oF
ture attained without heat
shield, must be ¢ TREAR to
stop problem.
TURB FCON (1,1-7) Array of material proper- -
ties for turbulent flow.
T1A T1A Start time of ablation. seconds
T2A T2A Time ablation ends. seconds
WA wa Ablated weight. 1b/£t?
WINS WT, W9 Insulation weight before 1b/£t%
capacitance corrections,
WTQT WTGTAL Total heat shield weight Ib/6t%

including bond.

When ablation occurs, there are printed out 8 columns arranged time,

ablation rate, time, ablation rate, etc., from left to right.
seconds, ablation rate is in 1b/sec-ft2.

WDG@T(J).

~12-
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D. SAMPLE PROBLEM

1. Statement of Problem

Determine the heat shield weight for the configuration and trajectory used
in the sample problems of Programs 1880, 1885. The heat shield
material properties are to be specified as well as the necessary data

on the bond and substructure,

2. Input Form

The input form containing all the necessary input is shown on the following
pages., A number of cases are shown, representing the heating at several
stations on the vehicle. The keypunched input shown should be checked
with the input form.

The results indicate the integrated radiation and convective heating, and
the heat load for which a heat shield is required. The maximum combined
heating rate, and the time at which it occurs is shown. The minimum
combined rate necessary for ablation is shown, and can be seen to be
larger than the maximum rate occurring. The initial time and adjusted
enthalpy are given. : :

The solution indicates that no ablation occurs and that the heat shield

has not fully equilibrated at the time TSTQP; this is further shown by the
time required to achieve the maximum rear face temperature. The sur-
face temperature and maximum mean temperature of the heat shield are
given. The insulation weight (nonablating) required with and without the
effects of thermal capacitance of the structure and bond are shown. Finally,
the total weight, including the bond weight is given.

Case 4 indicates that the required convergence was not achieved and the

results must be interpreted with caution. Case 5-indicates that the heating
level has been reduced to the point where no heat shield is required.

13-
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RAD 2-0064
5.63

DIGITAL COMPUTER INPUT
REQUEST FORM

PROBLEW NO,  [MEMO NO SECTION NO
1884

CONTINUATION SHEET
PAGE ¢ OF ¢ PAGES

TIME =

{Continued)

$
$ INPUT
CASE= 2.0

WTSTR =

0.5266
QCMULT = 0,76
$

$ INPUT

CASE= 30
QCMULT =

$
$ INPUT

CASE= 40
QCMULT =
$

$ INPUT
CASE= 5.0
QCMULT =
$

0.354

0 081

0. 00332
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——DATE———suls———HEWO--184,00  CASE=  1.00- - — e e
——¥8td 70
* MEMORY BAP *
SYSTEM 00000 THRU 02717
T;LESW UNITOS “
FILE LIST ORIGIN 02750
CALL ON OBJECT PRDGRAM 027717
? -
2. 5P1884 05261 PR1884 17241
LSE“RVE 20007 C:J;;I'r 20075
6. STLUO 22340 TLug | 22443
8. .LXCON 23070 LLXSTR 23070 *  .LXSTP 23074  .LXQUT 23142  JLXRTN 23156  (BFKIT 23154 &
:‘C‘LSEL 23%; :I;,F_i:“ 23%:2; «-LUNB ;35;; :DFUUT 23254 agin
«MRITE 23564 +BSR 23574 * +RFADR 23604 <RELES 23606 * 'LiREA 23617
«GOA 2317 G0 23723 «DERR 23737 <NIPXT 23740 +COMXT 23742
10. .LXSL 23771 CUXSEL 23771 LACSEL 23772 LLXTST 23775 % .LXOVL 24035 *  .LXACT 26046 *
11. JFPTRP 24130 -‘F‘_;-;TT 24130 * -FPOUT 24267 +FPARG 26306 7 .COUNT/ 243{5 * DVFLOR 24361 %°
13. .xcC. 24374 CC.l 24374 CC.2 24375 CCo3 24316 CC.4 24377
;;: :;;T 24401 -F;EH- 24401 -FXDU; 24736 +FXARE 24744 /.0PTH./ 25020
;7: ;Z‘I:V , 25373 :‘F—g‘n,:l- 25373 +FCNy, 25416 <ENDFS 25431 «CNVSH 25433 »FOX1 25437
:;;CZO Z56;1 :;‘I;S“ ;56;1 :DDFIX ;5620 T:;‘X'SN 25646 .DDRe 25723
TANPT 26325 loNpT 26342 TINTe Zaals Tagur | 26465 LOFLT 26503
LouT  2rzes .00UT 27265 .XCF 273ls  LTEST 30023 CKOUNT 30026
<HIDTH 3013; cGAl; 30137 :GA[NI 30;40 TZEDBF 30150 «DODFL 30173
18. FI0S 30220 :;Yﬂ;. 3022"0’ -FS.EI.. 30360 . :FILR. 2035% :FKTB:°372 : cSZ"D- 30:00
<REED 30566 * +BIN 30567 * «FCT 30570 «FCKSZ 30572 *
;0: FWRD 31655 -F;Rn: 31655 .
2. FuR0 31725 JFWRD. 31725 LFREST 32230 *
oty <FROU
24. UNOS 32373 unos. 323713
T5oNGE——3 23T “unoss T tuFsT 32575
totoR o
26+ FYIODU 3240¢ «F10U. 32400 «CTUIND 33053 «NMLST 33076 «NAME. 35201 <INTAP 34202
28. F‘X‘PF 34766 EXP 34766
30. FxP3 35213 xP3. 35213
; £1.— 38507 Jopse_ 35853
.CLOS. 35572 «ATTC. 35605 +SHL 35017 * +SH? 36061 * +OPEN, 36,‘,0_2'
-RE;D- 36250 +RERL. 36273 JHRIV. 38275 SMNT1A 36483 * -Er,‘EEX 36544 &
«SEL59 40035 * :BSR. 40446 +EOTOF 40573 JETOF3 40601 * SSHITC 40630
prase .
32. L10CS% 41135
1/ BYFFFRS 41135 THRU 77700

UNUSED CORF

71701 THRU 77777

-26-
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SINPOT

TASE ot oty
H o+ +v -
TABE— o737 o
TREAR— 7
R v
Torr— 7 = T
o e 0.1! 1, 0, 1 0. 1s o, s
0.125000006 00 0.18200000€ 00, 0.17500000E 00, 0.27400000€ 00, 0.22500000E 00,
- 0-40000060E 0D, o. a0, 00, o 00, aQ 00,
0.65000000E 00, 0.77400000E 00, 0.70000000E 005 0.80100000E 00+ 0.75000000€ 00,
5.90000000€ 00, 0.10000000F 01, 0.10000000E 01y 0.50000000F 03, 0.10000000E O1s
TBLZ = o 0. a. 0 s 0.10000000E-0t+
0.6 V 0. o0, 0. 10000000E 00, ©0.35000000 00 0.135000008 00,
0.25000000F 00, 0.562G0000F 005 0. 20, 0.61 0E 00, 0.35000000E 00,
©.50000000€ 00, 0.76400000E 00, 0.55000000€ 0y 0.79100000E 00, 0.600000008 00,
5-750000008 00, 0.8 00, o 00, o. a0, 0.96000000€ 00,
979L; =00 =t ty + ¥
CPSTR—— < E-00+
WTSTR—= 50T E-007
HXTT—= v
FACTOR™ CTTC000000E 007
TIHE—= ¥ g v g v =98 = v
0.11411000E 03, 0.12204000€ 03, 0.13015000€ 03, 6.13841000E 03+ 0.14683000F 03,
0201940008 03+ 0.21211000E 03s 0.22142000E 03, 0.22950000E 034 0.236T1000E 03,
5.27019000€ 03, 0574350008 03, 0.27841000¢ 03y 0.2824T000E 03, 0.28662000E 03,
_27-
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037 037 e 03 <31
0.31780000E 03, 0.32333000E 03+ 0.329620008 03, 0.3 03y [ 03,
3 P 03,
0 Y 0. 0. o .
o 2.
o o 0. o o
o. o M o T s 4 2
Y ¥ 0.
0. .0 0. 0 o
o 0. 0 0. M o
o . 0. N o o
o. o, o M 0
0. v 0. 0. 0. 0

o

o

o

0.

o

o

o.

0.10000000E 00,

0.10000000E 01,

0.120000005 01,

0.15000000F 01y

0.19000000E 01,

0.62000000E 01y

0.76000000€

0.94000000E 01,

0.11400000E 02,

0.14100000E 02,

0:294000005 02: 0.304C0000€ DZ; 0.28700000E 02: 0. 02, 0.23800000E 024
" 5.92000000€ 01 4. 74000000E 01 o o1, o o1, o ol,
6.30000000€ 00, 0.20000000E 00, 0.1 00, o . o
. -a s, -0 19, o o -0 9
0 9y 0 9: -0 9y -0 9: -0 9
0. 9, 19, o 9. -0 o,
o 5 o 5 o 9, -0, o
0| 19, 9, 0 2, -0 9 -0 5,
-0 9: -0 194 -0. 9 =0 9 -0 '?:
-0 9: -0 9: -0 19: -0 9: -0 Dy
-0, 9: =0 ‘l: . -0 9: -0 g:
-0 9: -0 9: =0 19: =0. 9y -0 9
~0. 9: 9 -0 i -0, 9: -0 9:

—OTT2T500C0E D
.13200000E 03,

oot 837
0.13220000€ 03

0.13250000E 03,

= +
0.13270000E 034

0.13290000E 03,

oF T 03T
0.13150000E 03,

033t 037
0.12990000E 03,

0.12800000E 03,

0 v
0.12640000F 03,

0.122800008 03,

_28-
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0TI IS TO000E 037 o5 037 o2y g + =
0725000008 02, 0.64T00000E 02, 0.57400000E 02, 0.50500000€ 02, 0.44100000E 02,
0.15300000¢ 02, 0.12500000€ 02, 0.1 02, 0. o1, 0.7 01,
-0 5, -0, 19, 0. 5 -0 9, -0 19,
-0 o -0, o -0 19, -0 19, -0 19,
Y ~0. 9, -0, 19, -0, 9, 0. 9
4 o -0. y -0. 9, -0 9y
-0 b4 -o0. o -0. 9y -0, 9 -0, 9r
o o -0 3, o 9 -0 9 -0 9,
3, -0, 9, -0 9, -0 3, -0 9,
o o “o 9, o 19, ~o o, 0 9,
-2 9 19, 15, -0, o9 9 9
-0. 9 -0, 19, -0, 5, -0. I -0 194
-0 Y -0 o -o0. . -0 9 -0 9
o % s o ) a. . 0
a . a . o o 8 ° v
Yo 0. v [ . [3 M .
o ] o 3 . 0. ’ o
-0 19, -0 5, -0. 19, -0, 9 -0 9
9 =0. 9y -0, 19, —0. 9y -0 \q'
19, 19, . -0 4 -0, 19,
-0 19, 19, -o. 9, -0 i -0 1o,
-0. o o 9 -0 Y -a 9e -0 9
-0 o -0 5 -0, 19, -0, 19+ -0 2y
-0 4 -0 I -0 19, -0 9, -a a
-0 o . 9, 9 -0, [ -0 ;.
=0, o -0. 19, ~0. 9y -0 9 -0 9
o ay s, 19, —0 19, -0 9
Qe ~ =~ =0T v
5 oty o oy = 5 - ¥
i o 5 o B ’
acKuLY = 0.10000000E 01,
QRHULT = 0.100000GOE 01,
KHs = 0.580000006-01,
TIRANS = 0,10000000E 04y
RHONS = 0394000008 02,
ceHs = 0.440000G0E 00, *
XN = 0.80000000€ 00,
xo = 0.00000000E-38,
XA = 0.00000000F-38,
Xt = 0.20000000E 00, !
KSTR = 0.12500000E 034
Wi = 0.16000000E 00,
B = 0.25000000€ 00,
TSTOP = 0.411600008 03,
K8 = 0.10000000E 00,
RHOSTR = 0,172006008 03,
THSTR = 0.10000000E 04,
RHOB = 0.30000060€ 02, ,
HVIR = 9.10000000E 655
HY2R = 0.00000000E~38,
$ END -29-
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QRYOF= £ T61= BOYEOY ATOTREO= TRH 304
TATINGCASE
x T 7 0 o4 < SR 63
=t —EORREC 1
OATE: TiE EMO=-184300 - CASE=  2.00 - .-
HPyT -
CASE— t
St 4
0 v 0.1 . o, L o 1, o .
0.12500000E 00, 0.18200000€ 00, 0.17500000E 00, 0.27400000E 00, 0.22500000E 00,
8 5.
0.5000000CE 00y 0. 00, 2 00, 0 00, a 00,
0.55000000€ 00, 0.77400000E 00, 0.70000000E 00, 0.80100900& 004 0.75000000E 00,
0.90000000E 00, ©0.10000000¢ 01, 0.10000000E 01, 04500000008 03, 0.10000000E 01,
T8L2 = 0 3 0 f [ f o 1. 0.10000000E-01,
0. 1, o 00, 0.10000000E 00, 0.35000000€ 004 0.13500000E 00,
0.250000006 00, 0, ag, 0. 00, o £ 00, 0.35000000E 00
0.5C000000E 00, [N 00, o 00y 0.73100000F 00, 0.60000000E 004
TS HE00000E— 00 - T
9.75000000¢ 00, 0, 00, Q 00, 0 00, 0.90000000E 00,
EPSTR— ¥
T y
~FAETOR—= v
7
TME—= 7 2y = v
0.11411000E 03, 0.12204000E 03, 0.13015000 03, 0.138410008 03, 0.14683000F 034
~0=F5543000E 03, 0.1 BBy = - 5 3
0.201940008 03, 0.21211000€ 03, 0.22142000E 03, 0,229500008 03, 0.236T1000E 03,
0.7701900CE 03, 0.27435000€ 03, 0.27841000E 03, 0.28247000C 03, 0.266620006 03,
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- — -—0,29091000F 03, 0.29542000€ 03, 0. ¥ 31125000603
0.31780000E 03, 0.32333000€ 03, 0. 03, 0. 03, 0.34561000E 03,
P 3 38941 3 o3 o 03
° o N o y ° N o
. o
o , P o N o o M
o. . o o . o ’ a .
o
o o N a o M PY
0 ' 0 N o 0 Y o Y
T OF
[ o, . o , 0 . o
. Y
0 o, N o o o
o o o M o N o
o o N o . o N o
o y ° , 5 M o M o
o H o. 3 ; o o v
oTeL 0.10000000E 0N, 0.10000000E 01, 0.12000000€ 01, 0.15000000E 01, 0.19000000E 01,
0.62000000E 01, 0.76000000E 01, 0. 01, 0.1 02, 0.14100000F 02,
0.29400000E 024 0.30400000E 02, 0.28700000F 02, 0,26400000E 02, 0,23800000€ 02,
¥ v
0,920000008 0L, 0. o1, o ol, o o1, 0 o1,
£.30000000E 00, 0.20000000E 00, 0.1 00, [ 0 »
9y -0. 9y -0 9, -0 9y -0 9
4 v T U ¥
-0 9y -0, 9y -0, 19, -0, 9y -0 9,
-0 9, -0, 9, -0 9, -0 9, -0, 9,
-0 9y -0, 9 -0, 9, -0, 9y -0 9y
19, ~0. 9y -0. 9 -0 9 -0 9
-0. i -0 9 -0, 19, -0 9 -0 9
-0 9, -0. 9 -0, 9, -0, 9, -0 9
197 ¥ ¥ v \
-0 9, -0 a, -0, 9 -0 9y 0 9,
-0 9, ~0 9r -0, 9, -0 9, -0 9y
¥ T 4 v ¥
9 -0 9 -0 N -0 9, -0 9,
HFRE ot 637 ot v = ¥ v v
0.13200000E 03, 0.13220000E 03, 0,13250000E 03, 0.13270000E 03, 0.13290000E 03,
07 13500000£ 03 o= 4 037 = v ¥
0.13140000E 03, 0,12990000E 03, 0.1 03, 0.1, 03, 0.12280000F 03,
31~
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0.7z £ 02, o oz, 0.5T400000E 02 0250500000€ 02, 0.44100000¢ 02,
0.1<300000F 02, 0.12900000E 02¢ 0.10B00000E 024 0.89000000E 01, 0.72000000E 01,
B = o o = o o
o . o -0 -0 9 -0 5
0 3y 0 . o 9, 0 9 -a E-19,
-0 o -0. -0 9, -0 9 9 9,
o 9 -0, 9 -0 19, -0, 9 -0 %
j -0, % -0 9 -o. 194 -0 9 -0, 9y
-0 9, -0. 9 -0, 5 -0 9, -0, oy
-0 19, -o. 5 - o o o o
o 9 -0 9 -0 19, -0. 9 -0 9,
-0 . -0 9 -0. 9y -0 9 0 9
—o. o -0, 9y -a. -0, N -0, 9,
RTBL = [ [ 0 o i
o Y o M o P o
0 [} [ 3 0. o E-
0. 0. . o 5 0. 0
o M ° 0. o v o »
0. 9y -0. 9 -0, 19, -0, 9 -0, .
s 19, 5 -0 19, -o. 9, o 9,
o 9 -0 tH -o0. 9, -0, 9 -0 o
-0 9 19, -o. 9 -0 9 -0 9
-0 2 -0. 90 -0, . -0 9 -0 9.
o 4 o o -0 9 o, 9,
0 ar -0 1oy -0, 19, -0 s o 5
-0 9, -0, 9r -0, 1 -0 9, -0 9,
0 o o 9y -0 9y -o. 9, 0 9,
-0 5, -0, 19, -0 19, -0, 9, -0 o,
¥ v
taH—= 0= I o v v
e : T ;
acKULT = 0.76000000E 00,
QRHULT = 0.10000000€ 01,
xHs = 0.58000000E-01
TTRANS = 0.100000G0E 04
RHOHS = 0.39400060F 02,
cPHS = 0.449000G0E 00,
Xt = 0.8G00000CE 00,
X0 = 0.00000000E-38+
XA = 0.00000000E~38,
xc = 0.20000000E 00,
KSTR = 0.12500000E 03,
B = 0.16000000E 00,
crp = 0.25000000E 00,
Tst0P = 0.41160000E 03,
X8 = 0.20160000E 00,
RHOSTR = 0.17200600€ 03,
THSTR = 9.10000000E 04+
RHOB = 0.2000000CE 02, ’
HVIR = 0.10006000E 05,
Hvar = 0.00000000E~38,
s END
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Rt AETOT=— O zZs S TE t———QTBTREST—gw an 2501
EHG-EASE

BATE=—5= EMG==184300 zvo0r

e

CASE = oty =

Fapr : e

FaTaRT—

Torr—— v
0. 1y 0.1 1 0.7 1, 0. 1y 0. 1y
0.12500000€ 00: 0:182000005 00: 0.17500006E 00, 0.27400000E 00, 0.22500000E 221
0.400000008 00; 0. 00, 0. 00y ] 00y 0.50000000E€ 00,
0:550000005 00: 0.77400000E 00, 0.700000006E OD; 0.80100000F 00: 0.75000000E 00,
0.900000008 00: 0.1 Ol: 0,11 Ul: 0. 03, 0.10000000E 01,

TBL2 = ] v 0. + ] 0. 1y ©0.10000000E=01,
0:“ o ; 0. 00: Q.1 00, 0.35000000E GO, 0.13500000E 00,
o o0y o a0, o 00, o 00, 0.35000000E 00,

[ 0.50000000F 00 0.76400000€ 00, o 00, 0.79100000€ 00, 0.60000000€ 00,

;:;EQOOODOE ;;: 0.8 00: 0 00: 0. 00, 0.90000000E 00,
o 00+ . +5 . + v

cPstR— o 007

nTSTR—= E

o= oz

EPST——

FaETOR— =t v

TTHE— 5 o v - . e + .
0.11411000E 03, 0.12204000E 03, 0.13015000E 03, 0.13841000E 03, 0.14683000F 03,
;:50194000E 03: 0.21211000€ 03: 0422142000E 33: 0.22950000E 03, 0.236T71000E 03,
0.27019000E 03: 0.27435000E 03: 0.27841000E 03: 0.2824T000E 03: 0.28662000E 03+

~-33-
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A 03¢ 0. 03¢ — 03~ --=0. 3 0 E~53
0431780000 03, 0.32333000E€ 03, 0.32962000E 034 0. 03y 03y
% FE34 o 3 Pt %
o o . o o 3 y
s K
- H o o o v S
¢ ’ o ; " e s -
3
o. o o v o o y
5 y H v o o T s
0 0. T [ 0. M 0. v
[ 0 0. H 0. 2 i
o ; 0 o o o
0. o o . o o
o 4 T o y I 5
0. v 0. T 0 . 0 0
07BL 0.10000060E 00, 0.10000000E 0!' 0.12000000E D}v 0.15000000E O}v 0,19090000E 0}'
0 01, 0. 01y 0.940C0000E 01, 0.11400000E 02y 0.14100000E ;Ev
0.29400000E 02, 0.30400000E 02: 0.28700000E 02, 0. 02y 0. 03'
0. 01: 0. 01y 0. O]; [ 2 01,y 0 014
0. 00: 0. UD: 0.10000000E 00y Q. v
0 5 s 5 -0, 4 o .
. -a. 9, -0 v -0 19, -0 o
) -0, 9. -0 9 9, -0 9,
-0, I -0 a, -0 9 9 -0 I
o FE— % — % ¢ o
-o. 4 -0, 19, -0 . -0 2, -0 9,
- L Tt — S
-0 o -5 9 o 5 -0, 1 I -0
= S S — —t
s -19, —0 4 -0 o o o

=t ¥
0.13200000F 034

0,13220000E 03,

- T
0.13250000E 03,

0.

13270000E 03,

0.13290000E 03,

0.1314N000E 03,

0.12990000E 03y

g 037
0.12800000E 03,

0.

4
12640000E 03¢

0.12280000E 03,



http:30-240.00.3p

0.72500000€ 02, 0.64700000E 02, 0.57400000F 02, 0.50500000 02, 0.44100000 0z,
0.15300000E 02, 0.12900000E 024 0.1 02, 0. ﬂ}' 0.720000008 0},
-0, 9, -0, N o 13, -0, 9, -0 9,
~o. 9 ~o. 9 -0 19, o9 9,
' 3
o o o o1 "o 91 ~o °, o 9,
-0, T =-0. 9 ~0. ) -0, 9y =0, =
: ¥
-0 9 -0 o -0 , -0 19, o,
H
o y o o o T o 9 o 9
-0 9 -0 9, —0 ' 9, 9,
-0 19, -0, 9 -0 9 -0 9, -0 4,
0. 9y -0. 9y -0 19y -0 9 -0 Z'
-0. 9 -0: 9: -0, 9y -0 9 -0 9y
- 9 -o. 9 -0 “o. Y -0 o
RTAL 12 [ ’ 0, 0 ’ 0
o o. 4 0 . 0 0 N
0 o M o y 0 8 o M
A o
S ° o o Y 0. o. .
[ 0. N 0 " 0. 0 *
o 9y "o 9 -0 9, 19, 9
0. a9 ~o0 o -0, 9, -0 9 -0
o a -0 5, © -0 -0 % -0
o A Am— —2 A o
—0 a, o ar —0. -0, 9, -0 9,
o 9, -0 9 o y ~o 9 -0 9
. 5 M 5
o 19, o 19, -0 10, -0 o o e
0 9, o 9, -0 9 -0. 9, -0 a,
o 9, “o. 3 -0 9y ~o0. 9, -0 9,
an— omt ot o v .
TURB— o b4 : T 8-
QC"UL} 0.35400000E 00,
QRRULT 0.10000000€ 014
KHS 0.580000G0E~01+
TTRANS 0.100000GCE 04y
RHOHS 0.39400000E 02+
CPHS 0.44000000E 00, _
XN 0.8C00C000E 00,
Xo 0.000000005-38
XA 0.00000000E~-38,
xC 0.200000CCE 00y
KSTR 0.125000C0E 03y
WTB 0.160600C0E 00s
cPB 0.25000000F 004
TSToP 0.411600008 03,
KB 0.10000000E 00,
RHOSTR 0.17200000E 03,
THSTR 0.100000C0E 04»
)RHDB 0.300000GCE 02+
HVIR 0.1C000090E 05+
HV2R 0.00000000€~38,
s END
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ror sy e o +T3oRE—t =
BATE NEND: case=—s
IRt
— T
asE——= o1
ty -
= - ov
TSTART— -
Tot— - . -
0.6000 B o1 1, o. y o d o .
0:12500"00E 06: 0:152000005 00y 0.175C0000E 00y 0+27400000E 9‘2' 0.22500000E ggn
0:400000005 QD: 0. 00, 0. 00, 0. 00, 0.50000000E 02'
0:65000000E ﬂﬂ: 0:77’~QUUQDE 00y 0.70000000E 00, 0.80100000E 00, 0.75000000E 02'
0.90000000E OD: o.1 01: 0.1 01, 0. 03y 0.10000000E 01y
e = o ' 0 ' o 3 o 1, 0. 1,
ﬂ:‘ l: 0. 00: 0.1 00y 0+35000000E 00y 0.13500000E 00y
0. 00, o. o, o. 00, o 00, 0.35000000€ 00,
0:500000005 OD: Q. 00y 0. 00, 0.79100000E Q0+ 0.60000000E 00y
0 ATE00000€-007 . - v
9.75000000€ 00, o8 00, o 00, o 90, 0.90000000 00,
0roT200000E-00T . 1y - v
epsTr—= s -
wrsTR— -
HxtT—= - o2
2y
FACTOR—= = -
T - - v v
3.114110008 03, 0.12204000F 03, 04130150006 03, 0.13841000E 03+ 0.14683000E" 034
0:2019‘\7"0; gg: : 1211000€ 0-3: 0:221’020005 03: 0.22950000E 034 0.23671000E 034
0:27;;;:0;;; 03: 0:27"350005 03: 0.27841000E 03: 0.2824T000E 03, 0.28662000E 034
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0231780000 03,

037
0.32333000E 03,

030024000803+
0.32962000€ 03,

0.33692000€ 03,

0.34561000E 034

o T H S o v H
v Al e
s Y 5 T o s o
s ¢ ” s o ¢
0. T 0. 0. v Q. (]
° N o . o N o b M
v g —2 d A 3 -
¢ ¢ T s y s s -
o y o o y 0. °
4 v o o H o
5 Y 4 H H § 3 o
¢ ) .. ¢ T s e
QTBL 1 0.10000000E 00, 0.1 01, 0.1 01, 0.15000000E 0‘1' O.i‘qonoggﬂs 2;[,
0.62000000F 01, 0. o1, o. o1, 011400000 02 0014100000E 02,
0.29400000E 02: 0304000008 02: 0.28700000E 02; 0.26400000 02, 04238000008 02y
0.92000000E 01: 0. 01: (2 01: 0. 01: 0.32000000E 01,
o 00, o 00, 0.1 00, o o
0. : =0, 9: -0. 9 -0. 9: -0 9.
-0 o o -0 Y -0 s, -0 s,
R 0. s, -0, 4 -0, 3, -0. 19, -0,
% . - 55
o 5 o o, ~0 19, -0 % -0
o 9 0. 19, o . -0 9
-0 y -0 5 -0, . -0. 9, -o. 5
a5 : . . -
R 9, -0, 90 -0, -0 9 -0 9,
-0 o -0. a -0 14 -o o -0 9,
-0 4 —o. 9, 0 19, -0, 9, -0 o9
-0 9, 0. 9, -0 s -0 a, -0 s
it 12500608037 o - —ELTO000E 037 - y - .
0.13200000E 03, 0.13220000E 03, 0.13250000E 03, 0.13270000E 03, 0.13290000E 03,

oy 037
0.131400008 03,

0T T33 10800803+
0.12990000€ 03,

- 037
0.12800000E 03,

0.12640000E 03,

0.12280000F 03,




0T TI6TE000E 07 iad 02y = T 7 Oy
0.72500000E 02, 0,64700000E 02, 0.5740000CE 02, 0.50500000E 02, 0.44100000E 02,

0153000008 02, 0.12900000€ 02, 0.10800000€ 02, 0.83000000E 01, 0.720000008 01,
0 19, 5 -0 v -0 9 o 9
= A— FAg— — A —- e
H o 9 . 19, -0 s
-5 S -0 a -0, -0 9, 9
-0 9 -0 o -0, , -0 19, 0. 9
-0 o o o ~o. v o 19, o z’f
= P F—— T g fa
-0 9 -0 0 9, -0 19, -0, 9
-0 9 ~o o o a o 4
= AR o , = e e
RIBL = 0 ) 0 o B 0 B
s — — — — -
e § c ; 4 " e - o
o o o o T o v
g ¢ — — 3 ;
- -0. -0, -0, 5, -0, 9
= ° = - FEME— o
-0 -0 0 19, -0 15, 0 9,
-0 -0 -0 19, -0 5, -0 5,
= A F— % A o
> = s T >
E: o S o o o
-o. 9, -o. o -0, 9, 0 o -0 %
-9 o -0 9, -0 19, -0, a, -0 0
TR = 05000000801 o 4 tv v 4
— T -0, - , 38
2 H
ocRULY = 0.813006C08-01,
ORMULT = .100090C0E 01,
kHs = 0.58000000E-01,
TTRANS = 0.10006000E 04,
RHOHS = 0.3940000CE 02,
CPHS = 0.4400C00CF 004
xn = 0.800000CGF 00,
x0 = 7.00000000E-35,
xa = 0.00000000E-38,
xc = 0.2000000CE €0,
KSTR = 0.17500006¢ 03,
WTR = 0, 1600000CE NO,
e = 0.25000C0CE 00,
TsTOe = 0.41160000E 03,
k8 = 0.1690770CF 00,
RHDSTR = 0.17200070€ 03,
THSTR = 9-1€3°CONCE 044
RHPB = 0.30000CC0E 024
HVIR = 0.10000010€ 05,
uv2R = 246060000 CE=38s

s END

-38-


http:300000E.10.000000000.00

GRTOT= QETOT 8% UTOTREE=—07%7394E RiAK

THIS  DID NOT CONVERGE IN 20 [TERATIONS , THE LAST VALUES ARE AS FOLLOKS

TTRMAX= 0.52747E 03 TSHAX=  0,46960E 03 OTH=  0,35627E 03 ACTUAL TSTOP= 0.41160F 03
WINS= 0,88799E 00O CORRECTED WINS= 0.33522E 00 HWTOT=  0.495228 00
# = e84 500
sytvyr -
r
TST v =
) 0.60000000E~01, 0.15000000E-01, 0.70000000E<01: 0. 1y 0. +
0.1 00y 0.1 00, D.17500000E 00, 0.27400000€ 00, 0.22500000E 00,
3 o 53700000500
0. 00y 0. 00, 0, 00, 0 00, o 00,
0.65000000E 00, 0.77400000E 00, 0.70000000E 00, 0,80100000E 00y 0.75000000E 00,
0. 00, 0.1 0l 0.10000000€ D1y 0,50000000E 03, 0.10000000E 01,
TBL2 = Q. v Q. v Q. ’ Q. 1y 0.1 1y
t ¥ 80-
0. » o, 00, 0.10000000E 00, 0.35000000E 00, 0.13500000E 00,
0. 00y 0. 00, 0.30000000E 00, 0.61400000E 00, 0.35000000E 004
0. 00, 0. 00, 0.55000000€ 00, 0.79100000E 00, 0.60000000E 00,
0,75000000E 00, 0,87400000E 00, 0.80000000E 004 0.88800000E 00, 0.90000000E 00,
crsy .
—WEST & ¥
epste :
—FACTOR o v
TiHE—= , 2, - . = c-o2,
0,.11411000E 03, 0.12204000E 03, 0.13015000E 03, 0.13841000F 03, 0.14683000F 03,
O+t 03y v ¥ 3
04201940008 03, 0.21211000€ 03, 0.22142000E 03, 0.22950000E 03, 0.23671000E 03,
0.27019000€ 03, 0.27435000E 03, 0.278410008 03, 0.2824T000E 03, 0.28662000E 03y
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- —0. E 03, 0. 034 = 0. 03y - 3 E—03-
0.31780000E 03, 0. Q0E 03, 0 03, 0.33692000E 03¢ 0.34561000E 03,
s 000t_93 o a -
0. Q. * . 0. il 0. 1]
- b
o H b s -
H =0 T ¢ : . ;
:
0. . 0. 2 3 0. 1] 0.
by
M 4 o v o T o
¢ e T o 8 \ ° -
o o M o ° o
s - ° ;i y e - o
B D o o y o M s y
H " ——¢ e e
s y ¢ T ° v ¢ °
QreL = 0.10006000E 00y 0.10000000€ OF, 0.12000000E 01, 0.15000000F Ol 0.19000000E O«
2 b H o 3 5
0. 0ly 0. 01, 0. o1, 0.11400000F 02y 0.14100000E 024
0.29400000€ 02, 0. 02y 0. 02y 0.26400000E 02, 0.23800000E 02,
0. 0ly Qe 01y 0. [ 0. 0Ols 0.32Q00000E 01,
0.3 00, o 00, 0.1 00, o o 38,
-5, o o Y -0 o o o 9
-0 D -0, 9y -0 19y -0 9y -0 9y
o 9, -0 5, o, 3, —o. 7 o 9
o -0 5, o ' -0 s o .
o o o o -0 4 -0 o 9
-0 19, -o. 5, o 9, o i o 9
o 9 -0 o 0 19, -0 3, o) 9,
-0, 9, -0 Y 3 4 -0. S5, -0 N
-0, N -0 9, -0, N 0. - -0.
o y -0 4 o Y o 1o, o o
- v v v v
Tt - - y - v
0,13200000F 03, 0.1 03, 0.1 03, 0,13270000E 03, 0.13290000E 035
o 025 o v < v v
0.13140000¢ 03, 0,12950000F 03, 0.128000006 03, 0.12640000F 035 0.12280000F 03,
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5.72500000€ 02, 0.54700000F 02, G 57400000E 02, 0.50500000F 35: o.?l.mooouFT);-
0.15700000E 02, 0.1 02, 0.10500 02, [ o1, 0.72000000€ 01,
9, -0, 9, -0 19, -0, 9 -0 o
-0, . -0, 19, -0, I -0 9 -0 9
-o. 9, -0 o -0 y -0 9 -0 s
19 -0. oy -0, -0, 19, 9,
-0. 5 -0. 9, -0 9. -0, 9, -0 9
a9, -0, a -0 19, -0 9y -0 %
‘ a
-0, 9, -0 a, -0. 9 -0, 3 o 9,
-0, o -0 Te, -0 'Y -0 9 0. 0000000019,
-0 9, -0, a, -0 -0 ‘19. -0, 9,
-0, 9 -o. a -0 9y -0, 9 -0, 9,
-0 9, —0. 9, -a 9, -0, 9 -0 19,
[ N 0 ELH 0. o B o
o. . 0 . o i [ . o
s H o M o o o
o o M o o o
M o o o o M
-0. 9: ~0. 91 -0 o -0 9 0. 9
~0. 9 ~0. 2 -0. 9y -0. 9y -0 5
19, ~0. 9, -0 9, -0, 19, 9
0 5, -0 9, -0. 9y -0 ae -0 9y
-0 9, ~0, 9 -o 9, -0 9 -0 19,
-5 y -0 19, -0 9, -0 9, ~0.00000000E-19,
-0, 9 o o -0 -0 o 0 5,
o
9, ~0 9, -0, 9 0 o -0 9
-0. q: ~0. Gy 0. 19, -0. 9 -c 9
~0. 9: ~ 9 -0, 19, -0 S -0 9
TAN = h-l v n. T .
TURD b o Eddd v 3
QCHULT = 0.33200000E-02,
QRHULT = 0100000008 01,
KHS = 0.5B000000E-015
TTRANS = 0.10000000E 04y
RHOHS = 0.35400000E 02+
CPHS = 0.440000008 00+
XN = 0.80000000F 00,
X0 0.00000000E-38+
xa = 0.00000000E-38+
Xc = 0.20000000E 00y
KSTR = 0,12500000E 03,
wis = 0.160000008 00
cPs = 0.2500000CE 00,
TSTOP = 0.41160000F 03,
KB = 04100000006 00,
RHOSTR = 0.17200000F 03,
THSTR = 0.10000000E 04+
RHOR = 0.30000000E 02+
HYIR = 0.10000000¢ 05,
HV2R = 0.00000000E-38,
$ END -4]1-
TTESTY 1.007F 02 TTESTZ 1.626E 02 WIOT




i, COMPUTATIONS

A, BLOCK DIAGRAM

The block diagram for Program 1884 1s given in Figure 4,

INPUTS

MATERIAL PROPS.

HEAT SHIELD-

CPHS, EMIS, HVIR,
HV2R, KHS, f1, HV1,
M1, X,f2, B2, 7,
RHPHS, TABL

BOND-

CPB, KB, RH4B, WTB
STRUCTURE-

CPSTR, KSTR, RHASTR,
TMSTR, WTSTR

BOUNDARY CONDITIONS

HEATING -

AHR, QTBL, HTBL,
RTBL, TTRANS,
QCMULT, QRMULT
HEAT SHIELD -
TSTOP, TREAR
ATMOSPHERE -
XN, X0, XC, XA

Y

YES | TEST IF H. S. REQ.
(PK. HT. RATE, TOTAL LOAD)

NO

Y

Tl, TCRMAX, TS, HADJ

DETERMINE EQUIV. PULSE

Y

TEST FOR ABLATION
MINCRABL

NO
WINS

YES

ABLATION - T1A, T2A, WA

Y

INSULATION, TA , WINS

[ WTOT = 0.0

INSULATION

[

STR. CAP, AND

65- 11915

BOND CORR.

WTOT

Figure 4 BLOCK DIAGRAM FOR PROGRAM 1884
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B.

SYMBOLS
Symbol

Cp» Cgs» Cst

Kp» Kys» KsT

PB> Pus» PST

Defimtion

Specific heat of bond, heat shield, and
structure,

Conductivity of bond, heat shield, and
structure,

Density of bond, heat shield, and structure,
Emissivity.

Stefan-Bolzmann constant.

Initial time.

Time at peak combined heating.

Fainal time of problem,

Times when ablation starts and stops.

Time when rear temperature equals specified.
value.

Start time for post-ablation insulation problem.

Initial temperature.

Temp erature defined by Equations {6} and (7).
Ablation temperature.

Mean temperature rise-

Maximum combined héat rate.

Convective and radiative heat rates.
Stagnation and wall enthalpy.

Integrated convective and radiative heating-

Total heat load for post-ablation insula tion
analysis.

43

Units

Btu/lb-OF
Btu/ft-hr -OF

1b/£t3

Btu/ft2-sec-°R
seconds
seconds
seconds
seconds

seconds

seconds

9R

oR

oR

OR
Btu/ft?-sec
Btu/ft2-sec
Btu/lb
Btu/ft?

2
Btu/ft



Symbols Definition
Wa, WQR Ablation rates for convection and radiation

and for radiation only.

w

A Total ablated weight.

C. EQUATIONS

1.

Initial Time

Integrated Heating
it
Q = qcdt

tf -
QR=/ agde

t

Average Total Enthalpy

a. Nonablating Case

t
H, ! H_d
= — t
SA (-t s
3

1

b. Ablating Case

_44-
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Umts

1b/ft?-sec

1b/£t2

(1)

(2)

(3)

(4

(5)



Heat Shield Requirement Tests

33 9 v 2(tm — :ii

TL = T, + - 6
! V' EsT psT CsT ©
(Qc + Qg)
T2=T, + _CT R (7
Vst Cst

Thermal Capacitance of Bond

Kys Pus Cp
Kp pp Cus

Insulation Weight -~ Nonablating Case

a. Test Time for Equilibration (tg)

b
2 4 v
PHsKnsCusATR + 40 Ty (Q <1 - ) + QR:I
/ “\ Hg _ ATRV pus¥usChs

tR=t, +
' ZGGT; ZEUTI{I
b. Weight for tg <t 9
Pus¥ps (10)
v, = _— tp — ¢t
HS R
sV '
c. Weight for tg > &
hW
Qe [1=o— | + Qg =¢o T} (5 = 5,) = Wy Cys ATy (11)
Hgp

Where ATM/ATWand ATR/ATw are assumed to be a function of
Kgg (e —t,)
“’H—SM-—I 1n accordance with the constant surface temperature
Cas Vs

model and the solution given in Reference 3. The solutionis found via
tteration on (Ty) using the relationshps for AT /ATy and AT, /ATy
developed 1in Reference 3,
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7.

Ablation Weight

2.

If Equation (14) is satisfied, then ablation rate calculation switches

Test for Occurrence of Ablation

by L2 pus Kus Cus 4
- —} 4 > 1L P ———— Y
e Hg IR 2(t, — ¢ A

Ablation Rate (':Va)

1) Convective and Radiation Heating

h
__w + —aeT4
9c H 9R A
s

(12)

W, =
27 Cs AT, + X£y [Hyy + 79 (Hg — )1+ (1 = X £ [Hyp + 75(Hg — 2]

Test for Blockage of all Convective Heating

Wy fng (g — b)) Xfy a7 (g~ ) } >

hW
* [_ H_]
s

VaRr =

qR—euTA,{i

Cygg ATp + Xy Hyjp + (1—-X) fHysp

from Equations (13) to (15).

d.

Start and Stop of Ablation

Ablation starts and stops when:

e.

hy P
9 - ? + g = €6 Ty
s

Insulation Weight for Ablation Period

v 4 -ty [ PusKys
A = ——— [ —
Va CHS

46
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(15)

(16)

(17)
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f.  Adjusted Time 22

4 PNSKHS tfa ~ Ya WY LY £l A
tagy = e ~ T |} T W (r'8y -
5\ Cas Ya
D S WP SR AR
g. Post-Ablation Heat Stored
t
f hy
Qpp = 9 (1- H_s + qg| dt=0Qy (19)

tady

where Qj,‘ 15, the " he, flabg6rbed awd blécked by the ablationf process, T
.-~which.ig found"by'conmderatmn 'of Equatlons {13) and (14),

1 i
i b Post~-ABlat1bd Tisuld fice V\{elgh £
| i L “(2’0;’*"" e
{
H
b4

4 !
Qa~ 0Ty (f—tag)) = WINP\_CHS AT,

5.-4......

K
[‘ ? ( INP as %escrvbgd prew::%usly for"Equa’txon Q(,l‘i%
e i - T T
N, ye N S
S , A

St b (R e e owSis) Sin ASSA

@t)'lut1on for the rear temperature response in a

LN RS S B sesrmtar ety

A taple looku o \‘f’s‘}q“é‘iﬁ‘ )
V4 fimte. slab back.ed.by.-a ca‘pautlve structure whose surface 1s at a constant
‘/’ tempera/t‘l.m‘e and whose backface 1s 1nsulated. 5 The temperature ratio
™, ’\’?“'(AT\»J/AT ) is assumed unchanged by the structure.

~ f

S

~ U —— - - ¢
90 ‘Wall EXtRS ~ { e
o ; ——RY o b e g e
i
: SN H i
;“""‘T'he'wall eng:}ralpy' '1s*g1ven by'~ e menry £ N |
b rnas s sem HILE v oty TNER :,mns 42
\ ITWHET (2R boerod .‘"’ : ‘l“ bowad” pgreavian weeesd § b
LT T‘ ol ) W
‘{)__._ e WL \\ e [ ; e d
N,

The coefficients A and B are computed automatically by specifying the
atmospheric compositignyandrutilizing tabulasuthermochemical data stored
in the program. All modules are assumed to have zero enthalpy at 0°K.
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A. PROGRAM FLOW

IBM ROUTINES

The program flow 1s shown in Figure 5,

MAIN PR AND 1884 NO

COMPUTE TiA,
T2A, WDOT U),
WA

[6095] compute TADS
QC INTEGRAL,
QR INTEGRAL
HG INTEGRAL

ACQUIRE
INPUT

COMPUTE HEAT
INTEGRALS AND Tt

TTESTI

STMLTSTR
AND
TTEST2

STREAR

ABLATION CASE

QR INTEGRAL
HG INTEGRAL

[300] cOMPUTE TR
IFY NECESSARY,
CHANGE TSTOP
AND COMPUTE

HG INTEGRAL & TR

SUBROUTINE
Finwi

SUBROUTIRE
CORFIT,

COMPUTES
CORRECTED WINS

85-11916

WINS
CONVERGED

SUBROUTIRE
CURVE,

USES TSMAX FOR
NEW WINS

601
FOR CURRENT
WINS, ITERATE
FOR TSMAX

r—

COMPUTE
FIRST GUESS FOR
TSMAX, WINS

Figure 5 FLOW DIAGRAM FOR PROGRAM 1884
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B. MAIN PROGRAM
1. Purpose

The purpose of the main program is to acquire the necessary input data,
and to transmit this data to subroutine PR1884 within which the compu-
tations are completed,

2. Method

The input variables are defined by their inclusion in the namelist array
INPUT, and their types and dimensions specified. "The data statements

and the arithmetic statements setting the elements of TBL1 and TBL2
preset values are of the solution for a finite slab with one end insulated
and the other at constant temperature (Reference 1, p. 244, Equation (9)).
These tables are arranged so that for TBLI1 add indices are monotonic
increasing values of the parameter AT,/ AT__and even indices are mono-
tonic increasing values of at/L” and even indices are values of ATm/ ATW

The program input is read through namelist at Statement 100. The identi-
fication numbers DATE, MEM®, and CASE are written on the output tape
followed by the namelist data, The call to Subroutine PR1884 initiates all
of the calculations and output of results for the case. After this call
control is transferred immediately back to Statement 1000 for consider-
ation of the next case.

~49.



C, SUBROUTINES

CALLING SEQUENCES

Vamable AHR TABL TREAR TEMPI
PR1884 Tnput ox Output Taput Input Input Input

Source Program Input Program Input Program Input Program Input
EMIS TSTART DTI TBL1 TBL2 CP2DG(CPSTR)
Input Input Input Input Input Input

Program Input | Program Input

Program Input

Program Input

Program Input

Program Input

W2DG(WTSTR) | XITDG{MXIT)

Input Input Input

Program Input | Program Input

EPSDG(EPSIL}

Program Input

Input

Program Input

FGTDG(FACTGR)

DDG1{TIME)
Input

Program Input

DDG2(QTBL)
Input
Program Input

DDG3(HTBLY
TInput

DDG4(RTBL}
Input Input

Program Input | Program Inpat

RLAM(LAM])

Program Input

XTURB(TURB}
Tnput
Program Input

QMULT(QCMULT)
Input
Program Input

ERT(QRMULT)
Input
Program Input

TECHN{TTRANS)
Input
Program Input

ZK1 (KHS)
Input Input

Program Input

RHP(RHPHS)

Program Input

CP(CPHS)
Tnput
Program Input

XN
Tnput
Program Input

X
Tuput
Program Input

CPB
Input
Program Input

TSTPO{TSTOP)
Input
Program Input

Program Input |Program Input

Program Input

XA xc ZKSTR{KSTR) WTB

Input Enput Input Input
Program Input |Program Input Program Input Program Input
ZKB(KB) ROST(RHPSTR) TMST(TMSTR) RGB(RHDB)
Input Inpuat Input Input

Program Tnput

HVIR
Input
Program Input

HVZR
mput

Program Input

TLUQ Variable

Input or Output

Source

ARG, value of
indep. variable

Input

Calling program

TBL, table of

alternate indep.
and dep. vars,
Input

Main

ANS, result of
table look-up

Output
TLUQ

~50~
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Variabl
ariable 2K, Ko RHO, po CP, Cppg TR, ty)
CURVE Input or Output Input Input Tnput Input |-
Source Program Input Program Input Program Input | MAIN
TSS, T,
S TEMPIL, T, WW, Wooe TSTGP, t Tt ANS
Tnput Tnput Input Input Input Tnput
MAIN Program Input CURVE Program Input MAIN TLUQ
or MAIN
ANS2 TBL1 TBL2 DIM, AL TREAR
Qutput Input Input Output Input
CURVE Program Input Program Input CURVE Program Input
VARIABLE MITDG, max EPSDG, FCTDG, relatve| CP1DG, Cpys
werations for |convergence tol- change Specafic heat of
corrected WINS|  erance for 1teration for heat shield
corrected WINS | corrected WINS
Subroutine Input Input Input Input
CPRFIT Input or Output Program Program Program Program
Source Input Input Input Input
CP2DG, CpgTr| W2DG, WgTR.,| RHOIDG, p, |ZK1DG, Kys, TIMIDG, t,, WW, Wins,
Specific heat of {weight of structure heat shield heat shield effective matial | uncorrected heat}
structure density thermal cond time shield weight
Input Input Input Input Input Input
Program Input | Program Program Program Mam Main
Input Input Input
T5TPDG,tg actual TSRDG, Tr, |TSBID, T, TSSDG, T, |QTDURZ, duration TSTTDG, t,,
TSTOP max allowable |inttial tempera- | average surface| of heat pulse mitial time of
rear temp ture temperature problem
Input Input Input Input Input Input
Man Program Program Mawm Main Program
Input Input Input
DTMZ, AT, WEIGHZ,
mean temperature corrected heat-
shield weight
Input Output
Main CURFIT
- VARIABLE |[R, 1/4; thermal- TAU, s , DV, Vy, RT, wdep.
ratio| & 1 1 var table of R
time temperature
Subroutmne
FINW1 Input or Output Input Input Output Input
Source C@RFIT CORFIT FINW1 CORFIT
TAUT, indep | DVT, dep var.
var,table of r [table of dimension-
less temp
Input Input
CORFIT CORFIT
-51~



SUBROUTINE DESCRIPTIONS

1.

PR 1884
a, Purpose

The purpose of Subroutine PR 1884 1s to compute the heat shield weight
necessary to limit the backface temperature to some (input) design
limit given a knowledge of the heating environment, and provide the
necessary output from the calculation.

b. Method

Immediately following the subroutine and dimension statements 1s the
definition of the wall enthalpy function HWALL(T), where T is some
temperature in degrees F and the coefficients A27N and B27N are
computed as functions of the input atmosphere.

The first executable statements mitialize WTOTAL, WA, and NM, the
DY 50 loop counts the number of values entered in the TIME table
{(DDG1), by checking for the first zero entry beyond the first table
element.

By Statement 8003, the sum of the atmosphere constituent mole frac-
tions has been checked to see 1f 1t 18 = 1+ 0. 001, and by the Statement
D@ 8000, the wall enthalpy coefficients A27N and B27N have been com-
puted. The D@ 10 loop arranges the tables QTB, HTBL, and RTBL

so that odd indices contain values of the TIME table, and even indices
contain the corresponding values of the input convective heating, enthal-
py, and radiation heating, respectively.

The tests and calculations preceding Statement 8005 redefine the value
of TSTOP if necessary. The duration of the heat pulse (QTDUR) is
defmed as the time after maximum convective heating that the convec~
tive heating is < 1 percent of the maximum heating, minus the input
TSTART. If the input TSTOP minus the mnput TSTART is > 2:QTDUR,
TSTOP is changed to = 2(QTDUR-TSTART).

-52-
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Between Statements 8005 and 7331, constants are stored for use by
subroutine CORFIT, QTBL 1s defined (loop ending on 102) to be the
convective heating time QCMULT, RADR, RADA, DELTA, and DELTR
are defined, the heat shield thermal conductivity 1s changed for agree-
ments 1n units,and the maximum combined radiative and convective
heating 1s computed along with the time 1t occurred (RQCMAX and
RTQMAX, respectively).

The DO loop ending on 7332 computes three integrals by the trapezoidal
method, the integrals from the first entry on the TIME table to TSTOP
of the combined radiative and convective heating (QRT®T) and of the
radiative heating (QRRA), and the integral from the first entry in TIME
to RTQMAX (see above) of the combined radiative and convective heat-
ing (RQINT).,

The DO loop 203 computes the maximum convective heating (QCMAX)
and the time when it occurred (TQMAX). D@ loop 207 computes by the
trapezoidal method two mntegrals, the integral from the first entry of
the TIME table to TSTOP of the convective heating (QTPT), and the
integral from the first entry on the TIME table to TQMAX of the con-
vective heating (QINT).

Statement 208 defines an effective imfial time TI, and by Statement
6048 the enthalpy at TABL and TREAR (HWABL and HWABR), along
with the output quantity MINCRABL (internally, QR) and the quantity
QPIMER are computed. By Statement 8008 the quantities TTEST 1 and
TTEST 2 are computed. If TTEST 1 < TMST (input as TMSTR) and
TTEST 2 < TREAR, no protective shield is required and the next case
is considered (RETURN). Between Statements 8011 and 7248, the
quantity QTREQT 1s computed and selected heating integrals, and time
are provided as output. After Statement 7248 T1A is defined to be
TSTART, and a test 1s made so that 1f QR < ROMAX, (Reference 1,

p 250, Equation{23)} the ablation case 15 solved (Statements 300 to,

but not including, 400). Otherwise the nonablating case 1s computed
(Statements 400 to, but not including, 500).

Statements 301 to 308 compute the times T1A and T2A which define the
time interval during which ablation 1s occurring. This logical loop
. provides for successive evaluations of the quantity DIF as the indepen-
dent variable. TIME is incremented by the input DTI, and T1A 1s
defined as that time before RTQMAX that DIF passes through zero, and
T2A 1s the time after RTOQMAX that DIF passes through zero. Test
302 indicates a change of sign in the residual and hence the existence
of a near root, Test 1778 assures that the value of DIF 1s within
+0.01 of zero. It should be noticed that if DIF > 0.01 at TSTART +
DTI, then T1A is arbitrarily set equal to TSTART, and/or if DIF >
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0.01 at TSTOP, T2A is arbitrarily set equal to TSTOP. For problems
of this nature, the potential errors inherent are obvious.

The block of statements between 928 and 926 are executed twice, first
with the control variable KKK = 1, then with KKK = 2. For KKK = 1,
the DO loop entry at 311 computes the ablation rate (WD®T(J)) as a
function of time (A32A(J)) between T1A and T2A. The test before
Statement 826 determines if laminar or turbulent material properties
will be used to compute WDPT(J). The first row of the array FCON
when the input TTRANS (internally TFCON) 1s < TIME, the second row
when TTRANS > TIME., The IF test before 3085 will modify the com-
putation of WDOT(J) when the convective heating 1s "blocked". The
D@ loop ending on 312 integrates WDOT(J) by the trapezoidal rule to
compute the total ablation rate (WA),

The statements between 313 and 6003 mitialize T 1 and KKK for the
second pass through Statements 928 and 926. This pass provides for
the calculations of WDPT(J) between the times RTQMAX and T2A,
which are used to compute the "adjusted'” time TADJ. Again suitable
properties are selected depending on whether the heating 1s laminar or
turbulent, or the convective heating is blocked: The D@ loop ending
on Statement 6004 computes the cumulative sum WA7C, which 1s used
after Statement 6005 to compute TADJ (Reference 1, p. 253, Equation
(34)). For the purposes of the structural capacitance correction, T1
is taken to be TADJ for ablating cases (after Statement 326, TIMIDG).

Between 6005 and 500, three integrals are computed for use in the
insulation weight calculation. These are the enthalpy and convective
heating integrals HGADJ and QINS between TADJ and TSTPP (loop
ending on 326), and the radiation heating integral QRTOTL between
T2A and TSTPP. The first two integrals are computed by the trape-
zoidal rule, and the third by a firts-order Euler method. After 326
the average enthalpy is computed and stored :n HGTOT. Output is
provided as HGTQT, TI, T1A, T2A, and WA before 3026. This ends
the calculations made for ablation, and the GQPT® 500 before Statement
700 transfers to the final insulation weight calculations.

The nonablation calculation is done between Statements 400 and 500.
Three entegrals are computed, the first of which, QC, is simply equal
to QTPT (see above), the integral of the convective heating from the
first entry of the TIME table to TSTPP. In the DY loop ending on

3325 the radiation heating integral QRTPTI between TSTART (equal to
T1A for nonablating cases) and TSTOP is computed by a farst-order
Euler method. The D@ loop ending on 404 computes the enthalpy
integral HGTQT between the effective initial time TI and TSTQP.



After Statement 404, this enthalpy i1s averaged over the time range and
stored in GHT@T. The nonablating calculation ends at Statement 500,
where the insulation weight calculation starts for both ablating and
nonablating cases.

The Statements from 500 to 132 check the validity of the average
enthalpy calculation. The first restriction 15 that the average enthalpy
times AHR > the enthalpy at temperature TREAR. If it is not, TSTQP
is arbitrarily shortened by 5 seconds, NOG® set = 1, and the GOTQ
499 provides for reaveraging the enthalpy. More specifically, the
variable NOG® 1s 1 if TSTQP 1s decreased, 2 if TSTQOP 1s increased,
and 0 if no corrections were necessary.

If the average enthalpy is sufficiently large, then the quantity TR, the
time at which the backface reaches the design limit temperatures is
computed. If TSTPP has not been adjusted to recompute the average
enthalpy (NQGQ = 0), and TR > TSTQP-TI, then the slab has not
equilibrated and the transfer to Statement 502 begins the insulation
weight computation. If TRKTSTQP-TI, NOGQ is set to 1 and TSTOP
1s decreased by 5 seconds and the average enthalpy is recomputed
(GOTP499) and the tests start again.

If the average enthalpy 1s sufficiently large but TSTOP has been de-
creased immediately before (NOGO = 1), then TR is again compared to
TSTPP-TI; if <, NPGP is set to 1, TSTOP 1s decreased, and a new
average enthalpy computed; if =, then the slab is in equilibrium and
the transfer to 501 starts the insulation weight calculation; if >, NGO
is set to 2, TSTPP 1s increased by 1 second, and a new average
enthalpy is computed. Resetting the counter NM assures that TSTOP
cannot be thus increased more than 40 times.

If the average enthalpy 1s sufficiently large but TSTPP has been in-
creased immediately before (NOG® = 2), then TR is compared to
TSTOP-TIL. If the slab 1s in equilibrium, the transfer to 501 starts the
insulation weight calculation. If >, NQG® 1s set to 2, TSTART 1s in-
creased by 1 second and 1f NM< 40, a new average enthalpy 1s computed.

The calculation of the insulation weight 1s done in two ways, depending
on whether the slab has equilibrated by the end of the problem. If so,
then this fact is indicated and the statements from 501 to {not including)
502 compute the insulation weight (WT), corrected insulation weight
(WEIGHT) and total weight (WTQTAL) from algebraic evaluations in-
volving only mmput and TR. Output 1s provided (after Statement 8015)
and the next case 1s considered (RETURN before Statement 502).
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When the slab has not equilibrated at the end Jf the problem, the insulation
weight is computed between Statement 502 and the end of the program.
There are two 1terations necessary to compute the insulation weight.

The outer iteration is for the weight (W9). Statements 600 to, but not in-
cluding, 6605, and inner iteration is for the avérage surface temperature
TSS from Statements 601 to, but not including 603. The statements from
502 to 600 define the first iteration coefficients for the function'of TSS
whose root 1s computed by an accelerated Newton- Raphson procedure in
the temperature iteration loop. The first guess for weight is 0, and the
first guess for the temperature 1s a maximum value (TSR) from Reference
1, p. 245, Equation (13). The temperature iteration starts at 601. If the
temperature converges to within 1 degree R 1in less than 4] iterations
(counted by IN@T), and 15 > 460, subroutine CURVE 1s called at Statement
6606, CURVE uses the converged temperature to compute an insulation
weight WW from the tables of the solution to the constant surface tempera-
ture problem, TBL1 and TBL2. If this weight WW converges with a rela-~
tive error less than 0. 0001 to the weight computed in the previous itera-
tion (W9), then the iteration stops. If not, then a successive approxima-
tion 1s done if the number of iterations (counted by III) is < 20, If

more than 20, the 1terative procedure is terminated and the last values

of TSS and W9 are used.

Statement 703 follows the iteration for insulation weight. The call CGRFIT
statement provides Subroutine CPRFIT with the necessary information to
compute the insulation weight (WEIGHT), corrected for structural capa-
citance. After the return from CPRFIT, the insulation weight (WEIGHT)
is further corrected for the effective thermal resistance of the bond, and
the total weight 1s computed. Before 8007, output is provided including
the insulation weight (W9), the corrected insulation weight (WEIGHT, >0),
and the total weight (WT@TAL). The RETURN provides for the considera=
tion of the next case.

2. TLUQ
a., Purpose

TLUQ performs a linear interpolation on the tables in 1884 TBLI,
TBL2, QTBL, HTBL, and RTBL.

b. Method

The value of the independent variable is ARG, and both dependent and
independent variable tables are contained in TBL, the odd indexes
referring to independent variable values and the even indexes to the
corresponding values of the dependent variable, The result of the linear
interpolation is placed in ANS. TLUQ is used instead of ARTLU,

only because of the arrangement of the Tables TBL1, TBL2, QTBL,
HTBL, and RTBL.
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CURVE

a, Purpose

CURVE uses input data and tables plus a value of the average surface
temperature to compute the insulation weight.

b. Method

Given input constants and the tables TBLI1 and TBL2, CURVE first
defines DTRTS, and performs a table loock-up in TBL1 to obtain a value
of ar/L2 , which is stored in ANS. This value is then used to compute
the insulation weight WW and is used as the value of the independent
variable in the table look-up in TBL2 to define a value of AT /ATg .
This quantity is stored in ANS 2, and is used to compute the average
temperature rise DTM.,

CQRFIT

a. Purpose

For the case in which the slab has not equilibrated by the end of the
problem., CQ@RFIT is used to compute the insulation weight corrected
for structural capacitance (see Reference 1, p.p. 254, 255, and the
first two lines of p. 256).

b. Method

CORFIT first defines DVT as a two~dimensional dependent variable
table, the function of Reference 1, p. 255. The independent variable
tables are TAUT (7 of Reference 1), and RT (1/¢ of References 1).
By statement 30 these tables have been defined, along with the neces-~
sary input to CQRFIT for the calculation. By Statement 2, a value of
tg (TLIL) is defined for computing r . TLIL is first defined as the
actual TSTQP used by the main program minus the effective imtial
time for the calculation (the output TI for nonablating cases, TADJ
for ablating cases). If the actual TSTQP minus the input TSTART 1s
greater than twice the duration of the heat pulse (see MAIN program
description). TLIL is redefined (Statement 1) to be twice the duration
of the heat pulse minus the effective initial time.

The solution for W1 must be an iterative procedure since r and 1/¢
depend on W1. The procedure used here is 2 method of false position,
with WI for the first guess corresponding to the largest value of r in
the tables (10), as defined by Statement 3. Immediately before State-
ment 3, the reference temperature difference ratio 1s defined as DTREF.
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5,

Having selected a2 W1, r and 1/¢ are computed (TAU and R), their
values checked to see 1f they are inside the range of TAUT and RT,
and the subroutine FINW1 provides the temperature difference ratio
(DV) corresponding to TAU and R. This value of DV is compared to
DT REF (before Statement 9), and if the relative error 1s less than the
mnput EPSIL, the iteration procedure 1s terminated. If greater than
EPSIL, W1 is decreasedby the input quantity FCT (FACT@R externally)
and a new DV computed by going to Statement 4, etc. This continues
until a change of sign in the residual indicates a near root (Statement
12), at which time W1 is reset,but FCT is reduced by multiplying by
0.3 (Statement 13). This process continues until convergence 1s
reached, or until the number of iterations exceeds the input MIT
{(MXIT externally).

Errors are checked for by the program by four successive IF tests
ending at Statement 7. If W1 is negative, a message 1s printed in the
output and the corrected weight (WEIGHT) is not computed. If W1 is
too large (TAU lower than first entry of TAUT, the upper limit for
W1 is tried. If the sign of the residual has not changed, the quantity
WEIGHT is not computed, and a message 1s written. If W1 1s too
small (TAU larger than the last entry of TAUT), the lower bound for
W1 is tried to see if the sign of the residual has changed. If there is
a root, the iteration continues. If not, the correéted insulation weight
is computed at Statement 14 (Reference 1, p. 257, Equation (41)). An
additional error noted occurs when no convergence has occurred be-
fore MIT iterations (counted by IT), in which case this fact 1s noted
and no WEIGHT 1s computed. The weight corrected for structural
capacitance must be > 0.

FINW1
a. Purpose

Gaven 1n tabular form the function of Reference 1, p. 255, FINW1
computes the temperature difference ratio (DV) given values of TAU
and R as independent variables.

b. Method

FINW]1 performs a two-dimensional table look-up using the independent
variable table DVT whose rows correspond to the independent variable
array TAUT and whose columns correspond to the independent variable
arrat RT. Using the value of TAU, two table look-ups are done, the
first for the entry in RT< R, the second for the first entry in RT> R,
The results are interpolated linearly in R to compute DV, If R=RT(1),
only one table look-up 1s performed.
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D, SIGNIFICANT EQUATIONS
1. MAIN Program

b (T) = HWALLF(T) = A27N (T+460,) + B27N {T+460)%

4
RADR - EMS, (T%Ezgff,; 460)

TABL + 460 &
RADA = EMIS, 1203.9

K = ZK1/3600.

QR & QC from RTBL & QTBL
Qmax = ROCMAX = Max (ERT- QR¢y 4+ QCt: QCMULT) (Statement 733 0)
time

t = RTQMAX = time RQCMAX occurs {Statement 7330)
Umax
TSTOP
QRTOT = | (QR¢ + QC, QCMULT)dt , QR from RTBL input (State-
ment 7335)
TIMECL) QC from QTBL input
TSTOP
ORTOT = QRRA = / (QR{ ERT) dt QR from RTBL input (Sta%ggrg?nt
TIME (1)

RTQUAX QR from RTBL
RQINT = / {QR, ' ERT + OC, - QCMULT)dt QC from QTBL
TIME (1) (Statement 7335)

QCMAX = MAX (QC,; * QCMULT)

TOMAX = time QCMAX occurs,
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TSTHP
QTOT = / (QC, - QCMULT)at QC from QTBL (giatement 207)

TIME (1)
TQMAX
QINT = (QC* QCMULT)dt, QC from QTBL input (Statement 205)
TIME (1)
2+ RQINT
.= = fipeiiciionanhiel Statement
t; = TI = RTOMAX- pomrme ( 208)

HWABL = HWALLF (TABL) - enthalpy

HWABR = HWALLF (TREAR) - enthalpy

{ZK- RHE®G- CP 1z (TABL-TEMPI) + RADA
OR = 1,82 | 2(TQMAX-TI)
(AHR - HWABL)
HGMAX

HGMAX = enthalpy from HTBL at time TQMAX (Statement 6048)

2 (RTQMAX - TI) 1/2
TTESTI = TEMPI+33- RQCMAX { RS TR RPST: cpznc}

(QTOT + QRRA)
(W2DG- CP2DG)  (Statement 8003)

TTEST2 = TEMPI +

QTREQT = W2DG-CP2DG (TREAR - TEMPI)

If OR (above) <RQCMAX, ablation; =, nonablation
Ablation equations

TIA = Time before RTQMAX that
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(State-
QCMULT- QC¢ {AHR - HWABL,} + ERT*RC, - RADA £0.01 “ment
HGt 307)

where QCt, HG, R(Lc are from the tables QTBL, HTBL, RTBL
If such a time is not found, T1A = TSTART

tra = T2A = time after RTQMAX that the relation for T1A holds,
If such a time is not found, T2A = TSTOP

. HWABTL
Wy = WD(DTt = (QCMULT- QC¢(AHR- HG; ) + ERT*RC; - RADA)
CP (TABL - TEMPI) + FCRD

HWABL
when WD(DTt' WSASQC: QCMULT (AHR '_I:IE?__

(ERT*RCy - RADA when the above 1s not

V.= DOT, =
Wa = WDOT, CP.(TABL - TEMPI)+DEN®M true.

QCt, HG;, and RC; are from tables QTBL, HTBL, and RTBL at tume t.
When TFCON $TIME, FCRD in above equation is

TURB(4) - TURB(1) [TURB(2)+TURB(3)-(HGt ~HWABL)- 33. 86 |
+[1 - TURB (4)] TURB(5) [TURB(6)+TURB(7)(HGt-HWABL)- 33.86]

when TFCON >TIME, FCON is the same but TURB (1-7) is

replaced by LAM (1-7). TURB and LAM are input tables, which

are stored as the first and second rows of the matrix FCON (i, )

When TFCON € TIME, ‘

DEN®M = TURB (4) - TURB(1)*HVIR + [1-TURB(4)| TURB (5) - HV2R
When TFCON > TIME, TURB(i),alone are replaced by LAMI{1)

When TFCON < TIME

WSA = {TURB(4)- TURB(1)- TURB(3) + [1-TURB(4)] - TURB(5)- TURB(7)}

% (HG, - HWABL)- 33, 86

' -61-



when TRFCON>TIME, TURB (i) above are replaced by LAM(i)

T24 .
W, = WA= / WDOT (t) dt (Statement 312)
T1A

taq. = TADJ requires the computation of the above WDOT(j) over the
tirri]e interval from RTQMAX to T24, DO loop ending at 6003,

Each increment to the WA integral over this time is computed (WA7),
and if its squared inverse 1s individually larger than the quantity

Cp (T2A-TY) /(.8 RH®- ZK- DTZ), DT being the true time increment

the sum WA7C is incremented by the inverse of the above expression.
If the integral increment's squared inverse is < the above expression,
WAT7C, is not incremented, (locp ending 6004)

"
= TADT = T2A- 0:8° ZK-RHG-DT ~“WA7C

t
adj CP- ZN

, where ZN = the number

of points (separated by DT time increments) between T2A and RTQMAX,

TSTPP
Qc =/QDH1; dt (Statement 326)
TIME (1)
where QDI1 = QCMULT- QCt—QQQ, QC,C from input table QTBL.

< <
0on =\t TlA, £S5 T24

~-RADA , <t<T2A
QCMULT: QC; [AHR- ‘le-rébl"} T1A<t<T2

HG; and QC; from input HTBL and QTBL at time t. (Statement 325)

TSTOP
/ HG, dt
HGTOT = TADJ . HG, from HTBL at time t
(TSTOP-TADJT)



TSTP
QRTOTI = f RC, dt, RC, from input RTBL (Statement 6373)
T2A

This ends the ablation calculation. The nonablation equations are as
follow:

TSTOP
QRTOTI = RC, dt, RC; from input RTBL (Statement 3329)
TSTART

QC = QTOT (see above)

JIST$P-TI
HG, dt , HG; from HTBL at time t (Statement 404)

HGTOT = vl
(TSTGP - T
This ends the nonablation section. For the calculation of TR between
Statements 500 and 594, see main program write-up.

1/2

tg = TR ={ [ZK- RH®.CP (TREAR - TEMPI)- |Zk- RHO. CP-

HREAR
TREAR-T 2 4 4, RAD .
( AR-TEMPI)Z + 4,RADR (QC(AHR W’f)

-ERT. QRT@TI) | 1/2}/(2-RADR) (Statement 599)

If the slab is equilibrated at the end of the problem,

RHO. Zk- TR:, 1/2

WINS = WT = [ CD

(Statement 501)

Corrected (W2DG. CP2DG +WTB- CPB
= = . 1- >
WINS WEIGHT = WT { WT <P z
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WTQT = WIQTAL = WEIGHT + WA + WTB

If the slab is not equilibrated at the end of the problem, the weight 1s
found as follows TSMAX = T S R, computed from an accelerated New-
ton-Raphson iteration for the polynomial £(t) = A- TSR + B- TSR2 +
C* TSR + D, where the coefficients are a function of the current (itera-
ted) insulation weight. (Statements 601 to 603)

WINS = WW -computed by subroutine CURVE based on value of TSS during
current iteration for insulation weight (Statements 600 to 6604),

Corrected WINS = WEIGHT (computed from CORFIT subroutine)-
WTBZKI-RHQfCP 1/2
ZKB- ROB/CPB

WTQT = WIGTAL = WEIGHT + WA + WTB,

2., Subroutine CURVE

AT,
R_(TREAR' TEMPT) s TSS from main program iteration
ATy (TSS-460- TEMPI)

A table look up (TLUQ) produces a value of q¢/L2 from TBLI1, and

the weight is

1/2
wwr _{Zk -RH(D-(TST(DP-TI):l ’ 7(,“) from table look-up.
T

Cr (A2 1.2
AT
DTM = DTM = {———)(TSS -460 - TEMPI) ,
ATg) ™S
at/L

AT

m

AT from TLUQ look-up at current at/L?
s ar/L?

3. Subroutine TLUQ -
No significant equations (linear interpolation table look-up).
4.  Subroutine CORFIT

DTREF = (TSR - TSI) / (TSS-TSI)



TSR = input TREAR, TSI = input TEMPI,
TSS = output TSMAX

TLIL = TSTOP - TL, TSTOP - TSTART < 2-QTDUR

2'QTDUR -~ TI, TSTOP-TSTART > 2-QTDUR

QTDUR is computed in the main program as the time after peak con-
vective heating that QC; <01 QCyax» minus TSTART.

CONTAU = (RHQ-ZK1-TLIL)/ {CP :3600).
CONR = (W2 -CP2)/CP1
TAU = CONTAU/ (W1)?
R = CONR /W1
A method of false position is used with W1 changing TAU and R computed,
and a table look-up done in FINW1 to obtain a temperature difference ratio,
W1 changing until this ratio is sufficiently close to DTREF. At that time

the corrected insulation weight is set equal to W1,

If TAU > 10., WEIGHT is computed as

W2 -CP2- (TSR-TSI\
WW.CP1.DTM

Weight = WW ( - s W2, CP2 being the structure

weight and specific heat; TSR, TSI as above, DTM the average temperature
rise, WW and CP1 the heat shield uncorrected weight and specific heat,
5. Subroutine FINW1

No equations, two dimensional table look-up.

~65-

ag7=



V. REFERENCES

RAD, Mars-Venus Capsule Parameter Study, V. I, Introduction and

Analysis, JPL Contract No. 950626, Avco/RAD, TR-64-1 (1964).

Brown, J.E., and F.A. Shukis, An Approximate Method for Design of
Thermal Protection System, Contract AF 33(616)-7483, Avco/RAD TM-
62-3 (25 January 1962).

Carslaw, H.S., and J.S. Jaeger, Conduction of Heat In Solids, 2nd edition,
p. 282, Oxford Press, London (1959).

—66-

~88=



PROGRAM 1885

S899<

G881l

YO



1L,

IIL,

Iv.

PRESSURE AND HEATING DISTRIBUTIONS (1885)

CONTENTS

Introduction.....oeeveereeeervecennaans
A, General Description...v.oveveuevereeereonnsneeiosenrnnns
B. Calculation Model..... Chesesesss et e anan
C., Lmmitations ....cecveveenns Cheeeceeenien s
USAEE cevvnvssonrnsesonecnesocansossoossososenscosnas Ceeiaaaeaees

1885A Input Definitions......oeveseuesas Cees s

A,

B. 1885B Input Definitions....... Crsececceeaenen e Cereceenn ..
C. Input Procedures «v.ovvvveeesesrrooorsoccoraocosnsnanansces
D, Output Definitions. ....covesrisosresoscssrorsnseansnas PP
E, Sample Problem....... Cecaee e
F. D1agnostiCs . .« vivvnrnninncnnrenns fhe e ee sttt
Computations, ....oveveeeensennn et eesase e

A, Block Diagram .veeeveeeeerrnrossserooanosessoaaanans ceeean
B, SYmMbOLS st ittrrinreentsnrrenrsnsoairessereraretoeraees
C., EguationS....eoeeereeveceocensennans

IBM ROULINES. s v vuvrevvrerrroonsaonoevonennsns

Program Flow cvvveeerrieeriarsasssesosssatssssossasaannsas
ComMMON SEOTAZE v vevaresrersersoronssssessasssanasscsonsnssss
1885A SUDTOULINES ¢ v vvisinenssoneseonnnsosssasonssasonnssnes
1885B SUbroutiNneS couen e rerirroarorrnsotovtsocarsvanenrses
1885A Main Program ......... it eereiiee e
1885B Main Program ......
1885A Significant Equaltion .....cvuveeiiroirororoosnronsenns
1885B Sigmificant Equation ......ve0uvnunnn

mOaHEDOWp

References ....iiiesvttresareaesansssesssnecsssarensasssnas

4
4
81

97

97

98
104
107
122
122
124
126

136



Faigure

1

10

11

12

ILLUSTRATIONS

Functional Diagram of Program 1885 ........ et
Vehicle Shape Parameters.ciescesesesevesesansnos
Tension Shell and General Shape Parameters «vvvvuieeas

Typical Wind Axes Locations for Several Angles
of Attack cvvverencroversnnceaenen

Translation and Rotation of AXeS cvvuveervrerororeronns
Oblique Shock Model cvvvveevnerevaroannan
Pressure Distribution on a Hemisphere Cylinder........
Heating Distributions on a Hemisphere Cylinder ........
Mass Flow Continuity Model .....00un.. [ [ ..
Mass Flow Distribution across the Shock Layer.........
Block Diagram for Program 1885 ... .cciivivnnrennnnnn

Program FIOW e.veeeveneeaens [ feeccesiseeenans

4o3<

—-1V=

8

11

15

22

22

34

75



Table I

III

v

Vi

VII

TABLES

Partial Table of Possible Shapes . .vverivaciitonensennss
Velocity Gradient Correlation .....iieeeivenesereneans
Shock Parameters for Blunt Cylinder .cvveveveeeeeennns
Test Criteria for Pressure Method Selection ....ouveve.
Newtonian-Prandtl Meyer Match Points ... vvverensnenas

Prandtl-Meyer-Tabular Data of P/PT' e eeaeersr e

Shock Stand Off Distance (As /y,I) for Convex Bodies ......

-V

13
13
16
16
17

17



I, INTRODUCTION

A, GENERAL DESCRIPTION

The object of this program is to compute the pressure distribution, laminar
heating distribution, turbulent heating distribution, and radiative heating dis-

tribution at arbitrary angle of attack for axisymmetric bodies.

The resultant

distributions can be applied as multiplicative factors on the trajectory data of
Program 1880, yielding the local pressure and heating histories at a pomnt on
the body. A general functional diagram of the program is given in Figure 1.

I 1885AINPUTS I

OBLIQUE SHOCK DATA

———
S

TORED INPUT
TABULAR SHAPE AND
GAS DYNAMIC DATA

!

18858 INPUTS

BODY GEOMETRY

RADIATION PRESSURE
HEATING DISTRIBUTION
¥
. LAMINAR AND TURBULENT
HEATING
1
18858 OUTPUT
INTEGRATED DESIGN

PROGRAM

TABLES (ALPHA)

PE
RE'P_s + QR,QT,QL

85-0252

TRAJECTORY DATA
DYNAMIC PRESSURE
Qs, @, QR,

HEAT PULSES

HEATING AND LOADS
FOR EACH SECTION

1

STRUCTURE AND
HEAT SHIELD WTS.

Figure 1 FUNCTIONAL DIAGRAM OF PROGRAM 1885
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The

The

general inputs include:

1. The pertinent shape parameters describing the vehicle geometry. The
shape parameters are depicted in Figures 2and 3 and a partial listing of
parametric combinations is given in Table L

2. The flight conditions, namely, the velocity, ambient temperature, den-
sity, and atmospheric composition

3, The angles of attack at which pressure and heating distributions
desired

4, The option to consider the windward and leeward meridians as
symmetric or two-dimensional bodies

5, A control on the boundary layer edge conditions by specifying the
shock angle to which the total conditions correspond (temperature, pres=
sure, etc.)adiabatic exponent yg 15 computed.

6. A control on the shock shape calculation by specifying the degree of
the polynomial used to approximate the mass flow distribution across the
shock layer

7. A control on the radiation heating calculation by specifying the degree
of the polynomial used to approximate the radiation heating distribution
across the shock layer.

general outputs include-

1. The coordinates, surface distance, slope, and curvature of points on
the windward and leeward meridians for each angle of attack (in body axes
aligned with the relative wind vector, and having their origin at the stagna-
tion point)

2. The location of the stagnation and sonic points

3, The pressure distribution as a fraction of the normal shock stagnation
pressure )

4, The stagnation point convective heating
5. The sonic point turbulent heating
6. The laminar and turbulent heating distributions

7. The local Reynolds number
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TABLE I

PARTIAL TABLE OF POSSIBLE SHAPES

TH2G
Shape RN | THN| RSN| THC| RC | THB| RSB| RB | THA| RA | RT | BETA| TH3G| RSC | LC
1, Sphere X X x X X b x
2. Blunt Cones, x x x x x x x
a., Mod. nose x x x x x x x X
b. Mod, aft. body x x X x x x x x
c. Mod. aft. body x x x x x x x x
3, Cone Cyl., Flare x x x x x x x x x x
a, Mod, nose x % x x x x x x x X x
b, Mod. aft. body x x x % x = x x x x x
¢. Mod. aft, body % x x X x x x x x x
4, Capsule Type x x x x x x x
a. Mod. aft, body x x x x x x x x
b. Add. Cyl x x x x x % {x) {x) x
5, Tension Shell x x x x x x
a. Mod, nose x x x x x x
‘. General Shape * x x x <
a, Mod. nose x x X x
7. Sphere, Cyl,, Flare ® x x x x x x x
a. Mod, nose x X x x x x x x
b, Mod. aft. body x x x X x x %
8. Sphere, Cone, Cone x x x x % b3 x x x




8. The local shock standoff distance and corresponding wave angle
9. The radiation heating distribution.
CALCULATION MODEL

1. Vehicle Shapes

Axisymmetric vehicle shapes are considered by prescribing a number of
separate conic sections which, when mated together, form the desired
shape. The sections allowed are spherical, conical, toroidal, continuous
flare{or tension shell), as shown in Figures 2 and 3 A general form for
the continuous flare 15 permitted as an option. A maximum of nine sep-
arate sections can be specified at one time. A minimum of two (a sphere)
sections can be specified. Further discussion on the omission of various
sections is given in the section on usage. Table I lists some of the shapes
which can be studied.

2. Angle-of-Attack Geometry and Axes

The angle of attack is measured from the body axis of symmetry, and 1s

the angle between this body ax1s and the relative wind vector. A new set

of body axes are created at each angle of attack, lying along the wind vec-
tor and orthogonal to it; these axes are designated wind axes. Essentially,
wind axes are utilized at all times, but only ate= 0, 180, does this result
in an axisymmetric geometry about the relative wind vector (except for a
sphere). The origin of these wind axes is taken at the stagnation point,
which 1s assumed to be located at the most forward point on the body, meas-
ured in wind axes as shown in Figure 4, At angle of attack, therefore, there
are two sets of body coordinates; one for the windward and one for the lee~
ward meridian. The flow-field calculations are in general taken as depend-
ent on the local body coordinates, slope, surface distance, and curvature,
all measured in wind axes.

A special problem area arises when the angle of attack is such that the
stagnation point occurs on a straight section (e.g. cone or cylinder), in
which case the stagnation point is taken at the midpoint of the straight sec-
tion., Another problem area is that of a sharp convex corner. In general,
sufficient tori sections exist to preclude the occurrence of a sharp convex
corner; however, when the flat base section (BASE) is specified, then a
sharp convex corner can exist between the aft cone (AFTCQN) and the base
(BASE}. .
The calculation model for the translation and rotation of the axes is shown
in Figure 5. The stagnation point is located by maximizing %, where

Xa = YOS sina _XOS cosa .

—6-
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Interpolation formulas are provided for each section to determine the lo-
cation of the stagnation point precisely, Each section is uniformly divided
mto a number of N divisions of surface distance, where N is an input num-
ber for each section. The coordinates of the N divisions are transformed
for each angle of attack as shown in Figure 5. In addition, the local slope
is transformed to be the slope with respect to the wind axis and the surface
distance of each point is adjusted for the newly found stagnation point,

3. Sonic Point Location

The sonic point location is necessary to aid in determining the pressure
distribution in the subsonic region and the stagnation point velocity gra-
dient and shock standoff distance. The calculation model assumes that the
sonic point location occurs at the smallest value of (x,) where

2
sin? 0y, =
Y+ 1

The sonic-point relationship given above assumes that the local slope where
the flow first becomes sonic is given by Newtonian theory. The adiabatic
exponent (y;) may either be an input value or is calculated within the pro-
gram, as discussed in the following section. The precise (xy, y,) coor-
dinates corresponding to the sonic point angle are interpolated,

s
(ys— D

4., Adiabatic Exponent(y.)

An adiabatic exponent (y.)is utilized based on the density ratio across a
normal shock at the specified flight conditions using the strong shock ap-
proximation:

polPy +1
Yoo py/p, -1
The derivation of the above result from the normal shock equations is pre:

mised on the thermodynamic relationship that

Ys

h =
oD

P
I

Since for isentropic flow,



it can be seen that if (y)is assumed constant along a streamline, then

%—1
Y.

h P s
H Py

The adiabatic exponent noted above is only an approximation for determin-
ing the speed of sound, and hence the Mach number as,

o2 =<£ 2z %P
9p Jo/r 4

and further

P P
Ps <PS >

Comparisons of the adiabatic exponents for the enthalpy-pressure and for
density-pressure are given in Reference 1. A single adiabatic exponent is
used freely to compute all conditions along a streamline, including the
Prandtl-Meyer variable in supersonic flow,

s

5, Oblique Shock Calculations

The oblique shock calculation employs Program 1883 as a subroutine, The
conditions behind an oblique shock are needed to perform the shock shape
and radiative heating calculations, An iteration is performed using the en-
thalpy and pressure equation, where

2
heM V2 [ (P .2 2
= 1- stn” 0 + cos O
RT,  RT, M | \py

PW pavz 2 pﬂ PB
—_— = s’ 8@ - — )+
P w

o [¢]

The calculation model 1s depicted 1 Figure 6. The flight conditions are
specified; hence the molecular weight of the atmospbere (M) and the velo-
city (V), the ambient pressure (P,) and density (p) s and the total enthalpy
(H} are all known. An initial estimate on (p, /pw) 1s made and the enthalpy
and pressure computed by the equations, Program 1883 computes the den-
sity ratio (p, /py) for these conditions and the enthalpy and pressure are
recomputed, tested for accuracy, and further iterated if necessary.

-10-
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6. Stagnation Point Velocity Gradient

The calculation of the velocity gradient on the windward and leeward me-
ridians is performed as follows:

4o
a. If no straight section(:g <0) exists between 0 isb<s;,evaluate

7
(du/ds)via Table Il {from Reference 2), letting x y correspond to the
sonic point values, .

b. If a straight section occurs between 0 <sp < Sb‘ , and f

a8

—dS =0, arSy = 0
" < Asu
then,
du v g8 P
dS Ry, 3 pg

(Reference L, Page 161)

Otherwise (dU/dS ) is evaluated from Table II with xp, yp corresponding to
the coordinates of meridian at the start of the straight section.

7. Subsonic Pressure Distribution(s < S;)

Two pressure calculation methods are possible within the program, New-
tonian or a polynomial distribution. The choicé of either depends on the
following tests: '

—-—de <o t all points 0 < S, < S
a.\— at a
3s points 0 < 5 b

and,

1 —sin G‘b
* *
R xb/yb 2 .
COSeb
dé .
b. g5 =0 at one point or more 0 < S, < Sy, and
d o

<0 at § =0
dsy

If either of the tests is satisfied, the Newtonian method is used; if not, the
polynomial distribution is used. The polynomial distribution is of the form:

Pe 2 .
;—: 1+C1$b+CZSb

s

-12-
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TABLE I+

VELOCITY GRADIENT CORRELATION

YT du (Pa x*

Vo ods \py Tyt

/¥y
Pa

0 0.10 0.20 0. 30 0.35 .40

L
0 0 0 0 [\ 0 0
0.005 |0.004 0.007 0 014 0 035 0. 050 o 110
0.01 0 008 0.015 0.025 0.060 0.090 0.150
0.02 |0.016 0,022 0. 050 0.100 0.140 0.195
0.04 [0.032 0.052 0.087 0.150 0.195 0.255
0.08 0. 070 0 098 0.145 0.225 0 278 0. 324
0.16 |0, 143 0.183 0.238 0.325 0.380 0,455

+Obtained using the method of Reference 2

Ys

2(y~D
at some point where gy = sm-l( 2 ) c .

y+1
s

TABLE III

SHOCK PARAMETERS FOR BLUNT CYLINDER

Asfvh Reo/va oo/ Pa
1,20 2. 40 1
0.72 3,40 3
0.60 3,75 4
0.53 4.05 [
0.47 4 30 6
0.40 4,90 8
0.36 5,25 10
0,33 5,55 12
028 6 20 16
0.13 9 30 . 50

13-
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where the coefficients C; and C, are found by the conditions

*
S, = S} e | e
a. b = °b ) P = P
s s
2
b s 0 clPe (dU>2
. S =0 == rs |50
as? ds

8. Pressure Distributions for §, > SZ

The pressure distribution downstream of the sonic point s, > SE) is found
by selecting one of several possible methods. The possible methods in-
cluded in the program are:

a. Newtonian theory

b. Constant pressure

c. Entropy Layer Theory
d. Prandtl-Meyer

The choice of the method to be used at each succeeding division (or section),
along the meridian is dependent on tests of curvature, slope, and pressure
at the last point calculated. The test criterta are summarized in Table IV,
The MP data are given in Table V.

The entropy layer theory is described in References5 and 6 and provision
is included for considering the meridian as that of an axisymmetric or two-
dimensional body by input of the sentinel XJ=1. or XJ=0,, respectively.

A limit is placed on the pressure distribution computation 1 that when the
pressure first reaches the ambient value, then the pressure is kept con-
stant at this value over the remainder of the body.

The Prandtl-Meyer calculation 15 performed via table lookup using the
data in Table VI, obtained from Reference 7.

A comparison of the pressure distributions obtamned via Program 1885
with experimental data for a hemisphere cylinder 1s shown in Figure 7.

9. Total Pressure Option

For bodies of small bluntness, an option 1s provided to compute the bound-
ary layer edge conditions corresponding to flow through a specified oblique
shock as discussed in Reference 9. The static pressure distribution is as-
sumed to be unchanged. A shock wave angle other than 90 degrees

1s specified as input, for which the new total conditions are computed

~14-
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TABLE IV

TEST CRITERIA FOR PRESSURE METHOD SELECTION

a8 . 1 T
(E’) %oy < xg +
1
Pe
dé o, Method
g xo; > Xg Ps
L3}
fMP All NEWT
>MP All NEWT
>MP >0 PC
<MP >0 EL
ALL <o PC
>MP All NEWT
<MP All PM
TABLE V

NEWTONIAN-PRANDTI, MEYER MATCH POINTS

Vs MP
1.15 0.4086
1.18 0.3985
1.20 0.3918
1,22 0. 3854
1,24 0. 3790
1.26 0.3728
1,28 0. 3667
1.30 0. 3607
1.40 0.3318
1. 67 0.2678

_16-
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TABLE VI

PRANDTL - MEYER - TABULAR DATA FOR P/Pg

v Y=1,15 1.2 1.3 1.4
0 |0.5744 0. 5645 0, 5457 0.5283
4 lo.4567 0. 4451 0. 4230 0 4029
8 [0.3867 0.3743 0. 3511 0.3298
12 [o0.3292 0 3165 0. 2927 0.2712
16 }o, 2801 0. 2673 0. 2436 0 2222
20 [0.2375 0. 2249 0, 2016 0 1808
24 [0.2006 0 1882 0 1656 0 1459
28 |0.1685 0 1564 0 1352 0.1165
32 [0.1406 0.1294 0 1093 0. 09202
36 10.1174 0.1061 0. 08747 0.07176
40 0. 09606 0.08635 |0.06934 0. 05519
44 [0.07860 0 07069 |0.05433 0.04181
48 [0.06381 0.05577 }0.04206 0. 03116
52 10.05144 0.04421 [o0.03214 0. 02280,
56 {0.04114 0.03471 |o0.02424 0.01635
60 o 03296 0,02698 {0.01800 0.01148
64 |0.02565 0.02078 }0 01317 0.00786
68 10.01998 0,01580 |0.00946 0.00524
72 [0.01543 0,01189 [0.00668 0.00339
76 [0.01181 0,00883 [o0.00462 0.00212
80 |0.00894 0,00649 |0.00313 0.00127
84 [0.00670 0.00470 |0.00207 0. 00073
88 0 00497 0.00335 |0.00133 0. 00040
92 [0.00364 0 00237 [0 00083 0. 00020 °
96 o 00264 0 00163 |g 00050 0. 00010
100 jo. 00189 0.00111 |o 00029 0 00004
104 [0 00134 0.00074 |[0.00016 0. 00002
108 0. 00093 0. 00049  jo0. 00009 0.0
112 [0.00064 0.00031 [0 00004 00 -
116 [0.00044 0.00020 |0, 00002 0.0
120 . 00029 0.000i2 |0.00001 0.0
TABLE VII

SHOCK STAND OFF DISTANCE (As/yp } FOR CONVEX BODIES

. AT
—
[} 0.1 0.2 0.3 0 4
_pi 0.02 [0.21 0.135 0.070 [0 032 0.020 |

Ps |G 04 |0.275 0.1%90 0.115 {0.065 0.040
0.05 {0.30 0 210 0 135 |0.080 0.050
l 0.06 }0.32 0.235 0 155 o 095 0.060
0 08 |0 357 0.272 0.192 |0 125 0 080
0.10 |o.387 0 305 0 225 {0.150 0.100 7
0.12 |0.415 0.335 0 255 |o 177 0.118
0.16 {0.462 0 390 0.310 |0.232 0.157 |

-17-



(P, p: T ) and for which a new adiabatic exponent {y) 1s found, these quan-
tities are then used to calculate the necessary flow variables needed to com-
pute the convective heating.

10, Stagnation Point Convective Heating

The stagnation point heating 1s computed using the correlations of Reference
10 for air The stagnation point veloci.y gradient on which the heating is
based depends on what section of the body the stagnation point occurs If

the stagnation point occurs on a spherical cap, then the velocity gradient,
for the purposes of computing heat transfer, 1s taken as the average of the
windward and leeward value. If the stagnation point occurs on a torus, cone,
or cylinder, the velocity gradient, for the purposes of computing the heating,
is taken as the average of the value found above and the value corresponding
to a cylinder of radius Yos /sing.

The stagnation point heating expression from Reference 10 1s:

0.1
B
0.76 [ Ffofb H (dU ) a D
= — ‘/ — — 1+ (L% - 1) —
s =706 (p rxs> Psts 78 as ¢ H

S

The Lewis and Prandtl numbers are input as well as the exponent {(a).
The dissociation enthalpy (hp) 1s cornputed in the oblique shock subroutine.

The stagnation point heating to a three dimensional stagnation point has been
derived by Reshotkoll, The result indicates that the heating can be found
in a sumilar way as in the case of the axisymmetric stagnation point, except
that the velocity gradient 1s given by )

dU [dv 4w 1

—_—f—— ) =

ds \dy dz /] 2
where (dv/dy) and {dWw/dz) are the gradients along the two principal radu of
curvature. In axisymmetric flow the two velocity gradients are equal, where-

as, in two dimensional flow, one is zero, hence, the heating to a cylinder
is /172 of that to a sphere of the same radius.

The velocity gradient dU /ds must be singly valued for both the leeward and
windward meridian When the stagnation point 1s on a spherical cap, the
velocity gradient 1s approximated as-

U 1 (dU) 1 (dU)
—_— e +— (—
s 2 45/ eeward 2 NS/ windward

-18-
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When the stagnation point 1s on a torus or straight section, the velocity
gradient 1s approximated as

aw 1 |1 (dU) 1 (dU) V sma [P
—_— = | 4= | +—
s 2 |2 \& 2 \&/ ioavard| 2 ps

Yos
where the last term on the right 1s the velocity gradient for a cylinder (Re-
ference 4) of radws {y_ /sma ).

a

leeward

11, Laminar Heating Distribution

The laminar heating equations are based on Reference 9 for air The dis-
tribution 1s obtained by normalizing the results with the zero angle of attack
stagnation point value. An option is provided to calculate the heating along
the windward and leeward meridians assuming either a two-dimensional or
axisymmetric body. The calculahon includes the affect of local pressure
gradient using the approach of local similarity, however, unfavorable pres-~
sure gradients (e g., along a tension shell) are not accounted for, in which
case the pressure gradient term 1s placed equal to zero.

The laminar distribution, generalized for either two-dimensional or axial
symmetric flows, is given by

P 70 popp Ue (U + 0.09 V) [2

q_.Lg dU) J]+1

(1.068) V2 € 2ps by o

s/ WL
where,
S 2 d1aU,
¢ = Pty Ueyp 98 0 B =2
0

(du) 1s velocity gradient for either windward or leeward
w,L

ds meridian.

The tabulated output references the heating to the zero angle-of-attack
stagnation point values and so,

qaL a s
= =
@s) , ., ws @)y g



12, Turbulent Heating

The turbulent heating calculation utilizes the flat plate reference enthalpy
method of Reference 12. The inputs include the Prandtl number and a cor-
rection term for axial symmetry 1f J=1. (XJ=1). The output 1s normalized with
respect to the zero angle-of-attack sonic point value.

13 Radiation Heating

The radiation heating model 1s based on the following equation:

g fw ° I ! I
- —_
R 2 m+1 P me1 ¥

where {m) defines the radiation profile across the shock layer as

I=10 + (I - I <—§;>m -

and where I, and Iy are the radiation intensities at the body and at the shock
along a line normal to the body at the coordinates x, y, . The exponent (m)
1s an input quantity The intensities are computed by the subroutine con-
taiming Program 1883. The quantities (&, , 6, ) are computed from the shock
shape as described in the following section. The lamnar, turbulent and
radiative heating distributions on a hemisphere cylinder are shown in
Figure 8, as computed by Program 1885,

14. Shock Standoff Distance

The shock shape calculation uses the approach of Reference 3 to compute the
shock standoff distance and the shock curvature at the stagnation point. The
value of the shock standoff distance at the stagnation point depends on whether,

a. ) =0,1

b d0<o 0< s, <8t
© & » 02 5 <8

c. xi: > Bgq

dé
Forj; = 1, and 1fTs-< 0 for 0 <Sp <S*b , then Table VIl 1s utilized with xT=

d6
x*b > ¥yT = y; If a straight sectlon(—d—s—= 0) occurs at any pomnt, 0 £Sp <S; s
and 1f x’g > B, then utilize Table VII, and xp =Xpp, YT = Ypb Where X
and ypp are the coordinates at the start of the straight section However,

*
i o, < A, then utilize Table VII with xp =50, yp = vp and & = A - xp.
For y = 0, and if 40 < 0 between 0 X Sy, < 5 then,

s
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Ag =p,/p F (Reference 4)

where,
1 ds
F=o " feosh™l L (— __._)
/g =0
Pa 3pa b
13—
Ps Ps
da * * A
If £2=0 at any point 0 £S5, < Sy, , and if ¥ 2. 850 where,
ds
3 . [Pa 0.25 {(Reference 4)
Aso =_2' b T
5,

evaluate A as noted above. However, if x; < Aso, evaluate AS as noted
above but with .

( ds Yos

=

\ "d6. - sina
S, =0

15 Shock Curvature at Stagnation Point

Following an approach similar to that of Reference 3, the shock is assumed
to be of constant curvature between the stagnation and sonic points. By
geometry the radius of curvature is a function of the shock standoff distance
at the stagnation and at the sonic points By continuity of mass flow, the
standoff distance 1s further related to the radius of curvature and hence the
shock wave 1s determined. The continuity is invoked by estimating the unit
mass flow distribution along a normal (& to the body as -

f

3
pU cos (6gp, ~ 0,) = (pU), + [pU, cos (B, - 0b)—(pU)e] <—£__—w—)
as depicted in Figure 9.

The exponent n 18 an input quantity. The conditions at the shock wave (sub
w) are found via the oblique shock computations.

16. Shock Shape

‘The shock shape 1s assumed to have the form

2 2
Y2 = 2R, (X + As) + BX + As)

The value of R, (the shock wave curvative at the stagnation point) 1s found as
described in Section 15. above. The coefficient (B) 1s found by satisfying con-
tinuity at the first point where 6, < 0. The continuity check involves the input
of the exponent (n) described above and the choice of the flow index j= 0, 1

~21-
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As options, the quantities Ag, Ry, B can be input for the windward and lee-
ward meridians and varied for each angle of attack

C. LIMITATIONS

Program 1885 was developed primarily for determining the pressure and heating
distribution for preliminary design purposes To handle the wide range of con-
figurations and the whole range of angle of attack, within a reasonably sized and
quick program, the approach selected was to utilize simple but powerful analy-
tical techniques. The techniques in general are based on the nature of the phy-
sics of the problem and should, in general, yield useful inifial predictions The
limatations which can be clearly identified include:

1, Separated flow effects are not considered

Experimental results of Larsonl3 for laminar and turbulent flows have shown
that the average heat transfer for the separated laminar boundary layer was
found to be 56 percent of that for the equivalent attached laminar boundary
layer, 1ndef:endent of Mach number and Reynolds number in agreeiment with
Chapman's 4 theoretical results. Average turbulent heating for the separated
case was found to be about 60 percent of that for the equivalent attached boun-
dary layer, but a trend was observed where the reduction in heat transfer
increases with increasing Reynolds number,

2 Three-dimensional flow effects are not considered, except in a minor
way for the stagnation point heating as the calculation models presume, in
general, that the flow field 1s either axisymmetric or two-dimensional,

3 The convective heating distributions are based on relationships developed
for air

4, The viscosity table 1s for nitrogen.

5. The shock shape and radiation predictions depend on a priori knowledge
of (m) and (n) which are important in determining the distributions of mass
flow and radiation intensity across the shock layer. These inputs can be
adjusted so as to calibrate the program with more detailed numerical cal-

culations or with experiment.

6. The effects of shock interactions on the tension, general, and flare-
shaped bodies are not considered

7. Perfectly sharp nosed shapes cannot be considered.

8. Angle-of-attack conditions leading to attached shocks cannot be consid-
ered.

_23.
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I. USAGE

A, 1885A INPUT DEFINITIONS

Due to the size of the program, it was necessary to divide the program into two
parts, 1885A and 1885B. Program 1885A computes all the obliqie shock data
necessary for the heating and pressure distribution calculation. Program
18858 may be run separately provided tabular oblique shock data 1s input, to
replace what would otherwise be computed by the 1885A Program,

The inputs for the 1885A Program are given initially.

Preset
Name Values Symbol Parameter Units
CASE 0. Identification number of the -~
form XX, XX.
3
DATE 4.01 Identification number of the -~
form XX, XX.
DELAL 2. Calculation interval of oblique | degrees
shock data.
MEMG@ 0. Identification number of the
form XX.XX.
RHQA 0. Pa Atmospheric density. slugs/ft3
TA 0. Atmospheric temperature. Kelvin
A4 0. v Flight velocity. ft/sec
XA 0. Xp Mole fraction argon. -
XC 0. Xe Mole fraction carbon dioxide. --
XN 0. Xy Mole fraction nitrogen. --
XG 0. Xo Mole fraction oxygen. --
XPLAST 0. Print out sentinel for all --
thermochemical data at each
shock angle.




Name

Preset
Values

Symbol

Parameter

Units

ILAST

INSTQP

PRTAB

PRTAPE

XPEVER

If > 0., tape 8 15 rewound at
the end of the case. ILAST
should normally be set >0
only for the last case of a run.

Radiation intensity below which
the equlibrium problem !
is not solved.

If >0., will print tables of shock
data,

If >0., the array TABLE and
selected 1885A input are written
on Tape 8 for linkage with an
1885B run.

If >0., will prant all thermo-
chemical data for every itera-
tion for each shock angle,

Btu/ft3

B. 1885B INPUT DEFINITIONS

Name

Preset
Values

Symbol

Parameter

Unats

ALPHA

BETA

BSHOGCT

CASE

Bs

Array of angles of attack. Max
number is 10, of which the
first must be 0.

Tension shell angle,

10 by 2 matrix of values of

the shock parameter g if the
shock shape 1s input. The
first column (1-10) corre-
sponds to each « on the wind-
ward side, the second column
(11-20) to each ¢ on the lee-
ward side, See DELS and RW.

CASE, number for identifica-
tion, of form XXXX., 0.

degrees

degrees

.
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Name

Preset
Values

Symbol

Parameter

Units

COMQRD

DATE

DELT

DN2

DTDSTB

ENTH

GAMS®

HDHS90

0.

4,01

0.0001

As

(48/dsy,

Ys

HD/HS

Shock shape sentinel; if 0.,
no shock shape and radia-
tion is to be computed, > 0
otherwise.

DATE number for identifi-
cation of form X,XX

An array of at most 10 values
of the shock detachment dis-

tance As, one for each a. It

is to be specified if the shock
shape is input. See BSHQCT
and RW.

Lower limit for accuracy in
integrating d(Pe/Ps)/dx by the
entropy-layer formulation,

Array of at most 25 values of
(d6/as), for the general shape
option.

Ambient enthalpy when shock
gas dynamics data are input,

rather than from 1885A. See
TABLE, RHQA, XA, XC, XN,
X@, TA, V, PRES, XM, MACH,
HDHS90, and TAPE.

Value of adiabatic exponent at
the stagnation point 1f it is
different from the 1885A data,
or if 1885A is not used, I =
0, 1885A or TABLE (1, 5)
value is used.

Ratio of dissociation enthalpy
to stagnation enthalpy, specify
when 1885A is not used.

feet

rad/ft

2/ sec?
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Name

Preset
Values

Symbol

Parameter

Umts

ILAST

XQTBL

LC
LE
LX

MACH

MEMQ

MM

0.

Lc

If > 0., the tape prepared by
1885A will be rewound. It
must be > 0 for the last case
1f 1885A data are used, and if
> 0 for an intermediate 1885B
case the gas dynamics data of
the first 1885A case will be
used, and the sequence of
1885A-1885B cases regener-
ated,

¥ # 1., the a = 0 body geo-
metry data will be printed in
the output.

Cylinder length.
Lewis number,
Lewis number exponent,

Mach number, specify if
1885A 18 not used, '

MEM® number for identifi-
cation of form X.X,

A 10 by 2 matrix of exponents
on the radiation polynormal,
specified Ihke BSHQCT above.

An array of at most 10 numbers,
each of which is the number of
increments to be used on the ith
body section. For Section 3, i.el
N(3), XX.1, XX.2 and XX. 3 are
the number of increments for
cone, tension shell, or general
shape, respectively., For Sec-
tion 10, 1.e. N(10), XX, 1, and
XX. 2 are the number of incre-
ments for spherical cap or flat
base, respectively.

-27-
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Preset

Name Values Symbol Parameter Units

NALPHA 0. Number of g’s 1n the ALPHA -
array.

NN 0. a A 10 by 2 matrix of exponents --
on the mass flow polynomal.
Specified like BSHQCT above.

PN 0. 4 Prandtl number. --

PRES 0. PA Ambijent pressure, specified 1b/£t2
when 1885A 1s not used.

RA 0. Ra Aft cap radius. feet

RB 0. Rp Flare and aft cone base radius. | feet

RC 0. Re Cylhinder and cone base radius. | feet

RHQA 0. Pa Atmospheric density. Speci- slugs/ £3
fy when 1885A is not used.

RN 0. Ry Nose radius. feet

RSB 0. Rgp Toroidal radius at aft cone. feet

RSC 0. Rge Toroidal radius at base of feet
cone.

RSN 0. Ren Toroidal radius aft of nose. feet

RT 0. Ry Base truncation radius. feet

RTBL 0. Y; Array of ordinates for general |feet
shapes, maximum 25 points.

RWQ Ry A matrix of at most 10 by 2 feet

numbers which are bow wave
radi1, specified Iike BSHQCT
above. If any RW(i, j) for an

a and windward or leeward
meridian is specified £0, 1t

is assumed that DELT,
BSHQCT, and RW are to be
compvuted by the program for
use onthe shock shape and radia-
tion computations.
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Name

Preset
Values

Symbol

Parameter

Units

TA

TABLE

TAPE

TB

THA

THB

THC

THETAT

THN

TH2G

TH3G

0.

A
o

bc

Ambient temperature, specify
if 1885A 1s not used.

A matrix of at most 46 by 13
numbers, each of whose
columns is a corresponding
column from 1885A. For
example, TABLE (1-46) =
THW;, TABLE (47-92) =
RW/RA, .. ... TABLE
(553-598) = IB,. See 1885A
output. Specify in the same
order as 18854, and only
when 1885A is not used.

If >0, 1885A input is read
in from A2, ¥ < 0, shock
gas dynamics data is assum-
ed to be program input.
Body temperature,

Aft cone angle.

Flare angle.

Fore cone angle.

Shock angle for stagnation
conditions. Used only 1f
TT < 0.

Nose cap angle

Angle at first point of
general shape.

Angle at last point of
general shape.

Kelvin

Kelvin’

degrees
degrees
degrees

degrees

degrees

degrees

degrees
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Name

Preset
Values

Symbol

Parameter

Unats

TT®

TP2

XC

XTJ

XM

XN

X@

XTBL

0.001

Xa

Xc

=]

Total pressure sentinal. If <
0 uses normal shock, 1f >0,
Pq, T, pr and y, come
from shock gas dynamic data
at THW = THETAT (above).

Upper limmt for accuracy in
integrating d(P,/P) by the
d
X
entropy-layer formulation.

Flight velocity, specify if
1885A 15 not used.

Mole fraction of argon in
atmosphere. Specify if
1885A not used.

Mole fraction of CQ/,
atmosphere. Specify 1f
1885A not used.

A 10 by 2 matrix of flow
field indixes, 1 = axisym-
metric, 0 = two dimensional,
Specify like BSH@CT above.

Mean molecular weight of
-atmosphere, specify if
1885A is not used.

Mole fraction of Ny in
atmosphere. Specify if
1885A not used.

Mole fraction of @2 :n atmos-
phere. Specify if 1885A not
used.

An array of at most 25 points
which are the X; for the
general shape.

ft/sec

feet
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C.

INPUT PROCEDURES

1.

Vehicles Section Specification (refer to Figures 2 and 3).

The vehicle sections are identified as follows:

Section 1 -~ Nose sphere - Specify N (1) followed by number of points
desired, i.e., if 8 points are desired, specify N (1) = 8. Specify as
input RN, THN, Section 1 cannot be omatted.

Section 2 -- Toroidal section following nose cap. If present, specify
N (2) followed by number of points desired. Specify also RSN.

Section 3 -~ Three options existing for Section 3, the cone, temsion
shell, or general shell. If, for example, 25 points are desired for
any one of these, then for the cone the input would be N (3) = 25.1,

and for the tension shell N (3) = 25. 2, and for the general shell N (3) =
25,3, Specify THC for cone, BETA for the tension shell, and TH2G,
TH3G {for the general shape.

Section 4 -- Toroidal section aft of Section 3, specified as N (4) and
also specify RSC, RC. For example, ii 12 pomnts are desired, specify
N (4) =12,

Section 5 -~ Cylinder section, specified as N (5) and also specify LC,
RC. For example, 1if five points are desired, specify N (5) = 5.

Section 6 -- Flare cone specified as N (6) and wath RB, RSB, THB,
and with number of points desired as above,

Section 7 -~ Toroidal radius aft of flare cone as N (7) and with RSB
and with number of points desired as above.

Section 8 -~ Toroidal radius at base of aft cone as N (8) and with RSB
number of points desired as above.

Section 9 -- Aft cone as N (9) and with THA, and either RA or RT and
number of points desired.

Section 10 -~ Base section 1s specified either as a spherical cap or as
a flat base. A spherical cap1s spe‘ciﬁed, for example, as N (10) = 8.1,
where 8 is the number of points desired and RA is input. A flat base

18 specified sirmlarly as N{10)= 8.2 and RT is given.
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2. Stagnation Conditions Option.

An option 1s provaded for considering stagnation conditions, other than
those for a normal shock, at the edge of the boundary layer, to compute
the convective heat transfer. The option 1s used by specifying TTQ® as the
desired shock angle.

3. Adiabatic Exponent Option,

An option is provided to input a value of (y) rather than utilizing the value
computed in the oblique and normal shock subroutine,

4. Straight Sections
On straight sections, an odd number (N) of points 1s recommended because
roundoff may confuse the pownt count.

5. Shock Shape Parameters

Values of the coefficients (R.W) and (B) have been correlated from numerical
flow solutions in Reference 15 for spherical bodies. The value of R was
found to be given by

fa \ 0.1958
R, = Ry (2.09) [ — .

The value of B was found to be a function of (x, ) and the normal shock
density ratio, however, an approximate form was found to provide good
agreement when (B) was taken as a constant and equal to (-0. 646).

Studies of the shock shapes about elipsoids and blunt cones are reported
in References 16 and 17, but these are directed principally at the region
downstream of the nose.

Additional shock shape studies are presented in References 18 and 19, The
shock shape form utilized in Reference 18 is of a shghtly different form,
but the numerical results presented can be used to deduce the parameter
(Ry ) and (B) for elipsoidal and parabolic bodies as well as spheres.

The values of (Ry), (Bg ), and (4) can be input for both the windward and
leeward meridians, as a function of angle of attack. « The first ten values
specified correspond to the windward meridian and values (11-20) corres-
pond to the leeward meridian,
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g34<



6. Value of (NN)

The value of (NN) to be used 15 found via comparison of shock calculations
with results of "exact'' calculations and/or experiment.

Values of (NN) can be found from the results given in Reference 18 for a
pownt slightly downstream of the somc point for a sphere. A typical cor-
relation of the theoretical distribution of mass flow rate across the shock
layer is shown in Figure 10.

Values of NN can be input for both the windward and leeward meridians, as
a function of the angle of attack. The first ten values specified correspond
to the windward meridian and values (11-20) correspond to the leeward
meridian.,

7. Value of (MM)

The value of (MM) to be used 1s found via comparison of radiation predic-
tions with more "exact' calculations and/or experimental data where avail-
able.

Values of MM can be input for both the windward and leeward meridians
as a function of the angle of attack. The first ten values specified cor-

respond to the windward meridian and values {(11-20) correspond to the

leeward meridian.

8. Flow Field Option

By specifying XJ as 0. or 1, the calculations consider the body as either
two dimensional or axisymmetric., The values of XJ can be specified for
both the windward and leeward meridians as a function of angle of attack.
The first ten values specified correspond to the windward meridian and
values {11-20)} correspond to the leeward meridian,

9. Two-Part Program

The program consists of two parts, 1885A and 1885B as the latter portion
f1lls the core of the IBM 7094. An option is provided to read in the data of
1885A as tables or via tape. A typical output of 1885A 15 shown 1n the
following IBM listing. The tabular inputs must includa the 13 listed tables
as given by a typical 1885A calculation. In addition, several aerodynamic
and thermodynamic variables must be input if 1885A is not used, including
HDHS90, PRES, MACH, ENTH, XA, XN, XC, X@, RHQGA, V, MACH, TA.



10. Angle-of-Attack Choices

Avord angles-of-attack choices which place stagnation point close to dis-
continuities 1n body curvature because the simplified flow model 15 1n-
adequate to cope with strong 3-dimensional effects.

11. Number of Output Points (N)

Specify (N} large enough for each section such that first (5) points on each
side of stagnation point occur on the same section, the choice of (N) 1s
therefore related to the angle-of-attack choices. Discontinuities 1n
curvature near the stagnation point may affect the accuracy of the laminar

heating distribution.

V = 20,000 fps

0s Z = 200,000 feet
SPHERE, Mg =105 /

o //

N=I2—]

o
3

\

2u-{eu),
@yUy COS (By1 - Bp) —(eU)e
o
o

REF 18

™~

N=

~

o]
o] 05 10

86-3053 Er8y

Figure 10 MASS FLOW DISTRIBUTION ACROSS THE SHOCK LAYER



12. Input Forms

An input form 1s provided for the user.
punched for those variables specified.

points.

D. OUTPUT DEFINITIONS

1885A OUTPUT

All the information shown 1s key-
All numerical values have decimal

External Name Parameter Units
GAMMA W Adiabatic exponent behind shock. --
HW/H Ratio of local to total enthalpy behind --

shock.
B Radiation intensity at body. Btu/ft3
Iw Radiation intensity behind shock. Btu/ft3
PW/PO Pressure behind shock. atmosphere
PWS/PQ Stagnation pressure behind shock. atmosphere
RW/RA Ratio of density behind shock to --
ambient density,
RWS/RA Ratio of stagnation density behind --
shock to ambient value,
RWUW/RAV Ratio of specific mass flow rate -
behind shock to freestream value.
THWL Flow angle behind shock. degrees
THW Shock wave angle. degrees
™W Temperature behind shock. °K
TWS Stagnation temperature behind °K

shock.
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1885B OUTPUT

PE/PSL, PE/PSW

QLL, QLW

Q1S ALQ

QRL, QRW

QRS ALGQ

External Name Parameter Units
ALPHA Angle of attack. degrees
DP/DSL, DP/DSW Leeward and windward pressure 1b/£t3
gradients.

DT/DSTBL Body curvature. rad/ft

DTDS ST Body curvature at the stagnation rad/ft
point.

I1ST Coordinate location number for --
stagnation point.

IWSN, ILSN Coordinate location for sonic point -
in windward and leeward meridians,

M@TBL Body section number. ~--

Leeward and windward pressure
distribution.

Leeward and windward laminar
heating distribution; ratio of local
to zero angle-of-attack stagnation
point value,

Laminar heating rate at stagnation
point at zero angle of attack; used
to normalize all laminar heating
rates.

Leeward and windward radiation
heating distribution; ratio of local
to zero angle-~of-attack stagnation
point value.

Radiation heating rate at stagnation
point at zero angle of attack; used to
normalize all laminar heating rates.

Btu/ft?_sec

Btu/ft_z-sec
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External Name Parameter Units

QOTL, QTW Leeward and windward turbulent heat- -
ing distribution; ratio of local to zero
angle-of-attack sonic point value,

QTS ALQ Turbulent heating rate at sonic point Btu/ft%-sec
at zero angle of attack, used to normal-
ize all turbulent heating rates.

REL, REW Leeward and windward Reymolds number -~
distribution; ratio of local to free stream
value.

REYA Free stream Reynolds number based -
on vehicle diameter (2RC); used to
normalize all Reynolds numbers.

SECT Section Number --

THETBL, THETBW Body slope of windward and leeward degrees
meridians.

THETOTBL Body angle in zero angle-of-attack degrees
axes.,

THET ST Body angle at stagnation point in degrees
zero angle-of-attack coordinates, o

THETW SN Windward and leeward sonic point degrees

THETL SN angle in wind axes,

XBL, YBL, SBL Body windward and leeward coordinates feet

XBW, YBW, SBW and surface distance 1n wind axes.

XBWSN, TBWSN, Coordinates and surface distance to feet

SBWSN, XBLSN, windward and leeward sonic points

YBLSN, SBLSN measured in wind axes.

XQL, YQL Body windward and leeward coordi- feet

XQW, YOW nates at angle of attack measured

in zero angle-of-attack axes.




External Name Parameter Units

XQTBL, YQTBL, Body coordinates and surface distance feet
SQTBL at zero angle of attack as measured in

XPWSN, YOWSN, Location of windward and leeward feet
X@LSN, YPLSN somec point at angle of attack in

XSIL, XSIW Leeward and windward shock de~ feet

XST, YST, SST Body coordinates and surface feet

zero angle-of-attach axes.

zero angle-of-attack axes.

tachment distance.

distance to stagnation point at
angle of attack as measured in
zero angle-of-attack axes.

SAMPLE PROBLEM

1. Statement of Problem

Determine the pressure and heating distributions on a blunt cone configura-
tion for the trajectories obtained in the Sample Problem for Program 1880.
The angle of attack range 1s specified as 0 to 180 degrees,

2. Input Forms

The input forms for Programs 1885A and B containing all the necessary
input data are shown on following pages. All the variable names should be
keypunched where data is specified; decimals are used throughout. Addi-
tronal input forms are also provided on following pages for the program
user.

3. Qutput

The output of Program 1885A is also included in following pages. The
oblique shock data are given as a function of the wave angle, In this case,
only Iimited radiation intensity data is given as it is so low; an automatic
test on IW and IB is done in the program such that their calculation is
dropped 1f the last value calculated 1s less than 1. 0.
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The output of Program 1885B 1s shown on following pages. The first tabular array
contains the basic geometric data of the vehicle.

Following the first array of data are rows of data summarizing pertinent results
contained in the subsequent data array, such as the locations of the stagnation ahd
sonic points, The distribution of pressure, laminar heating, turbulent heating,
Reynolds number, and radiation heating are given along with a list of axial coordi-
nates 1n the zero angle of attack axes which identifies each point. The transformed
body coordinates, meridian distance, and local body angles are also given for each
pomt. The shock detachment distance (XSI) 1s given, permitting the shock shape to
be drawn. Tests are provided on (QR) and (XSI) to terminate these quantities when
QR becomes less than one percent of the stagnation point value and when (XSI) ex-
ceeds (RC), or if the shock angle becomes negative or less than the Mach angle. In
the present case, as only one point was found for IB and IW, the radiation is inter-
polated between these values and zero until the shock angle decreases more than two
degrees and the body pressure drops slightly, beyond which the IB and IW are both
zero and hence QR 1s zero.

The values of (B) and (AS ) and (RW) which were used for the shockwave calculation
are indicated.

Two cases are present for which the program was unable to determine shock shapes,
These cases are the windward meridian ate = 20 degrees the leeward meridian at
a= 40 degrees. For these two points, inputs are required for (RW) and (B).

F. DIAGNOSTICS
1885A

A number of messages are given in the printcut reflecting the following program diag-
nostics.

1. N@ VALID S@GLUTION "

The equilibrium gas dynamics (1883) solution was not able to obtain a solution with
positive concentrations for all the species satisfying the element and charge con-
servation relationships. In this case the data 1s linearly interpolated between the
last and the next point, for which a solution 1s found.

2. N@GT CGNVERGED IN 30 ITERATIQPNS

The equilibrium gas dynamics (1883) solution was unable to converge within 30 itera-
tions to within 1 percent on the enthalpy, uses last value found,

1885B
1. CANN@T FIND THETA FOR RW ¢R B, SKIP CASE

A shock shape cannot be found satisfying continuity for the assumed flow model;
Requires input DELT, RW@, BSH@CT.

2. SIN(THETAW) NEG. FGR XB=( ).

The shock shape curves toward body beyond given XB, stops the calculation at the
last prior XB output.

3. THETAW BELQW LIMIT AT XB = ).

The shock shape calculation 1s stopped, as at the next output point, the wave angle
is less than the mach angle.

4. YW LESS THAN YB:

The shock wave calculation is stopped as, at the next output point, the wave ordinate
1s less than the body ordinate. 4@;?&.““
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RAD 2 0963
5 63

DIGITAL COMPUTER INPUT

PROBLEM NO 1885A

PROGRAMMER

REQUEST FORM TITLE

MEMO NO SECTION NO | WORK ORDER NO

(E240 USE ONLY)

REQUESTED BY

EXT EST TIME

PAGE . OF _PAGES

1 1

PROGRAM WILL SELECT TAPE A5

443<

$INPUT
DATE = , MEM@ = R CASE = ,
DELAL = , RHQA = , XN = ,
ILAST = , TA = , X¢ = ,
INSTOP = , v = s XPEVER = R
PRTAB = , XA = , XPLAST = ,
PRTAPE = ,  XC = s
$
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RAD 2 0963
s 63

[EF<

DIGITAL COMPUTER INPUT |PRO8tEM NO 18858 PROGRAMMER
REQUEST FORM TITLE
ijm DER NO {€240 USE ONLY) |REQUESTED BY |EXT EST TIME
PAGE] OF 3 PAGES
PROGRAM WILL SELECT A5, IF LINKED TO AN 1885A RUN, THIS MUST BE
TAPE OF 1885A RESULTS. .
$INPUT
DATE = , MEMG = s CASE = ,
BETA = , RA = , THC = ,
C@MQRD = N RB = N THETAT = s
DN2 = ) RC = N THN = ,
ENTH = , RHDA = R TH2G = R
GAMS® = , RN = , TH3G = s
HDHS90 = R RSB = ) TTH = ,
ILAST = , RSC = , uP2 = s
LC = 5 RSN = . v = R
LE = , RT = , XA = ,
LX = N TA = R XC = N
MACH = , TAPE = s XM = ,
NALPHA = R TB = N XN = .
PN = , THA = . X0 = .
PRES = N THB = B X@PTBL = .
ALPHA = , , , s ,
> s s s s
DELT = B R , , R
s > ) : s
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RAD 2-0904
s 63

DIGITAL COMPUTER INPUT
REQUEST FORM

FROBLEM NO _ |MEWG NO
1885B

SECTION NO

CONTINUATION SHEET

PAGE 2

OF 3 PAGES

N = 2 3 E F) F)
2 el £l 2 )
BSHGCT = , s , ,
s s s s
. s s , s
s s s s
MM = B s , ,
> s , s
s ; ; s
, ; , .
7
NN = s , s s
s s s ’
s ; s ,
> , s s
RWG = s s , R
s , s s
s , ; >
> , s s
XJ = s ) A ,
, s , ,
) 2 E 2 k]
s s s s
-42-
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RAD 2:0084
s 63

DIGITAL COMPUTER INPUT
REQUEST FORM

PROBLEM NO ]MENO NG ]!ECYION NO

CONTINUATION SHEET
PAGE 3 OF 3 PAGES

DTDSTB = , L , , ,
) . ) ) )
, ) ) , ,
, ) ) , .
, ) , , )
RTBL = , , , , ,
, ) , , ,
, , , ) ,
, , ) , ,
) ) , ) ,
TABLE , , , , ,
; . , , )
) , , : )
; , ) , ,
) , , ; ,
XTBL = , , , R ,
, , , ) ,
) , , , ,
, , , , )
. ) , , s
$
e
' -
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FROBLEM NO 1885A PROGRAMMER

"4 | DIGITAL COMPUTER INPUT
REQUEST FORM Tree : .

MEMO NO SECTION NO | WORK ORDER NO {E240 USE ONLY) |REQUESTED BY |[EXT EST TIME
PL169 |K420 |W305-050-0005 P, Levine |2996 PAGE] oF ] PAcEs

$INPUT

DATE = , MEM® = s CASE = 1.0 s
DELAL = , RHQA = 4 4p.07 XN = 0.80 s
ILAST = 1. , TA = 200.0 s X@ = s
INSTGP = s v = _12874 s XPEVER = ,
PRTAB = , XA = s XPLAST = s
PRTAPE = , XC = _0.20 s

$
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RAD 2-0963
s 63

DIGITAL COMPUTER INPUT |P?o5tevno  1885B
REQUEST FORM

MEMO NO SECTION NO | WORK ORDER NO

PROGRAMMER

TITLE

{E240 USE ONLY} [REQUESTED BY

EXT EST TIME

PL169 | K420 [W305-050-0005 P. Levine (2996 PAGE | OF 4 PAGES
$INPUT

DATE = , MEMG® = s CASE = Lo,
BETA = ., RA = . THC = .
COMQRD = 1. , RB = s THETAT = ,
DN2 = , RC = 7.5 s THN = 60.0 ,
ENTH = , RHOA = s TH2G = .
GAMSQ = ., RN = 1.25 R TH3G = s
HDHS90 = . RSB = .15 , TTQ = _ 0. ,
ILAST = _ 1.0 , RSC = .15 . uP2 = R
LC = ., RSN = , v = ,
LE = 1.4 ., RT = 3.75 XA = s
LX = 0.52 , TA = s Xxc = ,
MACH = , TAPE = s XM__ = s
NALPHA = 9 , TB = _1000.0 , XN = ,
PN = 0.7 R THA = -80.0 . X@ = R
PRES = , THB = . XQTBL = R
ALPHA = _ 0, , 10 s _ 20 30, , _40.

60. ; 90, _ , _ 120, 150, ,
DELT = , - L

_45-

4AG=

A=y




RAD 2:0984
5-83

CONTINUATION SHEET

DIGITAL COMPUTER INPUT pm-]m sEcTionne
REQUEST FORM 18858 PL169 [K42° PAGE 2 OF  PAGES 3

N = _ 20 s _0 > _20.1 s 20, ' 0. s
0. . 0. s 20, » _20. , 20.2

BSH@CT = s s s s s
s s , s s

s s ; s s

s s s s s

MM = 20%1, B B A , ,
s , s s s

s s , s s

s s s s s

NN = 20 %1, B , , s s
s s s s s

s s s P s

s s s ;. s

RWQ = , s s A X
s s s . s

s , s s s

s s s , s

XJ = 5%*1, . , 5%0. . 5%1, , 5*%0 ) ,
, s s , )

- , , s s s

, s , , s

46~

448<




RAD 2 0064
5-63

DIGITAL COMPUTER INPUT | o [ ™ “Z"m‘ No CONTINUATION SHEET
REQUEST FORM 18858 | PL 169 K420 PAGE 3 OF 3 PAGES

DTDSTB = , , , , ,
, o . . ,

, . , , ,

, . , , ,

. , , . ,

RTBL = 3 3 k] £l 3
, , , , ,

. , , , ,

, , . , ,

, . , R ,

TABLE = , , , , ,
, , ) , .

, , , , ,

, : , , ,

, . , , )

XTBL = , , , , .
, , , , ,

, , . , ,

. , s , ,

, , , , ,

$ .
-47-
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>Q5y

- * DATE 07/05/66 J0B NO. 68 REMOVE BEFORE RESUBMITTING
*STLLERS 027230 273555 B o

* GOING TO IBSYS
®  IBSYS

- - - - [P —
M

e tuDB
SATTACH A5 S e e e -
$ I

As

s TT T EXECUTE 18J08
___1BJDB VERSION 5 HAS CONTROL.

“¥18408 60 s MAP , NOSOURCE I T T "7

H




IRLDR 12731764 PAGF 1

* MEMORY MAP %

SYSTEM 20000 THRU 02717
“T°FILE BLOCK DRIGIN 02720
FILES 1. UNITO8 R I R
T TR 24 UNITOS N
3. UNITO6 L. . N .
FILE LIST DRIGIN 02764 N
PRE-EXECUTION INITIALIZATION 02772 : e
T TALLT ON TOBJECT PROGRAM 03023 - .
_OBJECT PROGRAM 03030 THRU 51431 . . e _
DECK_ DRIGIN CONTROL SECTIONS (/NAME/=NON 0 LENSTHy (LOC)=DELETED, #=NIT REFFRFVCED} _ e
1. 1885A 03030 cevove 04456 % } e
TTTTZUuRes 04474 LUNOB. 04474 ” I
3. SOBLIK 04475 0BLIK 07210
TTTRITSFINDT T 07405 FINDY 07636 STt - -
5. SHVST 07752 HVST 13741
6. "SIUNES 14757 ZONES 20513 e
T. SGETQ 20656 GETQ 22732 R
T BLTSBETKT T 2365% T ° GETK 23435 A R oo .
9. SFINDH 23546 FINDH 24135
I0. SAEAT2 ""24227 ” HEAT2 25031 - T T T
_ 11. SPHIL 25214 PHIL 25430 ~ . . : -
o TIZTSGETN T 2BETRT T OGETNT T 27400 ” T - -
» 13, SARTLU 27443 ARTLU 27655 R . i
¥ TTTIATTIXCON 30026 SUXSTRT 30026 € LLXSTP 30032 °  JLXDUT 3313 +LX3TN 30112 IBEXTT ™ 301I27°% i
&1 — +LXCAL 30115 &  .LXERR 30115 «DBCLS 33277 &  .LXARG 30446  _ ,LO 30471 *
by e - <CLSE 30477 ° .LFBL 30500 *  .LUN® 335517 "TTOFOOT T 305020 TTUT B
A 15. IDDEF _ 30506 CDEFIN 30505 LATTAC 30512 *  ,CLISE 3051% +IPEN 30516 SREAD 30520 .
v I Tt SHRITE 30522 +BSR 30532 % READR 30542 RELES 30544 *  (LAREA ™ 305557 T d
.LFBLK 30573 -LTSX 30576 *  (AREAL 30610 = ,LJ¥8L 30616  LENTRY 30622 _ . - 3
— Tt «GDA 30655 «G0 30661 «DERR 32673 SUIPXIT 30876 7 SCOMXT T390 T T T T i
.EX34 30722
TTIESTTIRSL TT307277 SLXSEL 30727 LXCSEL 30730 SLXTST 33733 & LLXGVL 30773 %  LLXRCT 31004 # e
SLXIND 31053 #  .LXDIS 31056 * .LXFL3 31057 & L.TCH 31950 !
TTITS VEPTRPT 31066 «FFPT. 31066 ¥  LFPOUT 31225 .FPARS  312%% /.CIUNT/ 31246 % DVFLOW ~ 31317 ¥ o e e T e
ERAS. 31326 E.l 31326 £.2 31327 £.3 31339 . 31331
” XCC. 31332 CC.l 31332 CC.2 31333 CC.3 3133% Clet 31335 - ToTTT e
20. XIT 31336 EXIT 31336 SEXIT. 31336 *
“21.7 FXEM 31337 <FXEM. 31337 +FXOUT 31674 «FXAR3 31732 © /JIPTAL/ 31756 " oot
22._FOUY 31767 .FOUT. 31767 .
T Z3TFCRY 32330 «FCON. 32330 <FCNV. 32353 SENDFS 32355 T LINVEW 32370 #FOX1 32374 STt R
o JFDX2 32375 +DBC 32377 SDBC1Y 32535 «J3C20 32553 .DOSH 32573 N
- «DDFIX 32692 FIXSW 32610 «DDBC 32655 Teo0usi 331387 JDDRS2 33132 R
.01 33135 .02 33137 JFERR2 3322% ¢  JANPT 332350 SJONPT 33275 .
- S+LNTP 33360 CADUT 33427 «DFLT 33445 W ELT 33601 +DEXPN 335671 T T
XD 33672 SHOUT 34022 SJINTG 34072 LLIUT 34210 LONUT 34227
i «XCF 34250 CTFST 34747 <KOUNT 34772 SLIST 34775 SDINE 35006 -
LOUTBF 35052 -BUF 35102 L0ST0 35133 SAIDTH 35194 <GAIN 35105
.GAINL 35106 -FBDBF 35116 -DIDFL. 35142 «DIFLG 35143 M0 35144
.PEX 35145 SFEXP 35146 .DIG 35147
24, FIOB 35165 LFIDB. 35155 SFCNT 35270 *#  _FBLT. 35355 LZ90T. 35506 SFRLR. 35432
<FRLR. (35432) <FULR. 35476 <FHLR. (354761 .F3I8F 35536 LFRITE 35630

25. FIOS 35636 «FINS, 35535 «FSEL. 35776 «FILR. 35022 <7273, 362311 «FRTN. 386716



>28%

-05-

IBLDR

26. FIOH 36272
T FHRD 37302
FHRB 37326
. FHRU 37352
FWRD 37376
31. FRDU 40003
32. UNOS 40044
— " 33. UNoe 40045
34. FIOY 40051
TTT 5.7 JASTN 742276
36, JTNQR 42403
T 370 UPLRT 42506
38, JCDIV 43746
T TEGITIPRYLT T 44045
40. FLOG 44327

41T FXPF 744533
42, £SCN 44653
TTUEBT FSORT 45064
44. FATN 45173
35,7 FXP3 45377
464 FRWT 45524

. . ST TA5631° 7

____AB. TOCSM_ 51432

1/0 BUFFERS
UNUSED CORE _

#FILL.
+REFD

+FI0H.
«FWRD.
+FHRB.
«FWRU.
«FWRO.
+«FRDU.
«UNOS5.
<UNOb6.

ASINR
ATANOR

36021 -FCLS

3620% & «BIN

36272 <FFIL.

37302

37325

37352

37376 «FREST

40003

40044

40045 «BUFSZ

40051 «CTUID

42356 % ASIN

42451 ATANO

43673

44007

44230

44327 * ALIG

44533

44653 SIN

45064

45171 ATAN

45377

45524

45631 « MONSH

46063 SATTC,

46421 * +0P7

45541 <RER1,

47105 «GTIDX

50332 * «BSR.

51425 «BASIO
51432 THRU
77614 THRY

12/91/5%
36023 *  LFIPN 35027 & REIF
36205 % JFCT 36236 +7LKSZ
37057 SFRTN, 37104 ¢
37701 *
40046
40524 SNMLST 40547 STTER
42365 %  ASIND 42374
42470 *  ATANQY 42477
464330 o
44655 R
45173 * .
45651 JTEDR - %5720 UIERL.
46076 oSHL 45310 & 549
46452 % LDP9.2 4545574 TRULSE.
46564 WHRIT, 45556 SUNT2A
47126 CRHT  a728% & T JRET
50743 <EOTOF  5107) SETIF3
51431 * : P

77613
17777

35033 %
36210

41652

45000
45352 *
45540
46754 *
%7567 %

21976 ¥

PAGE 2

«TOUT, 36176 ———
<INTAP 41653 e

B - . f

P

SJOTNX  46045%"F i
+DPEN. 46373
SRERZ2,” T45540 =
»EQFEX

LENDTR 50330 -

47735 * .
]
-SHITC 51125 ;




SINPUT
+0.44000000F=06,

RHOA =
v = +0.12874000E+05,
TXATTTT & +0.00000000E-38,

eRC T T E T 77T 40.20000000E+00,

—xNy = +0.80D0000DE+00,
—XOTTTTE T 40, 00000000E-38,

—XPrASTE " "T

+0,00000000E~38,

~—XPEVER™ +0.000000006-38,
TDECAT =, T 7
— A= """""¥0.20000000§+03,
—PRTEE =" ~~~#0.100000008+01,
AL T

GOTEF0L; "

#0.20000000E+01,

PRTAPE =

TCAST = 153
" N
o TTIRSTOP = ¥0.I000000GE+01,
|

T ¥0,15000000E+01, "

FUT60000000E~38,
T 40.10000000E+01,




ES 748574

-z5-

TR0

TH W RW/RA RWUW /RAV
+90,00 +1,2)1E+01 +1.00E+00
+88.00 +1.13E+01 +1.07E+00
+86,00 +1.10E+01 +1.26F+00
+84.00 +1.08E+01 +1.50E+00
+82,00 +1.06E+01 +1.77E+00
+80.00 +1.03E40) +2.05E+00

TTFI8.00 +1.01E+01 +2.32E+00

+76.00 +9.92E+00 +2.59E+00

+74.00 +9.73E+00 +2.85E+400

472,00 +9.54E+00 +3,10E+00

+70.00 +9.36E+00 +3.34E+00

468,00 +9,18E+00 +3.56E+00

+66.00 +9,01E+00 +3, 78400

+64.00 +8.85E+00 +3.98E+00

+62.00 +8,69E+00 +4.17E+00
+60.00 +8.53E400 +4.35E+00
+58.00 +8.3BE+00 +4.52E+00

456,00 48.24E+00 +4.68E+00

TTU454,00 +8.09E+00 +4.825+00
+52.00 #7.95E+00 +4.96E+00

TTH50.00 +7.81E+00 +5.086+00
+48.00 +7.6BE+00 +5.19E+00

TTREET00 +7.54E+00 +5.29E400
+44,00 +7.41E+00 +5.37E400

TTTHEZIDD #7.27E+00 +5.45E+400
+40,00 +7.14E+00 +5,51E+00

TTTEIBIODT+7.01ER00 +5.56E400
+36,00 +6.87E+00 +5.59E+400

T HFE4I007 46, T3EY00 +5.61E+00

432,00 +6.59E+00 +5.61E+00
TTTEBOCO0 F6TLAEA00 456 0E+00
+28,00 £6.28E+00 +5.56E400
+6,11E400 +5.51E+00
+#24.00 +5,92E+C0 +5.42F+00
TTTRZZT0D +5.T1E400 45.31E+00
+20.00 +5.48E400 +5.16E+00

TTFIBIU0 4+5.21E400 4+4.96E+00

+16.00 +4.89E+00 +4.71E+00
) +4.50E+00 +4.37E+00

+4.03E+Q0 +3.95E+00
)0 +3.44E+400 +3.40E+00
+2.73E400 +2.T1E+00
+1.89E+00 +1,B89E+00
+1.01E+00 +1.01E+00
+1.00E+060 +1.00E+00

+4.00
+3.97

TH WL

+0.00
+19.48
+33.62
+42.58
+48,01
+51.24
+53.08
+53,99
+54.28
+54412
+534 64
+52,91
+52.01
+50.95
+49.79
+48.53
+47.,19
+45.80

+44035 41

+42.485
+41.33
+39.77
+38.18
+36.57
+34, 94
+33.30
+31.64
429.96
+28.28
+26458

“424.87

+23.16
+21.43
+19.70
+17.95
+16.20
+14.43
+12.64
+10.33
+8,98
+7.07
+5405
+2.82
+0.05
+0.00

GAMMA W

+1.18F+09
+1. 182420
+1.19E4Q0
+1.19E+32
+1.20E+00
+1.20E+00
+1. 21E400
+1.21E420
+1,22E+30
+1,22E+00
+1
+1
+1
+1
+1
+1, 256400
+1.26E+00
+1.26E+00
27E+30
+1.27E+00
+1.27E400
+1. 286400
+1.28E+00
+1,29E+D9
+1,29E+00
+1.30E+00
+1.30E+00
+1.31E+00
+1.31E+00
+1432E+00
+1,32E+00
+1.33E+00
+1.33E400
+1.3%E+00
+1.34E+00
+1.35E+30
+1,35E+00
+1436E+00
+1.36E40)
+1.37E+00
+1.37E+D0
+1.38E+00
+1, 38E+00
+1.38E+30
+1.38E+00

™

+3.66F+03
+5.57E403
+4.65E+03
+4o T1E+03
+4.TTE+03
+4,8LE+03
+4.84E+D3
+4,85E+03
+4,85F+03
+4.83E+03
+44.80E+03
+4, TSE+03
+4.70E+03
+4.62E+03
+4.53E+03
+4.43E+03
+4,32E4+03
+4.19€+03
+4.05F403
+3.91E+03
+3.75E403
+3.5BE+03
+3,41E+03
+3.23E403
+3.05E+03
+2.86E+03
+2.65E+03
+2.4TE+0D3
+2,28E+03
+2.08E+03
+1.89E+03
+1.T1E+03
+1.53E+03
+1.35E+03
+1l.18E+03
+1.03E+403
+8.7BE+02
+7.41E+02
+6.1TE402
+5.08E4+02
+4. 10E+02
+3.28E+02
+2.61E402
+2.01E+02
+2.00E+02

PH/P2

+3.17E-02
+3,15E-02
+3.13F-02
+3.10F-02
+3.07E-02
+3,03F-02
+2.98F-D2
+2.93E-02
+2.87F-02
+2.80F-02
+2.T3F-02
+2.65E-02
+2.57E-02
+2,49E-02
+2.39€-02
+2429E-02
+2,19F-02
+2.09€-02
+1,99F-02
+1.88€~-02
+1.78E-02
+1.67E-02
+1,56E-02
+1,45E-02
+1.34E-02
+1.24E-02
+1,13E-02
+1.,03€~02
+9,29E~03
+8,33E-03
¥7.40€6-03
+6,51E-03
+5,66E-03
+4,86F~03
+4.11F-03
+3,41E-03
+2,78E-03
+?7,20E~03
+1.69E-03
+1.24E-03
+R,57TE-04
+5,420-04
+2.97E-04
+1.21E-04
+1.19E-04

A4/H

+9.93E-01
+9.91E-0L
+9.87F-01
+9,81F-01

EUETARY

.2

55+01

+9, T3E-01 +L

+9.52E-01
+9, 43E-01
+9.34E-01
+9.15E-01
+8.97E~01
+8. T5E-01
+3.93E~01
+8.29E~01
+8.02€E-01
+7.75E-01
+7.45E-01
+7.15E-01
+6.85E~01
+5,53F-n1
+5421E-01
+5,87E-01
+5054E-01
+5.20E~-01
+4,87E-01
+4,53E-01
+4.20E-01
+3. 8TE~OL
+3,54E-01
+3.236-01
+2.92E~01
#2.62E-01
+2.34E-01
+2,07E-01
+1.31E~0L
+1.57€-01
+1.35E-01
+1. 14E£-01
+9.53E-02
+7.89E-N2
+6,33C-02
+5.13E~02
+4,07E-92
+3, 20E-02
+2.44E-02
+2,43E-02

+2.20E+401
+2.45E801
+2. 743401
$3,09E4)1
+3.528421
+4. 038401
+3.53E4)1
+5,412401
€5,3%E¢31

#2332
3, l7E#02

29E+33
F1 72403
+2.52E¢03
+3.5
+3.2
+7.%93E4D3
#1,03E+04%
+1,33E+34
1. 3323404
+1.333+04
+1.537E+D%

PWS/PO

+3,328-32
+3,33E-02
+3,39€E-72
+3,497-02
3.43E-02
+3482F=N2
+4,05E~02
+4.33E~02
+4,68E-02
+5,09E-02
+5,58E~N2
+6,17E-02
+64.86E-02
+T+69E-22
+8,63E-72
+9,88E~02
+1.13E-01
+1.31E-01
+1,52E~01
+1.T7E-01
+2,09E-01
+2.49E-01
+2,98E-01
+3,60E~01
+4.39E-01
+5,43E~01
+6.T71E-01
+B.42E-01

02 +1.07E400

+1.37E+70
" F1.79E403
+2.35E+79
+3.15E400
+4,28E+00
+5.90E+0)
+8429E+09
+1.18E+01
+1.70E+01
+2448E+01
+3,63E471
+5.11E+7
+5.81E+71
+B,01E+01
+7, T3E+01
+7.T2E+01

THS

+3.69F+03
+4. K17 403
+4. T1E+03
+4.81E+03
+4.,90E+03
+5.,09840%
+5.19F+03
+5,22E+03
+5,29E+03
+5.39E+03
+5,4BE+03
+5.57E+03
+5.6TE+03
+5,76E+03
+5.85€+03
+5.94E+403
+6,03E+N3
+54 12E+03
+6.21E4D3
+6430E403
+6.38E+03
+6.4T7E+03
+6.56E403
+6,54E+03
+6.7T3E+03
+6.81F+03
+64 B9E+03
+6.98E+03
+7.05E+03
+7.14E+03
+T 2264037
+7.30E+03
+7.38E+03
+T.45E+03
+7.54C403
+7.62E+D3
+7. 706403
+T« TTF+03
+7.85E403
+7.928+03
+8.D0E+03
+8.08E+03
+3.15€+03
+8.22E+03
+8.22F403

™ )
+1.74E=D3 +1. 74E-D3
+0.00E-39 +0.NDE-39
+0,096-30 +0, 00E-39
£7.375-39 +0,05F-39
+0.09€-39 +0.D0E~39
+0.9JE~39 +0.00E-39
+N0.00E~39 +0.00E-35
+0.10E~39 +0.00E-39
+0.00E=39 +0,00F-39" T -
+0,70E-39 +0.00F-39
+0.00E~39 +0.00E~39"
+0.00E~39 #0.00E~39
+0.00E-39 #0.00E-39" "~
+0.07E-39 +0.00€-39
+0.0E~39 +0.00E+39" "~
+N.71E-39 +0.0D0E-39
+0.70E-39 #0,00E=-39"7" T T
+0.07E~39 +0.00F-39
+0.0IE-39 +0.00E-39""""
+0.0JE-39 +0.00E-39
+0.00E~39 +0.00E<39 "
+0,00E-39 40.00E-39
+0.9IFZ39 +0.00E=39""
+0.00E~39 +9.00E-39
+0,00E=397#0CODESIF
+0.0JE-39 +0.00E-39

+0.00E=39 ¥OJD0ES3F 7
+0.00E~39 +0.00E~39

+0.23E-3% 06.00E-3§‘““"““““"
+0.00E-39 +0, 00E-39
+0,00ET39 F0, D0E=39 4
+040JE~39 +0.0DE-39 -
+0200E-39 +0.ooE-3§"“‘“’”“ 5
+0.37€-39 +0.00E-39
+0.73E-39 *0L00E-38"
+0.00E=39 #0.0NE-39
+0.09E<39 +0.00€-30
+0.07E~39 +0.00F~39
+1,03E-39 +0T00E~397 " 7T
40.93F-39 +0.006-39
+0.07E~39 +0.00E-39"" ="
+0.09E-39 +0.0DE-39
+0.00E<39 "+0JN0E=39
+0.23E~39 +D.0DE-39
+0.93E-39 +0.00E-307




=>G5%

-£G-

158 LINES NUTPUT.
$1BSYS
$PAUSE
OPER. ACTION PAUSH

+« CONTTNIJING

$PAUSE
OPER. ACTION PAUSE

» + CONT INUTNG

$IBSYS
0000000200000000028D001I-01016Q0I00URI I LFIIO0N0TRSYST-I0DI1003202734320222300 }
1 LINES NUTPUT THIS JOB.

o '—'— 1

$IBLDR SGETB 12/01/64 33ET2IDD
$1BLDR SGETOR 12/01/54 53E¥2232
$1BLDR SFINDR 12/31/75¢% 55IN)2D0
$DATA



IBLDR 127017 56% PAGE 70

* MEMORY MAP %

SYSTEM 90000 THRU 02717 . .
~ FILE BLOCK ORIGIN 02720
FILES 1. UNITO8 . [
TS 30T UNITOS -
3. UNETQ6 | R [
T FILE LIST ORIGIN 02764 - ’
PRE-EXECUTION INITEALIZATION 02772 o R,
“UN"GBJECT PROGRAM 03023 - ) -
OBJECT PROGRAM 03030 THRU 70731 ; . -
__DECK ORIGIN CONTROL SECTIONS (/NAMF/=NON O LENGYH, {LOC)=DS_ETZ), k=NIT REFERFNCED) ' e
1. 1885 03030 17 7175154} eseees 16437 % ¢ ) L
TTZVTSARTLU 16455 ARTLU 16667 N
3. SADAMS 17040 ADAMS4 22220 e e
< EP” 223800 /47 7(75154) PREP 24536 - - -
5. UNOS 25146 -UNOB. 25146 . - S
TTTELSTABLE 25147 TABLES 27074 -
T. SDERQS _ 30451 11/ 775154} DERQ5S 30614 A ..
STSHIND 30837 1/ 7175154 WIND 31650 oo B
9. $ACONV__ 32072 QCONY 32750 ) B : .
i 0 - T T2 7T 215154) T TSUSIL0 40287 T T T T T T e o ) "
[ 11, SHDPRN 40305 HOPRNL 40367 - N R . .. : -
= O & . H0RZF T OBETDS 4124577 T 7 T T T .
— kS 13. SORCLE 41423 QRCLER 41446 . o -
A 7 TTIRTSORNNAT ATETZC T QRNMAD 41523 - T Tt »
—— —_ 15. SSTAGP 41551 114 1075154) STASPT 42453 - e <
< SGETPR™“%25%% GETPRE 42656 ) o Tttt - -t T o
17. SGETNU 42723 ©  GETNU 43005 e e L >
TTTIBTTSGEYTO C430527 GETTOT 43167 TTeemmomm ot :
19. SLEE 43306 122 7{75154) LEE 44303 e I o
TTT20VTSACOSH 445257 ACOSH 44671 T
21. SGETB 44717 GETB 45072 . e e
TTTUZZUTSGETOR T 45167 TGETORS 46451 N
23, SFINDR 46670 FINDRW 50413 - —
o TLXCON “50606 <LXSTR 50606 &  ,LXSTP 50612 .LxOUT TTILXRIN 50672 IBEXET 50672 %
SLXCAL 50675 &  ,LXERR 50675 .08CLS ¥ JLXARG 51225 ) 51251 .
T «.CLSE 51257 SLFBL 51260 *  .LUNB <DFDUT 51267
25. JIODEF 51266 WDEFIN 51266 SATTAC 51272 %  LCLISE BN 51276 «READ 51300 e
T ° JMRITE 51302 +BSR 51312 %  ,READR SELES 51324 *  LLAREA 513357 -
.LFBLK 51353 .LTSX 51356 %  LAREAL .LJNBL 51376 <ENTRY 51432
*‘ oot «GOA 51435 .GO 51441 «DERR T .NIPXT 51456 <COMXT 51450
~ -EX34 51502 ~ . . —
TTTEELTITRSL 51507 +LXSEL 51507 LXCSEL 51512 <LXTST 51513 *  ,LX3¥L™ 751553 *  ,LXRCT 51654 %
- <LXIND 51633 &  ,LXDIS 51636 # JLXFL3 51637 & (LTCH 51540 _ . ___
ST 27. JFPTRP 51646 SFFPT. 51645 ¢ ,FPOUT 52005 SFPARS  5202% /.TDUNT/ 52026 % QVFLOW 52077 # O o
+ . 28. JERAS. 52106 £.1 52106 £.2 52107 E.3 52110 E.% 52111 N e
29. .XCC. 52112 CC.l 52112 cc.2 57113 cC.3 5211% Sleg 52115
s 304 XIT 52116 EXIT 52116 LEXIT. 52116 % .
77 31. FXEM 52117 JFXEM. 52117 FXOUT 52454 FXARS 52452 /.3PTh./ 52536 ” . o
- 32, FOUT 52547 LFOUT. 52547 R
T 33, FCNV 53110 .FCON, 53110 JFCNV. 53133 ENIFS 53145 SINVSH 53150 SEDX1 53154 i
. .FDX2 53155 .D8C 53157 .D3T13 53315 2233220 53343 JDNSH 53353

JODFIX 53352 +FIXSW 513370 ~DDBC 534%5 »JDRS1 53710 «DDRS? 53712

2



=57

57, +I0CSM
58. //

I1/0 BUFFERS
UNUSED CRRE

IBLDR

70732
75154

D1
<LNTP

33715
54140
54452
55042
55632
55645
55725
55745
{56212}
6415
56621
56764 ¥
57052
60062
60105
60132
60156
60563
60624
60623
60631
63135 #
63241
63255 %
63472
63612
64023
64130
64336
64454
64601
64705"
65131
653563
65721 *
660%1
66405
67632 *
70725

73732
75045

D2
<AQUT
SHOUT
- TEST
<BUF
+FBIBF
+FEXP
<FCNT
S FHLR.
«FSEL.
<FCLS
«BIN
SFFIL.

«FREST

+»BUFSZ
«LTUIO
ASIN
ATANQ
ALOG

SIN
ATAN

TAN

« MONSH
SATTZ,
+0P7
+RERL.
«GTIOX
«35R.
+BASIO

THRY
THRU

53717
54207
54602
55547
55662
55676
55726
56050
56256
56554
56603
56765
57637

60461

60625
61304
63145
63250
63267

63614
64132

64707
65151
65376
65752
66064
66426
703243
70731

75044

75153

* #

#

+NMLST
ASIND
ATANGD

127317 5%

54024 %
54225
54432
55552
55653
55722
55727
551%5
1552551
55552
55637 ¥
55755
5765% *

61327
5315%
63251

65052 ¥
65220

65755 %
65055
65544 *
73372

A
oL
oL
ol

NdT
LY
27
IST
I)TH

+DOFLG

o\

AME.

54347
54341
54777
55555
55664
55723

56166
559314
56571
55513
56770

62432

65301
455652
66040
66254
67167
70375

*

*

~ONOT
«NEXPN
07T
«DINF
<GAIN
+M9D

+FRLR.
«FRITE
«TRTD.
STOUT

«TNTAP

«JNITNX
+OPEN,
«RER?,
«EJIFEX
<ENDTR
#SHITC

PAGE

54055
54451
55327
55555
55555
55724

56212
55410
56576
56756

65344
65673
56040
66335
67530
70425

*

*

21,
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-96- |

$INPUT

UpATE = +0, 75000000€+01,
" MEMO = +0,00000000E-38,
TUCASE & +0.10000000E+01
T " +0. 100000008 +02,
. +0.00000000E-38,
RN = +0.12500000E+01,
RSN = +0.00000000E-38,
THC = +0.00000000E-38,
RC +0. 75000000E+01,
RSC +0.15000000€+00,
Lc = +0.00000000E-38,
THe = ... +0.00000000E-38,
RSB = +0.15000000E+00,
R8 = _+0.00000000E-38,
THA = _ _ .=0.80000000E+02,
RA = __*0.00000000E-38,
RT = +0.37500000€+01,
BETA = +0.00000000E-38,

+0.00000000E-38,
+0.,00000000E-38,
+0.00000000E-38,
+0.00000000£-38,
+0.00000000E~38,

+0,00000000E-38,
~0.00080000E-19,

+0.00000000E-38,
+0 .G IC00000E-38,
40,0000 0000F~38,
+0.19000000E+04,
+0,6000C00QF+02,
+0,00000000E-3R,

=0+ 00000000F~19,
=0.00000000E~193,

+0.03000300E~38,
+0.00000000E-38,

=0.00000000E-19,
-0.03000000E-19,

+0.101030002402,
+0.103020002+32+

=0.003330302-13,
=0.07%0030203-13,

+N. 100000706422,
+0.10000000F+32,

=3.00000030F~19,
=0.00000000E-19,

+2.00000000E-38y ~
+0.10200000E+02,

~3.30009000E~19y
=".7000N000E~19,



-15-

XDTHL

XTBL

RTBL

DTDSTH

TTTALPHA

__NALPHA
110

PN

_LE

LS S

THETAT
NN

+1.00000000F-38,

+0.00000D00E-38,
+0.0000000(F~38,
+0.00000000E-3%,
+0.00000000E-38,
+0.00000000E-38,

+0,00000000E~34,
+0.00000000E~3%,
+0.00Q0Q00DE-38,
+0.00000000E-38,
+0.00000000F-38,

+0.00000000F~38,
+(.000000Q0E-38y
+0,00000000E-38,
+0.0000D0O0E~38,
+0.00000000E~38,

+0.00N00NC0E-38,
+0.60000000E+02y

9
+0.00000000E-38
+0.70000000E+00,
+0.14000000E+01,
+0.52000000E+00y
+0.00000000E-38,

+0450000000E+00,
+0.50000000E+00,
+0.50000000E+00,
+0.50C00000E+00,

+0.10000000E+01,
+0.10000000€+01,
+0.10N00ONQ0E+NL,
+0.10000000E+01,

=0.00000000E-19,
~0,00000000E-19,
=-0.00000000E-19,
=0.00000000E~19,
=0.0000Q0D0E-13,
=0.00000000F~19,
~9.00000000E-19,
=0.00000000F-19,
=3, 90000000619,
=0.0000GONDF~19,
~N.DH000000E-11,
=N, 097 NAO000F-13,
—Je INGOLAOQE-] 1,
=V QT WINLE-T 3,
=Dk AGOP AT 2y

+Ce 0 HIITNT ~28,
+Je TIIDIONF=38,
+0.009000300 38,
+0.D00I0IDOF-38,
+0.5J0033300~38

+0.00000000E-38,
+2,0D0NDJID0E-38,
+04 00D00INDE=39,
+0,03000000F=38,
+0.00000000F =28,

+0.00000000F-33,
+3,03000070E-38,
+0.00000000E-13R,
+0,000000030E-38,
+G.00000000E-3R,

+0.10000000F+02y
+0,90000000E+02,

+0+53000000F+00
+0,50000000F+00,
+0,50000000E+00,
+0.50000000F+70,

+0.10000000E+01,
+J. 1O000D00F+01
+0.1300000DE+01,
+0.1200700GE+01,

-0, 000000NNE-19,
-0.00000000E-19,
-0.0000Q0000E-19,
=0,0290G000F-19,
~0.6200000CE-19,
~L.37000000E-19,
~0.07000000F~19,
=0.0JoLRINNE-19,
=0« JOQFIPI0E-19,
=U, MONDDONE=-19,
« 205200019,
~0.72030000E-19,
PRGN LT Lt ST
. NP93A0F-16,
= TINGHNIE-149,

+0,00%900)
+0.002238)
+0.,000006%
+0,0030200
+0,002223)

+G.0000000

+0,500000002+3),

+0.100070002+01,
+2.103030)
+0.10000200
+0.1030000

=0.0032002

=0.000027)
=0.903950)
—.3003302

=N 100037
EUIS I LT T:

+0,00001AE~T 8,
+0.0N0OTNANE=R,
+0.03003070E=3R,
€1.09003030E-3],
+0.00000730F~38,

+0.07000930E~38,
+0,00000070F-38,
+0,0N000070E-38,
+0.0007ININE-39,
+0.N00000INE~38,

+0.,00000000F-38,
+0.0N00IND0E-38,
+0,00007NINF-3R,
+0.00000070F-38,
+0,000000007~38,

+0.30000000E+32,
+0.15000000E+73,

+0.5000020F +77,
#0.500000%0E+00,
+0,500)03000E400,
+0.5N000030E+00y

+0.10000D30E+) 1,
+7.130)3070F+71,
+0.,100099I0E+21,
+0.10000000E 401

~0.00001000F=-19,
~3.00031730E-19,
-0, 00007°000F-19,
-0.01007000F~10,
-0.08077000F~14,
~0.000CN000E-19,
-9.09107190F-19,
~0.NINIINDOE-19,
~9.00030°00E-19,
-5,0%0001I0E-19,
-0, PANDINNOF-17,
~N.000000NAF=19,
-3,%119M0F=1 7,
-0,07080%0 0819,
BV LLLLLI SN

40,7000 202E-38,
+7,720000000E-38,
+7.00092770E-38,
+3.7N000NONE-38,
+0,G00NINODE=-38,

+0.00000000E-38,
+2.70097000£-38,
+7.30000000E~38,
£7.7000710105-38,
+0.00000270€-38,

+0,00000000F-38,
+0,300000005-38,
+0.20000000E-38,
+0.000000005~38,
+03.70000000F-38,

+0,40000700E+02,
=04 700N2000NE~19,

+7.50000000E+00,
+0,50000000F+0C,
+0.50000000E+00,
+0,50300000€+400,

+0,13000000F+01,
+D.13003000F+01,
+0.10000000F+01,
+0.1D30200DE+N 1y

~0,70000000E~19,
-0.30002000F-19,
~0.20%00000E-19,
~R,2000N000E~19,
-0.20001090E~19,
=7.30020N20E-19,
-2.29909090F~19,
=7.130003000E-19,
=0,230090008~1 9,
£.30MN000E=-119,
=3 NNRDNINE~19,
=N,ANNININE=19,
-1,3979997ME=-19,
-0,20029)005=-19,
CalApmaniane g,



http:0.04-000000-.19

-0.00000000E-19,
=0.09000000E-19,
=0.0D00CR000E~19,
=0.00000000E-19,
~=0.00000000F~19,
=0+ 00000000E~-19,
=0.00000000E~19,
+0.00000000E-38,
+0.00000000E-38,
+0.00000000E~38,
+0.00000000E~38,
+0.00000000E-38,
+0.00000000E-38,
+0.00000000E-38,
+40.00000000E~38,
+0.00000000F~38,
+0.00000000E-38,
+0.00000000E-~38,
+0.00000000E-38,
+0.00000000E~38,
+0.00000000E~38,
+0. 00000000E-38,
+0.00000000E-38,
+0,00000000E-38,
+0.00000000E~38,
+0.00000000E-38,
+0.00000000E-38,
+0,00000000E-38,
+0,00000000E~38,
+0.00000000E-38,
+0.00000000E~38,
+0.00000000E~38,
+0.00000000E-38,
+0.00000000E-38,
+0.00000000E~38,
+0,00000000E~38,
+0.00000000E-38y
+0.00000000E-38,
+0+00000000E-38,
+0.00000000E-38,
+0.00000000E-38,
+0.00000000E~38,
+0.00000000€E~38,
+0.00000000E-38,
+(0.00000000E-33,
+0.00000000F~38,
+0.00000000E-38,
+0.00000000E-38,
+3.000000008-3%,
+0.00000000E-38,
+0,00000000E-38,
+0.00000000E-38,
+0.00000000€-38,
+0.00000000E-38,
+0.00020000E~39,
+0,00000000E-38,
+0.00000000F~38,
+3.N000000GE~38,
+0,00070000E~38,
+0.00C00000F-37,

-0,00000000F-1 9y
~0.00000000E~19,
-0.00000300F-19,
=0.00001J00E~19,
=0.00000000£~19,
-0.00000000E~19y
+J.207BOLT6E-24y
+0.00000000E~-38,
+0.00000000F~-38,
+0.00000020F-38,
+0. 00000000E~38,
+0.,00000000E~38,
+0,00000000E-38,
+0,00000000E-38,
+0.0)000000E-38)
+0.00003000E-38,
+0.00000000E~38,
+0.03000000E-38,
+0.,00000000E-38,
+0.00000000F~38,
+0.00000000E-38,
+0.00000000E-38,
+0.00000000E~38,
+0.00000000F-38,
+0.000000D0E~-38,
+0,00000000E-38,
+0.00000I0DE-38,
+0.00000000E-328,
+0.00000000E-38,
+0.00003000E~-38,
+0.,00000000E-38,
+0. 00000000E-38,
+0.00000000E-38,
+0.00000000E-38,
+3.02000000E~38,
+0.00003000F-38y
+0.00006O00E-38,
+0, 00U00000E-38,
+0.330000N0E-38,
+0.00000000E-38,
+0,00000000E-38,
+0.00000000E-38,
+0.00000000F~38,
+0.00000090E-38,
+0.00000300E-38,
+0.00000000E~38,
+0400000000E-38,
+3.00000000£-38,
+0,00000070F-38,
+0.20000000E-38,
+04J37000000E-38,
+3.83200270€-38,
+0.0000000NE-38,
+U4000CNYI0E-38,
+0.02000)00F~38,
+0.0000D000E-38,
+L.0J3310I0DF-38,
+0.0200700E-348,
+0.02000200F~38,
2. (11330020F-3R,

~0.00027020:-19,

'
+0.000000006-33,
+0.000020302~38,

+0.003000302-33,
+0.00002070E-38,

+0.00023030 .
+0.20000¢002-33,
+0.00333920¢5-33,

~0.90099199E-19,
-0.07027000E-19,
~0,00n0000DE-19,
~0,N0000070E-19,
-0.00030070F-19,
-0.00000000F-19,
~0.00000002E~20,
+0.00009790E-38,
+0.00000000E-38
+0.00000030E-38,
+0.00000000F-38,
+0.00000000E~38,
+0,00002070E-38,
+0.00000090E~-38,
+0,00000070E-38,
+0.0000D0J0E~38,
+0.00007000E-38,
+0.00000030E~3R,
+0.00000790F~38,
+0,000000D0F-38,
+0.00000090F-38,
+0.00000000E-38
+0.00000000E~38,
+0.00000070E-38,
+0,00000000E-38,
+0.00000000E-38,
+0.00000000E-38,
+0.00000000E-38,
+0.00000000E~38,
+0.000000006-38,
+0,00000000E-38,
+0.000000D0E~38,_
+0.00DD002DF-38,
+0. 000000006 -38,
+0,00000000E-38,
+0,00007000E~38,
+0,00000000E-38,
+0.00009N00E-38,
+0.00000900F-38,
+0,00000006F~38,
+0,00000700E-38,
+0.000000006~38,
+0,00097M90E-35,
+0,09000900F~38,
+0,00000070E-38,
+0.000000706-33,
+0,00000000E-38,
+0.00000000E-38,
+N,00000070E-38,
+0,00000000F~38,
+0.000000)0E~38,
+0,00000000E~-38,
+0,000000D0E~38,
+0,00020970E-38,
+0,000201008-38,
+0.00091000E-38,
#0,00003000E-38,
+3,00077900E-38,
£9,000N0NINF-31,
+0,00000090F -39,

-0.J0000000E-19,
-9.719003N00E-19,
-0.00000009€-19,
~0,J0C000N0F-19,
=7.20000000F-19,
~0.00000000E-19,
+0.30001340E~38,
+0.00000000E~38,
+D.0000000IF~18,
+0.05000000E~38,
+0.00000000F~38,
+0.20009900F-38,
+0479007000F-38,
+0.70009000E-38,
+0.0DOND000E-28,
+0,300DIDIOF-38,
+0.00007000F-38,
+0.000000D0F-38,
+0.00002037F-38,
+0.00000000€-38,
+0.00000020E-38,
40423009000E-38, _
+0.00000000E~36,
+0.00000000E~38,
+0.00000005E~387
+0.00000000E-38,
+0,90000000E=38,
+0,0000D000E-38,

T T¥#0.0DD000DDE-3 8y

+0. 00000000
+0,0000000D

’
+0.5000005BE 38,

+0,0000000
+0.9006005
+0.20000000E-38,
+0.0000700DE 38,
+0.00000000F ~38,
+0.700009706-38,
+0.0000000NE-38,
+0.00000090E-38,
+0.20009000E~38,
+0.000020205-38,
+0.000000008 ~38,
+0.7000D0JOE~38,
+0.00000000E-38,

+0.200NONODE=3E, ~

+0.0000J0000E-38,
+0,00000000E~38y
+0.00000009E-38,
+0.0N0NDO00F-38y
+0.00000090E-38,
+0,00000000F~38,
+0.C0NNOOODE-38,
+0.20000700E-38,
+0.700N0000E-38,
+2.20007000F-38,
+1.700000005~38,




+0,00000000E-33,
+0.00000000E=33,
+0.00000000F~38,
+0.00000000E-38,
+0.00000000E~38,
+0.00000000€-38,
+0.00000000E-38,
+0.00000000E-38,
+0.00000986E-38,
+0.10359951E-24,
+0.00028537E-38,
+0.0000787T7E-26,
+0.0002B8541E-38,
+0.13572358E-19,
+0.11858461E-19,
-0.00007328E-35,
+0.00028579E-38,
+0.03388135E-19,
+0.04143976E-23,
+0.00007B51E-26,
=0.00008056E-23,
+0.,0002861 5E-38,
+0.33135631E-23,
+0413559145E-19,
+0.00080777E-23,

—0.000183106-36,
078048TE-24,
+0 207B048TE-24,

+0.00012614E-25,
-0.,70529706E-37,

ENTH =
XM =
HDHSSO0 =
TAPE =
up2 =

DN2 =

FO.TeIBTI3BE-25,
+0 0441763 TE-2T,
3579004E-19,
G000023E-38,
+0 33167983E-23,
+0.00000565E-38,
+0.01486144E+19,
+0.41439810E~24,
+0.03673420E-38,
-0.06095238E+02,
-0.89297371E+06,
+0.00000000E~38,
-0.01483510E-19,

+0.00000000E-38,
+0.00000000E-38,
+0.00000000E-38,
+0.,00D0000NE—-3R,
+0.00000000E-38,
+0,10000000E+01,
+0.10007D00E~02,
+0, L83NOQCOE=03,

+0.,000000N0E~38,
+0, 00000090E~38,
+2.00000000F-38,
+0.,0J000000E-38,
+0.00002070E-38,
+0.00002230E-38,
+0.00000000E-38,
+0.00000000E~-38,
+0.33167918E-23,
+0.00000281E~24,
+0.18844856E-364
+0.10380148E-24,
+0.10339781E-24,
+0433947493E-20,
~0.00000001E-20,
+3e04417637E~2T,
+0412943596E~25,
+0.04143959E-23,
-D.35264838E-37,
—0.4T225514E-37,
+0.49841258E+00,
+0.0001577T7E~26+
+0412943596E~25y
+0.13571626E-19,
~0.0301577TTE-26,
+0.0000787BE-26

+0.49938915E+00y

-0.0404684BE~25y
+0.49963344E+00,
+0.49938931E+00,
+0.13585490E-19,
+0.00028629E~38,
+0.00007878E-267
+0.4T1116106-37,
~0.70535401E-37,
+3.16340659E~20,
+0.20031515E-264
-0.33167994E-23,
+0.18B44998F-35,
+0400028630E-38y
~0411513579E+24y
-0.06095238E+02,
+0.00000000E~38y
+0.00000300E-38,
+0.00000036E~19,

+0.000030102~39,
+0.000029302~33,
+0.00007000E-38,

+0.0000000 33,
+0.0000)000E - 38,
+043313560 23

+0.161685)
=0.0033202
+0.18866B5

-0.00233635
+0.015386%
+0.0023203
+0.20021577
+0.0338813

+0.00020170%~
+0. 16131135=-2=v

+0,003300362-19,

+0.000000005~33,
+0.007)7979E-39,
+0.000099D0%~35,
+0.00000000F-38,
+0.09N0D00E-3Ry
+0.000000005-38,
+0.00000000E-38
+0.00000000E~38,
+0.33119474E-23,
-0.000915620E+1
+0.000531106-26,
-0.00033023E-38,
+0.10340039E-24,
+0.039751206~79,
+0.266456TTE=14,
+0.00028619E-38,
+0.04143971E-23,
-0.00000722E-31,
~0.04045316E-26,
+0.1035983BE~24,
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+3.228E+00
+3.172E+00 -
+3.138E+00
+3.125F+00
+3.135E400
+3.186E4N0 -
+3.719E+00
+0.000E-39
+0.000E-39
+0.000€-39
+0.000F-39
+0,000E-39
+0.00DE-39
+1.000F-39
+0.000F-39
+0,000E-39
+0,00F-39
+0.00NE-39
+1.009F-309



I st X ST Y sT s ST ATDS ST THET ST SEST  ALPHA
23 +4.10845E+00 +7.446426+00 +8.532543400 —6.5566TE+00 +5.020005431 4 +40,00
W SN XOW SN YOW SN X8W SN YBH SN SEW SN TASTA SN SECT  ALOMA
9 +4.1921TC+00 +7.49672E+00 +3.53015E-02 +9.853296-07 +1,075223~)1 +4.83372F+01 4 +49,08
T IL SN XOL SN YOL SN XBL SN YBL SN SBL SN TAETL 3N SECT ALOHA
T 24 +0.00000E-39 +0.00000E-39 +1.5542BE+00 ¢8.362TTE+00 +8.55533343)  +4.33372E+01 1 440,00
AT ALPHA =  +%0000E+01 WINDWARD, RW = +1.8284E-01 DELS = +B.9405E-03 35433< = -3.7277E-71
SIN(THETAW) NEG. FOR XB = +2.7315E-02 RW = +1,8284E-01 DELS = +8,94062-33 35430C = -8.72777-)1
SEC X0 W XB W Y8 W SB W THETBH PE/PS W nP/oS A AW ar W RE W
%4 +4.108E+00 +0,000E~39 +0.000E-39 +0.030E-39 +90.00 +1,00JE+30 +%.0382-35 +1.610E+00 +7.000F-39 +0,000E-39
M 47%%,112E400 +9.135E-05 +5.235E-03 +5.236E-03 +88.00 +9,988E-01 31 FL.S5OTEH00 +5.716F-31 +9.293E-35
~3 4 +4,123E400 +1,460E-03 +2,088E-02 +2,094E-02 +82.00 +9,806E-01 02 +1,573E400 +1.522E490 +1.467F-04
TR %L 1356700 +4.456E-03 ¥ILE296-02 +3.6656-02 +76.00 +9,4T5E-01 965332 HITTEITVOD +1, 8056490 +3.687E-0%
& & +4414BE+00 +9,046E=03 +5.130E-02 +5.236E-02 +70,00 +8,830E-01 oavsra; +1.310E+00 +2.135E+00 +7,203E-04
A q 4 ¥471626430 "H1 4 516E02 ¥6.5T6E~02 +6.82TE~02 +64.00 +8.078E-21 62+ FL.I5IEFO0 +2.345E430 +1,146E-03
N 4 +4417TE400 +24279E=02 +7,949E-02 +8.378E-02 +58.00 +7.192E-0L -4. 22 H1.154E+00 +7.444E400 +1.603E~03
% +47T92EF00 ¥3, 1BOE"0Z #9.2356~02 +9.943E-02 +52.00 +6,210E-01 +539E432 FLLISLEHI0 +2.439E400 #2,045E-03
4 +4,192E400 +3.690E-02 +9.853E~02 +1.075E~01 +48.94 +5,685E-01 32 +9.939E-01 +2.399E+00 +2.249E-03
TR ZOEER00 4L 21052027F 1. 042601 ¢1,152E~01 +46.00 +5,192E-01 33743.315E-01 +2.339F+400 +2.422F-03
8 +4.223E400 +5.358E-02 +1.149E-01 +1.309E-01 +40.00 +4.153E~01 32 +7.322E-01 +2.151C+00 +2.585F-03
TUTE F3.245E400 +T.0516-02 +1,2728-01 +1,5186-01 +32,00 +2.834E-01 32 #5.971E-01 +1.797E+70 +2,781£-03
8 +4.2656400 +8,899E-02 +1.370E-01 +1.723E-01 +24.00 +2,014E~01 32 +4.4TTE-01 +1.455%470 +2.744F-03
TTTTETHEIIE4E400 +1.0B7E-01 +1.442E~01 +1.937E5-01 +16.00 +1.400E-01 -1.7575¢32 ¥3,3)0E-0L +1.157E€4+70 +2,575C-03
8 +44303E+00 +1.201E-01 +1.485E-01 +2.1%7E-OL +8.00 +9,488F~02 ~1.239E+32 +2.35%E-01 +9.344F=-71 #2.313F-"3
TTTTETHAT320E400 #1T500E-01 +1,5006~01 +2,335E=01 +0.00 #5,244F~02 52Z+71 +1.523E-01 +6.811E-71 +1,993F-93
8 +4.335F400 +1.T709E-01 +1.485E-01 +2,556E~01 =8.00 +3,950E-02 #1.372E-01 +4,955F-01 +1,443F-03
TTTTE 34,3486400 +1.913E~01 +1.442E-01 +2.7758-01 -16.00 +2.421E-02 #5,788E-02 +3.592F~71 +1.324-03
8 +4.358E+400 +2.110E-01 +1.370E-01 +2.985E-01 —24.00 +1,427E-02 #4.034E-02 +2,393F=01 +9,325F-04
TTTT 8 TH4.366E400 +2,295E-01 +1.272E-01 +3,194E-01 ~32,00 +8,075E~03 +2.354E-02 +1.5798-] +7,23507-n4
9 +4.371E+00 +2.464E-01 +1.149E-01 +3.403E~01 -40.00 +4.378E-03 FLa292E-02 +1.214F-11 +5,177F-06
TTTTOTHALLISEF00 +5,285E-01 +1.218E-01 +7.085E-0)1 -40.00 +4.378E-03 +0.0003-39 #3,754E-03 +8.6T4F-12 +1.057E-03

__ CANNOT FIND THETA FOR RW OR B,

SKIP CASE

OR W

+9,8375-02
+8.507E-32
+5.371E-02
+0.000E-39
+0,000E-39
+0.0DOE=39
+0.000E~39
+0.000E~39
+0. 000E-39
+0:000E=39
+3,000E-39
+0.000E-39
+0.0005-39
+2,000£-39
0, 2N0E-39
+0,000F-39
+0.000F~39
+0,0905-39
+0,000E-39
€2, 1M0E-39
+9.000£-39
+0.090E=~30

.-

XSI W

+8.941E-03
+B.953E~03
43.;245-03
49,5650
+1.0226~02 , °
+1. IT9E-0Z |
+1.229E-02
113736507
+1,457E=02
+17545E=02 ~
+1.748E-02
+2.06BE-02
+2.450E-02
+2.897F-02 -
+3.4116-02
+3.993£202
+6.642E-02
+5.353E-02 ° -
+0.000E-39
+0,000E-39 ~
+0.700€E-39
+0.000E-39


http:1.835E.10

kL

AT ALPHA =

SFC X0 L
4 +4.108E+00
4 +4,102E+00
4 +4,093F+00
3 +3.70Q1E+00
3 ¥3.308E%00
3 +2.916E+00
3 +2.523E+00
+2.130E+00
T3 41, 738E400

3 +1.345E400
"3T9, 527E-01

3 +5.601E-01
T3 ¥F1.675E-01

1-4+1.362E-01
TTTTFIL081E-01

L +8.302E-02
T ¥56.11BE-02
1 +4,259E-02
T ¥2.732E~02
1 +1.5396-02
I #6.848F-03

1 +1.713E-03

w

1 +6.118BE-02

T ITFEI302E-02
1 +1.081E-01

~ I™%1.362E~01

3 +1.675E-01
37¥50601E-01

3 +9,527E-01
ITFITIGSERDO
3 +1.738E+00
T3 ¥Z.I30E+00

3 +2,523E400
TTTTETEZU916EF00
3 _+3.308E+00

3 #3.701E+00

4 +4.093E400

T UUETEEC1026+00
+4,108E+20
#4.112E40C
+4, 123E+00
+4. 1356400
+4.14BF+00
+4, 162E+00
+4, 17TF+00
+4.192E+00
+4, 208E+00
8 44, 2236400
, 8 +4.2440400

R R S

XB L

+0.000E-39
+3.,654E~-04
+2.279E-03
+1.386F-01
+2.750E-01
+4,113E-01
+5.47TE-01
+6.840F-01
+84204E~-01
+9,567E-01
+1.093E+00
+1.229E+00
+1.366E+00
+1.379€+00
+1.395E+00
+1.415E+00
+1,43BE+0D
+1.464E+00
+1.493E+00
+1.525E+00
+1.560E%00
+1.598E+00

“+1,639E+00

+1.654E+00
+1.683E+00
+1.728E+00
+1,77T7E+0Q
+1.827E+00

FITBB0E+00

+1.934E+00
+1.991E+00
+2,049E+00
+2.,10BE+0D
+2.169E+00
+2.907€+00
+3,645E+00
+4,383E+00
+5,121E+00
+5,858E+00
+6,596E+00
+74334E+00
+8.072E+00
+B.810E+00
+9.548E400
+9,.563E+00
+3.573F+00
+3.578E+00
+2.594F+00
+9.,609E+00
+9,625F+00
+9,640E+00
+9,655F+00
+9.,669F+00
+9,683E+00
+9,6951+00
+9,T10E+00

+4,0000E+01, LEEWARD, RW

YB L

+0.000E~39
+1.046E-02
+2.605E-02
+7.993F-01
+1.573E+00
+24346E+00
+3.119E+00
+3,892F+00
+4.666E+30
+5,439E+400
+6,212E+00
+6.985E400
+7.759E+00
+T.823E+00
+7.886E+00
+T4949E+00
+8.010E+00
+8.070E+00
+8,129E+00
+8. 185E+00
+84241E+00
+B.294E+00
+B4345E+00
+8.7363E+00
+8.394E+00
+8.441E+00
+B84485E+00
+8.52TE+00
+8.566E+00
+8.602E+00
+8.635E+00
+R4665E+00
+8,692E+00
+8.716E+00
+8.985E+00
+9.253E+00
+9.522E+00
+9,790€+00
+1.006E+01
+1.033E+01
+1.060E+01
+1.086E+01
+1.113E401
+1.,140F+01
+1.141E+01
+1.141E401
+1.141E471
+1.141E+01
+1.141F+01
+1.141E+01
+1e 141E+01
+1.140E+01
+1.139E+01
+1. 139F+01
+1.138E+01
+1. 136E+01

s

= +0,0000E-39 DFLS =

SB L THETAL
+3.000F=39 +90.30
+1.047€-02 #86.00
+2.61BE-02 +80.00
+B8.114E-01 +80.00
+1,5973+400 +80.00
+2.3826+00 +80.00
+3, 1672400 +80.00
+3.952E+00 +80.00
+4,7372+00 +80C.00
+5.5232¢00 +80.00
+6.3086+00 +80.00
+7.0935+00 +80.00
+7.878E+00 +80.00
+7.944E+00 +77.00
+8.DOTE+0D +74.00
+B.074E+00 +71.00
+8.1%05400 +68.30
+8.205E+00 +65,00
#8.271LE+00 +62,00
+8.336E+00 +59.00
+8.402E+0) +56.00
+8,457TE+00 +53.00
+8.533E400 +50.00
+8.555E400 +48.94
+8.598EF00 #47.00
+8.564E+00 +44400
+B.729E+00 +41.00
+8.794E+00 #38.00
+8.860E400 +35.00
+8,9252+00 +32.20
+8.991E+00 +29.00
$9,0555400 +26.00
+9.1228+00 +23.00
+9,187E+00 +20.00
+9,9725+00 +20.00
+1.075E+01 +20,20
+1.154E401 +20430
+1.2332+01 #20.00
+1.311E+01 420,20
+1.390E+D1 +20.00
+1. 46BE+01 +20400
#1,547E+01 +20.20
+1.625E+01 +20.00
+1.734E+01 +20.00
+1.TO5E+01 +14430
+1.7D7E401 +10.00

+#1.7I7E+DL #8.00
+1.TI9E+0L  +2.00
+1.7T10E+01L  -4,00

+1.7122+431 -10.30
+1.713E+01 ~16.00
+1.715F+01 -22.70
+1.7T16E+01 -2R.00
+1.713E4J1 -34.70
+1. 7208401 =40.00
+1.722E+D01 -48,00

PE/PS L

+1.000E+00
+9,951E~1
+9.698E~01
+9,698E~01
+9.698F-01
+9.698E-01
+9,698E-01
+9.698E-01
+9.693E-01
+9,693E-01
+9.698E~01
+9.699E-01
+9,698E-01
+9.494E-01
+9.243E-71
+8.940E-01
+3,597E-01
+8.214€-01
+7,7966~01
+7.347E-01
+6.873E-01
+6.378E-01
+5.868E~01
+5,685E~01
$5.365E-01
+4..844E~01
+4.325E-01
+3.813F-)1
+3.3 7201
+2.981E-21
+2.627€-01
+2.309E-01
+2.028E-01
+1.TTTE-01
+1.668E-01
+1.577E~-0L
#1.509€-01
+1.510E-01
+1.450E~01
+14397E-21
+1.351E~01
+1.306E-01
+1.2668-21
+1.231E-01
+9.003E-22
+7.420E-02
+64666E-02
+4.729E-02
+3.332E-02
+24279E-02
+1.537E-02
+1.011E-02
+6,514E-03
+4.092E~03
+3,598F=03
+3.598E-03

+8.9605F-03 33472¢ =

/3 . L or L
+4.0383-35 +1.5105+00 #3.9370-39
-5,51254+)1 +1.5D1E490 +9.441F-32
-1,6005+32 #1.3335400 +1.639F=71
+3,0)0E-39 +7.559E- 01 +7.581E~01

1 ¥81622E~21

+5,112E-01

“+5.7T4E-N1

+5,524E-91

+5,327E-01

+5.156E-11

+5.0316-01

+3.0202-33 +4.914E=91
+3.0302-39 +4,8126-7
-2.4512401 +5,836E-01
-2, 9742401 01 +6.747E-01
-3.4563+01 +7.5696~01
-3.8995+)1 +8, 260E~01
-4.3202431 +8,820F-21
~4.6532431 +9,288E~01
+9. 642601

+9.882E-01

+1.031E400

“+1,002E+00

+9.995E6-01

+9.9226-31

+9.7176-01

49,408E-01

+8.999€-71

05‘. 5T9E~01 +8.561E-21

~3,97234)1 +5.3525-01 +8,099E-91
-3.55424¢01 F4.6228-01 +7.620E-01
-3.186Z+01 +4.2025-01 +7,1226-01
-2.8533411 #3,31 +6,554E-71
-2.5723¢01 +3.%4 +5.180E-01
-8, -31 #2.7338-91 +5,8686-01
-T.4225-01 +2.447E-01 #5.5308-51
-5,7238-)1 +2.253E-01 +5.3825-01
v, -39 #2.093E-01 +5.314E-71
-4. =31 #2.22 +5,177E-71
~4,4192-31 #l.31 +4.950F=71
-3, -3l #1431 +4.809F~N1
-3.793E-01 +1.72 +4.6653~01
-3, S0 +L.549E-01 +4,5356-01
-2.9543-31 +1.532E-01 +4,4617E-91
L 2 +2.1056-01 +3.672E-01

01 +3,2307-91

5 +3.016E8-91

=T, 25954)1 #1.3D45-D1 +2,411F-91
-5.4252¢)1 +1.0128=01 #1.909F-11
-3.9353#)] +7.553E-02 +1.473E-11
£ 2 +1,121F-)1

+R, 349F-12

+3,1335-07 +6.115F=12

$2.2593-02 +6.345F=12

#5.4>1E=23 +3.976E-237

£5,%533=93 +3,7756-32

+3.0000F-323

RE L R L

+3.929F-39 +1,0002-39
+1.955E-05 +0.0208-39
+1,199E-95 +0.000F-39
+5,943E-03 +0.000E-39
+1.171E-02 +D.000E-39
+#1.746E=02 +0.000E-39
+24322F<02 ¥0.000E-39
+2.898E-02 +0.000E-39
+3,4T4E-02 +D.000E-39
+4,049F=02 +0.020E-39
+4.525E-92 +0,0N0E-39
+5,201E-02 +0.0B0E-39
+5.777F-D2 +0.0906-39
+7.453E=2 +,000F-39
+9.091E-02 +9.000£-39
+1.064E~91 +0.000E-39
+1.209E~01 +0,010E-39
+1.343E-01 +0.000F-39
+14453E-01 +o.oooE‘39
+1,568 E

41 .558E-01 40, D00F~39
+1,7256E~ 01 +0,000E-39
+1.777E-01 ¥0.000€-39

+1.8076-01 +0.000E=39

+1.815E-01 +0.000E-39
+1.804E-01 #0.,000E-39
+1.769F-01 +0.000E-39

+1.722E-01 ¥0.000E=39"

+1.655E-01 +0,0006-39
+1.500E-01 %0, 000F=39
+1.528F=01 +0,000E-39
+1.453E-01" +0.000E-39
+1.375E~01 +0.0N0E-39
+1,443E-01 +0,000E~39
+1.519F-01 +0.000E-39
+1.594E-01 +0.000E-39
+1.703E-01 +0.00
+1.774E~01 +0,000€~39
+1.845E-01 +0,000E-39
+1.9156-01 +0,000E-39
+1.982E-01 +0.000E-39
+2,043F-01 +0.000E-39
+7,115E~01 +9,0006-39
+1.794E-D1 +0,060E-39
+1.598E-71 +0.000E-39
+1.59LF=01 +0,000E~39
+1,222E-01 +0,000E~39
+9,847F-02 +0,0N0E-39
+7.735E-02 +0,000F-39
+5.995F-02 +0,020E-39
+4.531E-92 +0,000E-39
+3.35TE=07 +7,7106-30
+2,445E-12 +0,090F~39
+2.238F-07 +0.0"0E-30
+2.261F-02 +0,000E-39

+0. 000

XSY L

+7.000E-39
+0.000€6-39
+0.002€E~-39
+0.000E~39
#0.000E=39
+0,000€E-39
+0.000E-39"
+0.000E-39

+0.000E-39
+0.090£-39
40,000E-39
+0,000E~39
+0.007E~39
+0,00DE-39"
+0,000E~39
+0.003E-3¢ T 7T T
+0.000E~39
+0.000E~39
9 _+0.000E~39
“¥0,000E~39
+0,000E~39
E<Fe T T
+0,000E~39
*0.000E-39

+0.000E-39
¥0.000E=39

+0.000E~39

FOUDO0ESBY” T T
+0,0N0E~39
$0.000E<39
+0. 00NE-39
+0.000E-39
+0.000E-39
+0,000F-39
+0.903E-39
+0.900E~39
+0.00DE-39
+0.003F-39
+0.007E-39
+0.000E-39
+D.000E-39
30.000E-39
+0.000F-39
+0.001F-39
+0,000F-39
+0.00NE-39
+0.000E~39
+0.N00E-39
+0.000E-39
+0.009F-39
+0.000E-39
+0,000F-39
+0,D00E~39
+N,DDIF-39
+0,.000F-39


http:8:394E.00
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i

8 +4,265E400 +9.723F+400 +1.134E+01 +1.724E+40) ~56.00 +3,593E-03 +9.00
e B 4 2BAE400 +9.T34E400 +1.133E401 +1.7255401 -64.00 +3.598E-03 +3,2)

B +47303E400 +9.742E+400 +1.131E40) +1.728E+01 -72,00 +3.598E-03 +3.0)
. B #4.320E400 +9.747F+00 +1,129E+01 +1.73D5+01 -83.20 +3.5986-03 +).0)

8 ¥4.335F400 +9,749E+00 +1.127E+01 +1.732E+401 —-88.50 +3.598E-03 +0.9)
.8 %44348E400 $9,.T48E+00 +1.125E401 +1.734E+01 ~96.0D +3,598E-03 +9,0)

F5.4%3F=03 +3.974E~17 +2,244E-N7 +1,0N0E=39 +0,003IF-39
#5,433E-03 +#3.973F~12 +2,74TF=-02 +0.N30F-39 +0,030F-39
€5, 421‘ =03 +3.972C~92 +2,243E-02 +0.000F-39 +0.0006-39
+3.9715~02 #2,252F-22 +2.3)0F-39 +0.003E~39
+3.9798~12 +2.755F-02 +7.000£-39 40,000E-39
(F5¢3332-03 +3,970F-22 +2,257F-12 +0,2D0F-39 +0,000E~39 _

1ST_ X ST . Y ST | S ST DYOS ST | THET ST SEST ALPHA R
- 26 +3,14835E400 +7.47990E+00 +8.53500E+00 -6.6666TE+00 +3.03000E+)1 4 +60.00 B
__Id SN XOM SN YOu SN XBN SV YBH SN 584 sy FHET4 SN SECT  ALeYA e
8 +4s24R23E400 +7.49854E400 +3.53015E~02 +9.85328E-02 +1.075028-)1 +4.893726+01 3 #6090 i
L SN xoL SN YOL SN XBL SN YBL SN SBL SN THETL SN SECT ALPHA

) 20 +B.30245E~02 +4.4T960E-01 +4.08612E+00 +7.07111E+00 +Bo 171865433 ¢4, 393726401 1 +60.01

T AT ALPHA =TTH6.0000E+0} WINDWARD, RW = +2.7533E~01 DELS = $1.8342E-0 1. E+0D c o e
SIN(THETAW) NEG, FOR XB = +2.7315E-02 RW =  +2.7633E~01 DELS = _+1.8342 . —1 34026420 . R
SEC XOW ___ XB W o YB W SB W __ THETBH PE/PS W DP/OS 4 AN oTw RF W M H AST W

4 +40148E+00 +0.000E-39 +0.000E=39 +0.000E-39 490,00 +1,000E+)0 =4.8795=2% +L.573IE+00 +0.000E-39 +0.00NE=39 +2.018E-01 +1,834E-02
T A FATE2EF00 FEL2ITE-04 +1.5686-02 +1.5TE-02 +84.00 +9.891E~31 ~8.7252 831 ¥1, 5506400 +1.122E400 +8.305F-05 +1.39AE—01 F1 BT0ES
4 +4,177E+00 +3,278E-03 +3.119E-02 +3.142E~02 478,00 +9.568E-01 -1,9333+12 +1,505E+00 +1.659F+70 +3.243E-04 +2.6BBE-02 +1.978E-02
FOU FTTIAZE=05 " F47635E6-02 #4. 712602 +72.00 +9,045E-I1 ~2. 749402 F1. JITEF0D F1. 775C+00 +5,931E~04"+0. 0006 =39 F2, THTE=0F T
4 +4.208E+00 +1,297E-02 46, 101E-02 +6.283E-02 +66.00 +8.345E-01 -3.4T65+02 +1.343E400 +1.992F+400 +9,981F-D4 +0.000E~39 +2.411E~02
T ETFAT223E400 +27010F-02 +7.500E-02 +7.854E-02 +50.00 +7.500E-01 -4.051E+)2 #1.250E+00 +2.179E+20 +1.450E=03 #0.000E-39 +2.735E-02 e
8 +44244E+00 +3,180E-02 +9.235E-02 +3.948E~02 452,00 +6,210E~01 ~4,5392+02 &1, L0SE4D0 +2.123F+10 42.745F=03 +0.000E-39 +3.276E-02
T EFACIR4EDD F376906-02 +9,853E-02 +1.075E-01 +48.94 +5.6856-01 -4,6333+D2 +1.045E4D0 +2,08BF4A0 +2.247F=03 +0.000F-39 +3.5126-02 -
+4.580E-02 +1.079E-01 +1,204E-01 +44,00 +4,844F-D1 -4.6753+32 +3,281E-01 +1.989E+10 +2.5765=03 +0.000E~39 +3.930E~02
F6.1B3E-02 +1.214E-01 +1.414E-01 +36.00 +3.4TAE~01 -4.449T¢32 7, 2336-01 +1. 7276410 2. TT4E-03 +0.000E-39 +4.588E-02 -
+7.958E-02 +1.324E-01 +1,6235~01 +28.00 +2.493E-01 -2.8323#)2 +5,453E-01 +1.6430+3D +2,8785-N3 +0.000E~39 +5,526E~02
+9.870E-02 +1,410E-01 +1.933E-01 +20.00 +1,758E-01 -2.1243+J2 +4.083E=01 +1.170F+00 +2.730F-03 +0.000F-39 +6.403E-02 -
8 +4,3356400 +1.1886-01 +1.467E~01 #2.042E-01 +12.00 +1,213E-D1 -1,5732¢32 £2.989E~01 +9.236E-11 +7.517E-01 0, 00NE—-39 +7.277E-02
e F4.348E400 +1.395E-01 +1.496E-01 +2.251E-01 +4.00 +A.138E-D2 -1.137E+32 #2.133E-01 +7.085F-91 +2.2237~03 +0.0N0E-30 +8.094E-02 -
+42 35BE400 +1,605E-01 +1.,496E-01 +2.451E~01 —4.00 4#5,274E~02 ~T.959Z¢J1L +lo+75E~0L +5.756E=21 +1.8B1E-03 +0.970E-39 +8.800E~02
—-“'a‘+4.3665+oo +17812F-01 +1.467E-01 +2.570E-01 =12.00 43,322E-02 ~5.4115+31 $3.951E-02 43.819F-31 +1.534F-03 +D.0N0E~39 +9.3556~08  ~—
9 +4. 9TIE+00 42,0136-01 +1,410E-01 +2.880E-01 -20.00 +2,009E~02 =3.5355+31 +5,%483E~02 #2.562C-11 +1.139E-03 +0.000E-39 +0.00NE~30
- 9 +4.435E400 +5.473E-01 +1.502E-02 +64502E-01 ~20.00 +2.009E~02 +3.0303-3) ¢4.825E-02 +2.258E-11 +2.732F~03 +0.000E~39 +0.000E-39 -
9 +4.499E+00 +8.933E-01 +1.1096-01 #1.0243+00 =20.30 +2.0096-72 #3.0302-39 #+,+B2E-02 +2.955E-)1 +4.255F-D3 A, DNDE—39 +D,H00E-39
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AT ALPHA = +6.0000E+0Ll, LEEWARD, RW
__SIN{THETAW) NEG. FOR X8 =
_SEC X0 1 X8 L Y8 L
4 +4.148E+00 +0.000E-39 +0.000E-39
4 +4.135F+00 +8.217E-04 +1.568E-02
4 +4.123E+400 +3.278E-03 +3.119E-02
T &T44.1126400 £7.342E-03 +4.6356-02

4 +4.102E400 +1.297E-02 +6.101€-02

47 +%,093E400 +2.010E~02 +7.500E-02

_3 +3,701E+D0 +4.127E-01 +7.550E-01

3 £37308EF00 +B.053E-01 +1.435E+00

3 +2.916E400 +1.198E+00 +2,115E+00

Tt 3TF2U623EH00 4145906400 +2. 795E+400
3 +2,1306+400 +1.983E+00 +3.4756+00
SF[.TIBEFV0 +2.3T6E+00 +44 1556400
3 +1.345E400 +2.T68E+00 +4e 835E400
TTTT3TEGL5276-01 +3.161E+00 +5.515E+00
3 +5.601E-01 +3.553E400 +6.195E+00
FOFITETSE=UT F30946E+400 +6.875E400

1 +1.362E~01 +3,980E+00 +6.931E+400
TUUTTFLIOS1ES0) +4.017F+00 +6. 9856400
1 +8.302E-02 +4.05TE+00 +7.037E+00

T I #87302E-027F4 U086 EFO0 +7.0TLE+00
1 +6.118E-02 +4.100E400 +7.086E+00
STTTTTHFATZSIES02 FETLASER00 7. 134E400
1 +2.T326-02 +4.192E+00 +7.179E+00
TTTTTITELUS30ET02 ¥4 J242E4007 7. 221E400
1 +6.848E-03 +4.294E+00 +7.261E+00
TTTTTTRYVII3E-03 #4034BE400 +7.298E+00
1 +0.000E=39 +4.404E+00 +7,333E+00

T 1 L TI3ES03TFGGABIEG00 ¥ 7. 364E400
1 +6.84BE~03 +4.520E400 +7,392E+00
TTTTTFILBI9ES02 F4.581LE+00 + 7. 41TEHO0
1 +2.732E~02 +44642E+00 +7.439E+00

T ¥4.259E702 4. T05E+00 +T7.45TE+00
1 +6.118E-02 +4.T69F+00 +7.473F+00

T YT ¥8.302E=02 F4L833E+00 +7.485E400
1 +1.081E=01 +4.898E+00 +7.493E+00

T TUTUFLOBB2ERDL 445963400 +7.49BE+00
3 41.6756-01 +5.029E+00 +7.S500E+00

T U3T4#5.601E-01 +5.814E+00 +7.500E+00
3 +9,52TE-D) +6.599E+00 +7.500E+00
TTTT3TRISIGSEFD0 WTL3B4EH00 +7.500E+400
3 +1.738E400 +8.169E+00 +7.500E400
~T""3 +Z.T30E400 +8.955E+00 +7.500E+00
3 +2.523E+400 +9.740E+00 +7.5006+00

- 37+2.916E400 +1,052E401 +7.500E+00
3 +3.308F+00 +1.131E+01 +7.500E+30

T BT+3.T01E+00 +1.210E+01 +7.500E+00
4 +4.0936+400 +1.288E+01 +7,500E+00

4 +4,102E+00 +1.290E+01 +7,499E+00

4 +4.1126400 +1.291F+01 +7.497E+00

- 4 +4,123E4D0 +1.293E+01 +7.493E+00
4 +4.135E400 +1.294E+01 +7.487€+00

4 +4,14BE+00 +1.296F+01 +7,480E+00

4 +4.162E430 +1.297E+0L +7.471E+00

4 +4.T7TTE+00 +1.298F+01 +7.461E+00

4 +4.192E400 +1.299E+N1 +7.450E+00

+4.0572E+00 IW =

=  +1.6970E+01l DELS =
+1.6970E+01 DELS =

58 L THETBL
+0.000E-39 +90.00
+1.571E-02 +84.00
+3.1420-02 +78.00
+4,7T12E-02 +72.00
+6.283E-02 +66.00
+7.83%E~D2 +60.00
+B.637E-01L +60.00
+1.5%3E+00 +60.00
+2.4345+¢00 +60.00
+3.219E+00 +60.00
+4.0055+00 +60.00
+4.7502+00 +60.90
+5.575E+00 +60.00
+6.360E+00 +60.00
+T7e1%5E+400 +60.00
+7.931E+00 ¥60.00
+7.996E400 +57.00
+8.061E+00 +54,00
+8,L27E400 +51.00
+B8.172E+00 +48.94
8, L F2E+0G0 +48.00
+8.25BE+00 +45.00
+8.323E+00 +42.00
+8.389E+00 +39.00
+8.454E+00 +36.00
+8.520E+00 +33.00
+B8.535E+00 +30.00
+8.550E+0D7 27,00
+8.715E+00 +24.,00
+8.781E+00 +21.00
+84847E+00 +18.00
+8.912E+00 +15.00
+8.978E+00 +12.00
+9.043E+00 +9.00
+9,109E+09 +6.00
+9,174E+00 +3.00
+9,240E+00 +0.00
+1.002E+01 +0.20
+1.08LE+0L +0.00
+1.160E+01 +0.00
+1.238E+01 +0.00
+1.317E401 +0.00
+1.395E401 +0.00
+1.4742+401  +0.20
#1.552E+01 +0.00
+1.531E+01 +0.00
+1.7292+01 +0.020
+1.711E+31 -6.00
+1.TI2E+D] =12.00
+1.7145+31 -18.00
+1.7158+491 ~24.00
+1.7175+01 -30.00
+1.T19S4+01 -36.90

+147222+01 —42.70 +3

+1.7222401 -48.00

+1.8342E-02 35402¢ =
+1.33%23-32 35421 =

-2.7396F+0N
-?2.7396F+22
PE/PS L NP/DS L AL ar L
+1.000E+00 -5.1535~0% +1l.573E+00 +0.0N07=-39
+9,89LE-DL -9.7252¢21 +1,55JE+D0 +2.384E-71
+9.568E-01 -1,923E+02 +1.506E+00 +3,524E-01
+9,045E-01 =2.749E+32 7 +3,534E420 #1.775E400
+B4345E~01 ~3.4TEHE+D2 +3.301E+00 +1.992E400

+7.500E=01 -4.051E+32 +3,3372400 +2.109E+00
+7,500F~01 #3,0)02-39 +#7,24%5E-01 +1.306E+JD
+7.500E~01 +1.T4TE+J0
+7.500E-21 +1.061E+20

=39 3,533E~01 +1.004E+00
=33 +3.233E-01 +9.638E-21
-39 #3.)013E-01 +9.270E-21
-3 #2,791E-01 +8.993E-91
-39 #2.511E-01 +8,7596~N1
-39 #2.%453E-01 +

+7.500E-01
+7.500E-01
+7.500E-01 +2.0)0
+7.500E~01
+7.500E-01 +0.000
+7.500E-01
+7.500E-01
+T«034E-0L 431 #3,45%E-01 48.6255—01
+6.545E-01 -5,3383+31 "¥3,454E-01 +8.767E-31
+6.040E-01 ~5.43024)1 #3.%41%E-01 +8.810E-01
+5.685E-017=5,550TF) [ #3,375E=0T +B. 7826=01
+5.539E-01 -5.5322+01 +3.35 01 +8.7565-01
+5.018E-D1 =5, 6TFTFIL” ¥I.TZFE-OT 8., 607E-01
+4.497E-01 -5.5323431 #3,2B85E-01 +8.3556-01
+3.982E-01 -5.490EF)1 +2.3213E-01 +8.034E-01
+3.515E-01 -4,65834)1 #2,577E-01 +7.5652E-01
+3.102E-01 -4, 120EF)E #¥2.455E-01" #7,246E-D1

+2.T34E-01 =3.67834)L +2,255E~01 464824E-01
+2.410E=-T1"=37303TFIT F297IE-DL #67405F01

+2.120E-01 -2.9535+4)1 +1,3D)E-0) +5.984E-01
+1.856E-01 ~27653T€31 F1 727601 +5.551E-21
+1.617E-01 -2,3315401 #1.552E-01 +5.141E-01

+1.408E-01 -2,1293+3Y #F1,¥12E<01 +40739E-"1
+1.224E~01 -1.90234)1 #1,272E-01 +4.357E~01
+1.055E-01 -1.56383+I17F+11FFE-01 +3.980E-11

+9.054E~02 -1.4393+)1 +1.213E-01 #3.614E-D1

+7.,795E-02 -1,318E+11 02 +3.285E~01
+6.659E-02 ~1.13382#)1 02 +2.957E-11
+6.65T7F-02 $5,%%5E5-02 +2,9188-71
+6.550€-32 +5,553E-02 +2.845E-21
+6.44TE-02 2 ¢3.42 +2,T7T7E-01
+6.348E-02 +5,29 +24T13E-01
+654206E-22 $5.139 +2.641F-01
+6,072E-02 5,35 +2.574E-71
+5,944E-02 +4,313E-02 +2.511F-91
+5.823E~02 +4.73 +2.452E-01
+5.745E~02 +4.55 +2.4D7F-01
+5.735F-02 4,40 +2.332E~01
+4,07TF-02 #3,351E-32 +1.902E~71
+2.849E-02 +5,525£-02 +1.494F =01
+1.943E-02 -3.4372¢31 +#5.)1JE~02 +1.149E~71
+1,295E-02 -2.4283+)1 +3.732E-0? +B8.656F-92
+8.464E-03 -1.6323¢)1 +2,333E~72 +5.4977-77
+5.385E=03 -1.136Z+)1 +4,6356-72

«598F-73 +3,0)0:-33 +3,4615=-32
+3.598F-03 #3,02)33-33 +3,531E~03 43,451F-12

RE L R L XST L
+0.000E-39 +2,0186-01 +1.834E-0
+1,1986-05 +1.7126-01 +1.926E=0 2‘"”
+4,677E-05 +6,028E=02 +2,206E-02
+5.931E-04 +3.571E502 +2.89TE=02™
+9,981E-0% +4,353E-02 409E~02
+3.450E~03 +5,3R56-02 #4.408E=D2
+1.595E=02 +0.000E-39 +4.6456-01
+3.044E702 +0.000E~39 +8.334E~01"
+4,6494E-02 +).070E~39 +1.153E+00
+5.943E<02 40,000F=39 +1.426E¥00°
+7,393E-02 +0.000 +1.651E+00
+8,843E502 +D. 000 F1.829E300
+1.029E-01 +0,0DOE-39 +1.957E+00
+1.174F~01"+07000E-39 +2L 032E¥#DD ™
+1,319E-01 +0.000E~39 +2.050E+00
+1.464E=0T¥0,. JU0OE=39" €2, 00FEFOD 77
+1.554E-01 +0.000E=39 +1,989E¢00
+1.629E-01"F0, D00E=39 +YTITIEFO0
41.683E-01 +0.000E-39 +1.975E+00
+1,710E=0Y +0000E~39"%Ts

+1.718E=D1 +D,0IDE~39 +1.976E+DD -
+1.735E501 0. 000E=39 ¥I.98.

+1.739E~0) +0,000E~39 +1.992E+00

+1. TO5E=DI F0.BOCE=3 » 1

+1.664E=01 +0,000E-39 +2.027E+00 "

+1. 61262017 ¥0, 000E-39"FZ, D52ZE+00
+1.551E=01 +0.000E~39 +2.081E400
+T.B86E=D1"+0. 000E=39 #2VTI4EFO0
+1.416E-01 +0.N00E-39 +2.152E400
+24342E-01 F0.000E~39 F2.V94EFOD™
+1,265E-01 +0.000E-39 +2,239E+00
+1.188€-01 +0.090E-39" #2,288E%00" """
+1.112E-01 +0.000E~39 +2.340E+00
+1.034E~01 +0.000E-397+2T395E+00
+9,557E-02 +0.000E-39 +2.454E+00
+3.838E-32" +D;DOOE=39 2.514E¥00
+8,119€-02 +0.000E~39 +2.575E+00
+8,900F-02 +0,000E-39 +2.735E+00 ™
+3,4NTE-07 0.000E=39 +2,729E+00
+9.995E-02
+1.0586-01
+1.119E<91
+1.151E-21
+1.211E-01
+1.259F-01
+1.313E-01
+1.374F-01

00

0BE-39
“+0,0005=39 07 00DE=TY
+0,000E-39 +0.009E-39
+9,000E=39 +D.000E-3F
+0,000E-39 +0,000E~39
+3.,000E-39 +0.00DEX3Y" ~
+9.000E-39 +0.000E-39
+1.117F-01 +0.000E-32 +0J000E~39 ™ —°
+8.927E-02 +9,370€-32 +3.D0)E-39
+6.9836-02 +0,000E~39 +0,000F~39
+5.35)€-02 +0,000E-39 +N,00NE~39
+440725F=22 +0.000E-39 +0,0NV1E=39
+2,959F-07 +0,0006-39 +0.000E-39
+2.233F=02 +7,DN0E-39 +1,000€-39
+2,261F=12 +1,)00E-39 +0.000E-39
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4 +4.20BE+00 +1.300F+01 +7.438E+00 +1,7236401 =54.00 +3,598E-03 #.0003-39 #3,331E=13 43.4576=77 +2.2437=N2 +),Q0NF-39 +0.000F-39
B +4.223E400 +1.3016+01 +7.425E+00 +1.725340) -60,30 +3.5986-03 +3,5313-03 +3.439%=72 £2,245F=17 +1,0008-39 +0,709E~39
B +4,244F400 +1.302E+01 +T.406E+00 +1.7273401 ~68.00 +3.598E~03 +).0302-33 #3.33DE-N3 +3,459F=17 +2,243F-12 +1,000£=39 +0.000E-39
B +4.2656400 +1.303E+01 +7.386E+00 +1.7295+01 -76.20 +3.598E-03 +1.0003-33 #3.5305-03 +3,438F=12 +2,251F=72 +7.700E=39 +0.00)E-39
T B +4.284E+400 +1,303E+01 +7.366E400 +1,7312401 -84.00 +3.598E~03 ¢3.0)05-39 #3,5308-03 +3.457E=17 +2,253F=)2 +0.000E-39 +0,N00E-39
__8 +4.303E400 +1.303F+01 +7.345E+00 +1,733E+01 -92.00 +3.598E-03 +0.0002-39 +3.53)2-03 +3.456F="2 +7,755E=07 +].2006-39 +0,300E-39
IST_ _XST . _ YsT s ST DTS ST THET ST SECT ALPHA e
31 +4,223356+400 +7.50000E400 +8.66354E+00 -6.6566TE+00 +D.032305-33 = 8  +90.90 .
_ IW SN xOW SN YOW SN XBH SN ¥BH SN SBW SY _THETY SN SECT  ALPHA
T #4,319TTE+D0 +T.46491E+00 +3.69)15E-02 +9.853206-02 +1.075023-)1 +%.33372E+01 8 +9%.M -
IL SN XOL SN YOL SN XBL SN YBL SN SBL SV THITL SN SECT  ALOHa .
8 +4.13519E400 +7.47135E+00 +3.690158-02 +9.85328E-02 +1.075326-)1 +4.33372E+01 4 497,09

=087

2L

I
1




>EBY

bgL

AT ALPHA = +9,0000E+01 WINDWARD, RW
THETAW LESS THAN LIMIT
X0 W XB W

SEC YB W

8 _+4.223E+00
8744, 244E+00

8 +4.265E400

T8 ¥%.284E+00
«303E+00
+320E400
8 +4.320E+00

T g F4I335E%00
8 +4.348E+00
8 F4.358E400
8 +4.366E+00
9 +4,371E+00
D _+4.4B5E400 866E-01
97 F4.599E+00 +8.492E-01

9 +4.563E400 +1.212E+00

G F4I62TEFOUTFLLETAEF 00

9 +4.691E+00 +1.937E+00
TTTTYTH4. T5SEH00 F2.300E400 +5.3136-01
9 +4.819E+00 +2,662E+00 +5,953E~-01

G 4, 8836400 +3L025E+00 +6. 5926201

9 +4.947€E4+00 +3,387E+00_+7,232E-01

0 +5,0L0E+00 +37750E+00 %72 871E-01

10 +5.010E+00 +4.125E400 +7.871E-01

-0.,000E-39
+1.460E-03
+5,811E-03
+1.297€-02
+2,279E-02
+3.509E-02
+3.690E-02
+£.963E-02
+6.612E-02
B.424F-02
+1.036F~01
+1.2406-01
+4.866E-01

+0.000E-39
+2,08BE-02
+44135€6-02
+6.101E-02
+7.949E-02
+9. 642E-02
+9.853E-02
+1.115E-01
+1.244E-01
+1,348E-01
+1.427E-01
+1.47TE-01
+2.117E-01
+2.T56E~01
+3.395E-01
+4.0356-01
+4,674E-01

+5.010E+00 +4.500E¥00 +7.871E-017
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III. COMPUTATIONS

A, BLOCK DIAGRAM

The

block diagram for Program 1885 1s shown in Figure }l. The overall program

is divided into five basic calculations:

1. The body geometry roufine, depicted in Figure lla,computes the body co-
ordinates at zero angle-of attack, locates the stagnation point at angle of
attack, defines the wind axes, and thereafter computes the body coordinates
in the transformed axis system. The array of body coordinates so gener-
ated is thereafter utilized to compute the pressure and heating distributions.

2. The pressure distribution routine, depicted in Figurellb,computes the
pressures utilizing several calculation models by testing the local slope,
curvature, and previous pressure value, The local slope and curvature are
given 1n the coordinate tables,

3. The laminar and turbulent heating routine, depicted in Figurellc,utilizes
the pressure distributions, surface distance information from the coordinate
tables, and thermochemical data from the oblique and normal shock routine
to evaluate the appropriate heat-transfer relationships,

4. The oblique and normal shock routine, depicted in Figure 11d,evaluates
all the necessary flow conditions behind oblique waves assuming equilibrium
thermodynamics.

5. The radiation heating routine, depicted in Figurelle,requires that the
shock layer thickness be defined everywhere and that the radiation intensi-
ties be determined at the body and at the shock.

SYMBOLS
Units

exponent on Lewis Number 1n stagnation -
point heating equation
specific heat at constant pressure 12/ sec? - °K

. : 2 2
dissociation enthalpy ft “/sec
static enthalpy behind oblique wave %) sec”
stagnation enthalpy ft 2/ sec?

-T74-
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INPUT INPUT

VEHICLE DATA FLIGHT DATA
RN, RSN, THN, THC V, TA RHOA, XN, XC, X0, XA
RSC, RC, LC, THB ALPHA

RSB, RB, THA, RA
RT, TH2G, TH3G

[
¢ OBLIQUE AND
—t ZERO ANGLE OF NORMAL SHOCK
ATTACKCOORDINATES (1885A) PROGRAM

STAGNATION POINT ~ je—
LOCATION +—-| OUTPUT GAMMAW l
AXES TRANSFORMATION UTPUT

SONIC POINT LOCATION

OUTPUT

XOTBL, SOTBL, MOTBL,
YOTBL, THETOTBL, DT/DSTBL

XOW, YOW, XBW, YBW, THETBW
XOL, YOL, XBL, YBL, THETBL

XOWSN, XOLSN, THETWSN
YOWSN, YOLSN, THETLSN

GAMMAW

OUTPUT GOES TO

PRESSURE DISTRIBUTION
LAMINAR AND TURBULENT HEATING
RADIATION HEATING

85-0269

Figure 11a BLOCK DIAGRAM FOR PROGRAM 1885 -- BODY GEOMETRY ROUTINE
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BODY GEOMETRY »| STAGNATION POINT
ROUTINE QUTPUTS VELOCITY GRADIENT
METHOD SELECTION
NEWTONIAN
»{ PRANDTL MEYER
CONSTANT
ENTROPY LAYER
OUTPUTS
PE/PS (W), DPDS
PE/PS (L)
OUTPUTS GO TO
LAMINAR HEATING
TURBULENT HEATING
RADIATI ON HEATING
SHOCK SHAPE
85-0260
Figure 11b
BODY GEOMETRY INPUT PRESSURE DISTRIBUTION
ROUTINE QUTPUTS HEATING DATA ROUTINE QUTPUTS
T8, PR,
LE, LX,J
THETAT
OBLIQUE AND

NORMAL SHOCK
(1885A) PROGRAM

4 Y '

l LAMINAR AND TURBULENT HEATING I'—L>
4
'OUTPUT

QR, QT, QRS, QTS

85-0261

Figurejl} ¢
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INPUT

FLIGHT DATA

X0,XC, XA

PROGRAM 1885A

> ITERATE ON DENSITY RATIO

V, RHOA, TA, XN

UNTIL ENTHAPLY AND PRESSURE
ARE SATISFIED

|

i

OUTPUT

QUTPUT GOES TO
PRESSURE DISTRIBUTION

RHOW, RHOWS , TW, TWS
PW, PWS, THWL, Yw,

uwW, W, HD

85-0262

BODY GEOMETRY
ROUTINE OUTPUTS

Figure 114

"JLAMINAR AND TURBULENTHEATING
RADIATION HEATING

INPUT

PRESSURE DISTRIBUTION
MM, NN ROUTINE OUTPUTS

r

|
>

85-0263

SHOCK SHAPE

RADIATION HEATING

OBLIQUE AND
NORMAL SHOCK
(1885A PROGRAM

Figure ] 1Ie

OUTPUT

QR, XSI
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I

LC

s

9t

radiation intensity at edge of boundary layer

radiation intensity behind oblique shock

index for body shape;; =1 is axisymmetric;
0 is two dimensional

Lewis Number

cylinder length

mean molecular weight of atmosphere

polynomial exponent for radiation profile

flight Mach number

polynomial exponent for mass flow profile

ambient pressure

pressure at edge of boundary layer

reference pressure; P, = 2116, 2

pressure behind oblique shock

stagnation pressure behind oblique shock

stagnation pressure behind normal shock

sonic point pressure

stagnation pressure at edge of boundary layer

laminar heat rate

stagnation point heat rate

turbulent heat rate

radiative heating rate

_78-
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Btu/ £t3- sec

Btu/ft3 - sec

1b/£t2
1b/£t2

b/ £t°
1b/£t%
b/ 2
b/ £t%
/8%
b/t

Btu/ftz- sec
Btu/ftz- sec
Btu/ftz- sec

Btu/f’cz—sec



RA

RB

RC

RSB

RSC

RSN

RT

‘

universal gas constant; R = 89500
radius of rear spherical cap

radius of flare

radius of cylinder; reference radius
radius of nose cap

toroidal radius at flarle base
toroidal radius of fore cone base
toroidal radius following nose cap’

base radius of truncated after body

surface distance in zero angle-of-attack coordinates

measured from stagnation point

surface distance in wind coordinates measured

from stagnation point

surface distance from zero angle-of-attack stagnation

point to stagnation point at angle of attack
surface distance fo sonic point

ambient atmospheric temperature

body surface temperature

temperature at edge of boundary layer
reference temperature; To = 273.16
temperature behind oblique shock* :

stagnation temperature behind oblique shock

stagnation temperature behind normal shock

-79-
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ftZ/secz—oK

feet

feet

feet
feet
feet
feet
feet

feet

feet

feet
feet

feet
°K

oK

oK
°K
°K

°K



xo’ yo
Vb

* *
14

X
05’ Yos

Ya

Yw

stagnation temperature at edge of boundary layer
velocity at edge of boundary layer

velocity behind normal shock

flight velocity

body coordinates at zero angle of attack

body coordinates in wind axes

sonic point coordinates in wind axes

angle-of-attack stagnation point coordinates
measured in zero angle of attack coordinates

compressibility factor; number moles per
initial mole

angle of attack

pressure gradient parameter

ratio of specific heats for ambient atmosphere
adiabatic exponent behind obligue shock
adiabatic exponent behind normal shock
adiabatic exponent at edge of boundary layer
ambient density of atmosphere

density behind oblique shock

density at edge of boundary layer

stagnation density behind oblique shock
stagnation density behind normal shock
density at body surface

density at body surface at stagnation point

-80-
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or
ft/sec
ft/ sec
ft/sec
feet
feet
feet

feet

degrees

slug/ft3
slug/ft3
slug/ft3
slug/ft3
slug/ft>

slug/ft3

slug/ft3



stagnation aensity at edge of boundary layer
angle corresponding to local body slope
oblique shock angle

flow deflection angle behind oblique shock
viscosity evaluated at (Ty)

viscosity evaluated at (T,)
viscosity evaluated at (Tg)
coordinate normal to body surface

shock standoff distance normal to body

Prandt]l Number

C. EQUATIONS

slug/ft3
degrees
degrees
degrees
b-sec/£t?
Tb-sec/ft2
lb-sec/ft?
feet

feet

The equations for generating each section of the shape are summarized below:.

1.

Shape Generation Equations

Section 1, (Nosecap)

Coordinates Formula Independent Variable Lamats
X X, =0 0, = 90, 6; = 9N

X, - X X=RN(1—sm9) 91591 90

X x1=RN(1-—sm9N) (1)
Yo Yo =0

Yo * V1 y = Ry cos @

¥i y1 = Ry cos Oy

-81-
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Section 2.{Torus) Ind. Var {g)

X = Xy X = %] + Rgy (sm Oy —sim 9), 6; = Oy

Xq %y = ¥; + Rgy (sin GN — sin 02) (2)
0, 0< 6y

¥1 > V2 ¥ = ¥y +Rgy(cos 6 —cos Oy), 8, =0, cone

s ¥2 =¥y + Rgy (cos 6 — cos 6y), 0y = B tension shell

0, = 05 general shell
Section 3. (Cone)

Cone: Input 0.= 6,

Xy > X3 x = %y+(y—yp)cot O,

x3 %3 =%y +(y3 —yz) cot 0 )
Y2 7 3 y =y V25753

¥3 ¥3 = Rg = Rge (1= cos 8,)

Section 3.
Tension Shell:

(1 +cos @ 1/2
In

y = Y32+(Y22—Y32) ————l%nc—es—ﬁ B<o<o0 (4)
O
In (_
sm B
¥y
x—x2=f cot 8 dy ¥2 £y <vy3
72
2 2
o i-3)
d: _ 2 3 v3 = Re — Rg,
2y (sin? ) In m
s f3
-82-
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Section 3. , General Shape: Input Coordinates

Table of x

25 poants

Table of y
Firstpair of coordinates arex;» vy, (5)
Last pair of coordinates are X35 y3
Also, 02G N 636 .

y3 = R, - Rsc (1 —cos 93(;)

y2 = v + Rgy (cos GZG — cos GN)

Section 4, (Torus)

Coordinates Formula Independent Variable Limits
X3+ X4 X = X3+ Rgo (sin 03—sin 9)

x4 Xy = x3+Rscsm 03 020393 (6)

¥3 * ¥4 y = y3+Rsc (cos 6 — cos 03) 93 = 95, cone

Y4 v4 = R 8; = 90, tension shell

93 = ‘93G’ Gen. Shell

Section 5. {Cylinder)
Ind. Var. (X)

X4 > X5 X = x x4 S x Sx4 0+ Ox
x5 x5 = x4 + Mx Ax < L, (7)
Y4 2> Vs Y=Rc

Section 6, (Flare) Ind. Var. (y)

~X5 = Xg x=x5+(y—Rc) cot GB
x4 xg = x5 + (yg — R) cot Oy
ys » 36 y=y ¥s £ ¥ 2 V6 (8)
Y6 ¥ = Rpg — Rgp (1 —cos 95)
83~
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Section 7. (Torus)

Xg > Xy X = xg + RSB (sin 95 - sm 8)

xy %7 = % + Rgp sm Oy 0<6<0 (9)
¥g 2 ¥y ¥y = y6 + Rgg (cos 6 — cos o)

Y7 y7 = Rp

Section 8. {Torus)

Xy > xg X = Xy — Rgg sm @
(10)
xg ¥g = x7 ~ Rgp sin 6, Gpx6<0
¥7 > v8 ¥ =7 — Rgp(1 - cost)
¥8 ¥g = ¥7 = Rgp (1~ cosdy)
Section 9. (Aft Cone)
xg > xg X = xg + (y — yg) cot 64
g %g = xg + (yg — yg) cot G, Yo £V £ vg (11}
¥g * Yo y=v
Y9 Y9 = Ry cos 0, , o Y9 = Ry (optional)
Section 10. (Aft Cap)
Xy = Xq ~x=X9+RA(sm6A—si.n0)
X0 Xj0 = X9 + Ry (st 6y + 1) ~90 £ 6 < (7% (12)
Yo = Y10 y = Ry cos &
10 yip = 0
Section 10. {Truncated Base)
X = X9
y=y 0<y <Ry
Y10 = 0
vy = Rp

-84-
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2. Surface Distance Equations

Section 1,

Section 2.
$1 > 5

5,

Section 3.

Sy = 83

53

Section 4.

S5 » 54
Section 5.

Sg > S5

Formula
So =0
(90 — 6yy)
S R
N 53
(90 - 8y)

Oy -0

S =5 + R —_—
17 7SN 573

0y <

Sy = 81 + Rgy (O — 6,)/57.3

(X-Xz)
S =S5 —
2 cos 0
(x3—X2)
S, =S =
3 2 cos Gy

S = S3 + Rge (03— 6)/57.3

S = S4 + (x—X4)

-85~

503<

*2

Limats
<69 (13)
<0< 6 (14)
<x<xg (15)
=6,

(16)

0<o<o U7

x4 £ x £ x5

(18)



Section 6,

S5 » S S =85 + (x—xs)/cos ) x5 < x < xg (19)
Section 7.
(05 - 0)

Sg - Sy S =S +Rpp — 0<6< b (20)
Section 8.
S; » Sg S = S; — Rgp (6/57.3) 0y <00 (21)
Section 9.
Sg - 89 S =58+ (-~ Yg)/Slﬂ 0a Y9 ¥ S vg (22)
Section 10.
S ~ Sy § =5y + Rgy (64 — 0)/57.3 90 < 056 (23]

or S=S9+(RT—y) 0 <y <Ry
3. Axes Transformation
¥y = [ (v, = ¥gs) cosa + (x4 — xog)smal (24)
xR = (x, — xos)cosu —(yg = yos) sin a (25)
Body slope and surface distance at angle of attack.
4., Windward Meridian
Proceeding from X, = x . I direction of increasing (xo )
Oy = 0y + a
Yo used 27)
Sp = S ~ Sos
When (x,) .. 1s reached, reverse direction to decreasing (x,), and use,

O = a =6, — 180

“Yoused

Sp = 2685)nax ~ Sos — So

128)



5. Leeward Meridian

Proceeding from X, = X in direction of decreasing (xc)

6y = 180 -0, - a

*¥ used (29)

Sp = Sps — 5o

When (x0 =0)1s reached, reverse direction increasing (xo }» and use,

O, =06, — a
~Yo used (30)
Sy = Sos * So

6. Sonic Point Location

¥s
2{yg - 1)
2 ¥s
¥ -1
6, = sm l:y.s__;ljl (31)

7. Equation and Logic for Stagnation Point Location

Test each section for all possible cases of ¢ + 6, = 90. Select stagnation
point at maximum x, ,

g = Yos SHM@ — X, cOS @, (32)

8., Oblique Shock Equations

M= 28 X¢ + 32X + 44X + 40 X, (33)
Cp = ®RM B.5Xy + 3.5 Xy + 25 ) (34)
2
H=(V/2)+ T, (35)
M v
a” 72
Cp T, /
CM (36)
R
R



(CM/R)
(37)

T2 T TR -1
2 2
h, M _ HM 1 v Pa 2, P
RT,  RT, 7 [\p,) T OWTET (38)
2
Py [ p P
= 2wl g, <_-i)+ = (39)
Po P, Py Py
9, Obligque Shock Solution
P, M
Pw = ZRT. 40
it ZRT, (40)
2 2
(Uw 2, ( Pa ) 2,
v T e Py B (41)
cos? O, * (pa/pw)sin2 2
cot & L= 4
w s 8, cos 6 (1 —pa/pw) (42)
po/Py + 1
y = ——
¥ pylpy ~ 1 (43)
1
I
Pa Pa Py
PWS PW
P, P, (45)

-~88-
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Start oblique shock calculation at 6, = 90 degrees When I, < INST®P cease
calculation of I, at smaller g s At this tume the value of y, 1s taken as

Oy < 6‘;
, Y« T Ya ’
Yoo = Ve * (———l—(ew -6, (46)

(ev;—”'a)

where HW' 1s first angle where Iy iINST¢)P and yw’ 15 corresponding y .

—1 1
#a = ST o— {47
a
Pw (yo + 1) Ma2 sm? Gw (48)
Pa [(rg = 1) M? sin? 6 + 2]
a

1_ 1s taken as zero for § < @~
w w w

Remainder of shock variables via Equations (38), (39), (40), (41), (42),
and (44)

10. Equations for Pressure Distribution 0 <8, < Sb*
2 ‘
* -—
Pe 2 ¥s—1
P, \y +1 (49)
2 * 2 2 *
e (pa v ) (Sb du) (sb ) B (Pavz)(SO)
=1 - — —. T — ] #|l7=~1+ —|
P, Pa \2 P Vo ds s P, Pa \2P,
* 2 4
(Sb du) ](Sb >
v ds *
Sy
P, N
p = sm 6, (51)
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11, Pressure Distribution Sy > S':

Equations for

Newtonian

P P
P_e_ = sm? O, + 2 cos 2 /8 (52)

s

PC: Pressure is constant = last value

Prandtl - Meyer: Use table look up

P./P, mital val. > smitial v;

vy o= vk (61 - ei) (53)
v o~ Pe/Ps

Pressure Limit
P, P, (54)
=, 2
PS PS

Entropy Layer
i Py (dP> ¢ ) ! (55)

= + [ X - X -

P, P, dx J; 1 VP

Entropy Layer Equations,

cy=0
- ys + 1

d(P/Py) Ys <Pe) vs

dx,, T B, ‘\p, {56)

l—ys
Py ¥s Ybb P,
By, = (y. - 1) .
2 d;
s P, p, b
0
-90-
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T PRne "L’["[‘H
EEmml b

i=l
ys+1
Ys
d(P,/Py) Ys P,
axy — = Tl‘ N © ) lypptan by + tan? O, (x—xpp) . (57)
s
7
1
P, P, N .
P, P,
— ZBI(P ) *+ Dygy + an 6 (=) 1 2
1o —=_ & s
PS PS
1y,
~ - Y,
Pep ¥s 5 Pe
1= (-1 ¥y dyp
s 0
( tb) subscripts refer to start of straight section (_._- 0} and to
conditions there.

ds

12, Stagnation Point Velocity Gradient

An average stagnation point velocity gradient is needed to evaluate heating.
A velocity gradient is obtained for both the windward and leeward meridians.
For

0<a<90 ~ 6y and (180 + ;) < a < 180

du)  fdu 1 fau 1 fduy (58) -
i) T\E L T2 \E e T2 \S ) e .

For {90 - gy )<a < (180 + 6, )

du 1 du 1 Sma 3pa . (59)
—_) = g — :
ds /s 2 ds 2 (yos)

s Ps

:

~91-
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RE-CE

Lb-H7

where (y )is the value of y in zero angle of attack coordinates corres-

ponding to the new stagnation point.
13, Lamunar Heating

0.1
0.76 Pbs Mp \/——- H du
s = 0.0.6 P He Ps s 778 ds f

b
D
1o+ (L% - 1) —
( )H

aw w el (1+0.09 V8 2
s (LewV2é |/, oot (d_“> y;u
w.L

ds

L <‘11_ ) aLs
-_— ={— 1} x -—
¢
@) .o \us as), _

P.M

RTy,

0

Pbs =

= p(T) Table took up

P, M
= rTy - :

14, Equations Modified by THETAT Input

T,
e
Ue=\/2H 1- T—r

Ty = T, (THETATD

Te P, P
Tr Py Pr

Ve =1
Ye

-92-
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(60)

(61)

(62)

(63)

(64)

(65)

(66)

(67)

(68)



Ye = ¥y (THETATT)

PT’ - Pws (T]'IETAm

Pe Pe
PT Ps

P

Py

X

p'r = Pws (THETATT)
15. Reynold's Number

Re =

He

Pe Ue Sp

16, Laminar Heating Parameters

s

)
2
f"f oty Ue v) 48 + &

For,
<8
2 + 2
‘- au 8,
=~ Pbs Mo \3g (2) + 2)
i /an\
8 - -2¢& d P,
s,

2
(Pe Ue? pp 1y Y52

17. Turbulent Heaung_

qT =

S

2(778)

Pe U

H

(69)

(70)

{(71)

(72)

(73)

(74)

(75)

(76)

(77)



s

0.0296 (292
£, =

()T ®

= p(T*)

T* =

/3 Re0-2

*, 0.2

T,

T, {1+ 172 (

b
T,

18, Radiation Heating

19. Shock Shape

bo

where,

T.
_1)+ 022 (@) /3 ( T )
e Te

(x, + Ag) cos 8, ~ yp (1-sm )

cos 6 — s

X Vb are taken as

X =

X =

*
x, and yp =y

*pp 2nd ¥ = Vpp

(6, — 6

a0

— <0 0 <S8 <8§*,0r

ds

d6 .

'gg‘ =0 and =xp* o (Aso)

46 N

i 0 and x* 5 (Aso)
~94-
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(78)

(79)

(80)

(81)

(82)

(83)

(84)

(85)



&y cos G + 3y (86)

cos O,

c1§w2+c2§w+c3=o

(Positive Root) (87)
U
1 pe U, 1 Py Uy Pe e 2
Cy =2 G §~—— — — & — ——cos(f ;-6 ) - — — — cos” 6
1 cos b{z X v "+2[Pa v wL™ b Pa v b
Pe Ug 1 Py Uy Pe Ue
Cy=2p<— — + — | — — cos(f ;- 6 )——— — [r— 2y, cos §
2 Yb{pa v 0+ 1] p, v wL™ % by Vv b b
C3 ==Y
=0
. b (88)
¥ Pe Ue 1 Py UW Pe Ue
— — = cos (O ~ 6) —— |~ cos 6
Py vV n+l|p, V [

Determination of &, :
Y2 (1-Bean? 6,) + Yo, (2R, tan 6, + 2B(X, + A tan 0 + 2BY, tan? 6]

—2Rg [Xy # A + ¥y, tan 6] — B (X, + A2 — BY,? tan? 6 — 2B(Xp, + Ay Yy can §, =0 (89)

2R, + 2B [Xp + Ay — (Y, ~ ¥p) tan 6, ]

i = 0
Tan 0 f v, (90)

Evaluate B at first point where b, <o.

(Y, + &) tan 0, ~ R,

== v * (91)
X, + Ag)



(¥ + &) R,

(92)
Tanl, = — — o
an 6, X1 B, A
(93)
£(6,,,0) from equations 87, 88
Solve for £,0.,(S)
Yy - Yy
T TGy (94)
fw cos 6,
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IV, IBM ROUTINES

A, PROGRAM FLOW

The program flow for the A and B parts of Program 1885 is illustrated in
Figure 12 below,

1885A PROGRAM FLOW

18854 l ] ACQUIRE lso 70
MAIN PROGRAM INPUT > SUBROUTINE OBLIK hEXTCAS

1885B PROGRAM FLOW

18858 ACQUIRE ACQUIRE SHOCK CALL SUB 210
MAIN PROGRAM INPUT PROPERTIES a=0 COORDINATES

CALL STAG PT
TRANSFORMED
COORDINATES

DO LOOP 10
CONSIDER A
VALUE OF ¢

1003 CALL WIND
WINDWARD SONIC
POINT

1007 COORDINATES
ARE
COORDINATES

NEXT CASE

- CALL PREP
AR 1018 COMPUTE Yes( =0 WINDWARD
L, QF, REY dn/ds/a=o, QLS/a=0 2 PRESSURE
- AND du/ds
No
CALL GETDS CALL FINDRW CALL GETQRS
COMPUTE STAG POINT SHOCK { .| SONIC POINT SHOCK | ] QR FROM STAG TO
QTS/ g =0 DETACHMENT DETACHMENT SONIC POINTS

CALL DXS10T

00 L0OP 1000 COMPUTE QR AND SHOCK
a=o OUTPUT eEtio Sonic

1005 CALL LEE
LEEWARD SONIC
POINT

CALL DXSIDT
QR AND SHOCK
BEHIND SONIC DO LOOP 1001
POINT

CALL QCONV
LEEWARD QL,aT,
AND REY

CALL GETDS
STAG POINT

CALL GETQRS
QR FROM STAG

DETACHMENT DETACHMENT TO SONIC POINTS @=180 QUTPUT
)

1027 COMPUTE CALL GETBS CALL GETDS CALL QCONY

STAG PT SHOCK LEEWARD STAG WINDWARD STAG WINDWARD QL, 1026 COMPUTE

DISTANCE, DELS PY SHOCK DISTANCE PT SHOCK BISTANCE QF, AND REY AVERAGE du/ds

CALL FINDRW CALL GETGRS CALL DXSIDY

WINDWARD WINDWARD QR BE- WINDWARD SHOCK DO LOOP 1024

SONIC PT TWEEN STAG & & QR BEHIND SONIC WINDWARD

SHOCK DISTANCE. SONIC PT PT OUTPUT REY
00 LOOP 1025 CALL DX5IDT CALL GETQRS CALL FINDRW
LEEWARD LEEWARD QR & LEEWARD OR BE- }+ LEEWARD SONIC
OUTPUT SHOCK BEHIND TWEEN STAG & PT_SHOCK

SONIC PT SONIC PT DISTANCE

850264

Figure 12 PROGRAM FLOW
-97-
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B. COMMON STORAGE

Common data in 1885B 1s transferred between subroutines and the main pro-
gram for two primary purposes, the first for computing zero angle-of-attact co-
d(P./Pg) dz
ordinates, {SUB110) and for computing the derivatives v (PREP) or 5
X

(DXSIDT), where the ADM4RB and DEREQB predictor-corrector system 1s
used to solve numerically one or the other of these differential equations. Note
that the CGMMON DATA variables XMEM® and THETAC appear in equivalence
statements, and are thus the first items in common storage core locations.

ALPHA a Program 5UB110 Array of angles of attack.
Input Input
BETA B Program SUBI110 Tension shell angle.
Input Input
CTHSTT DXSIDT DEREQB  Value of cos (THSTRT) at start
Input of integration interval.
DATE Program In to Identification number.
Input SUB110
DNI Not currently used.
DN2 Program PREP Lower bound for accuracy in
Input Input integrating d(Pg/Pg)/dx
a6, a6,
DTDSO ! SUBIO SUB110  Array of —— for a= 0 coordi-
o1 Output nates. dSo,
dé
DTDSST DXSIDT DEREQB Value of I3 at start of inte-
Input b
gration interval.
46, e,
DTDSTB —_ Program SUBI110 Array of —— for general shape.
ds; Input Input s,
GAMS Vs Program DEREQB  Value of y, for calculation Input.
Input or Input
1885A
GM IpG Main DEREQB  (y, - /7,
Input
-98-
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GPLOG
GSPB  y/B

HAMB H

ICASE CASE
ILINE

101

102

IOTBL
IPAGE
JELDw Xy
JOMAX

KINDEQ

NALPHA

NUMBER

Main

PREP

Program
Input or
1885A

Program
Input

Main

SUB110

SUBLI1O
Program
Input
Main
Program
Input
SUB110

DXSIDT
or PREP

SUB110
Program
Input

Program
Input

DEREQB
Input

DEREQB
Input

DEREQB
Input

In to
SUB110

SUB110
In & Out

SUB110
Output

SUB110
Output

SUBI110
Input

SUB110
In & Out

DEREQB
Input

SUB110
Qutput

DEREQB
Input
SUB11i0

Output

SUB110
Input

In to
SUB110

-99.
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(yg + D/

ys/By or Ys/Bj used to integrate
d(P/P)/ds

Enthalpy used to compute U./V ,
ete., for shock and radiation.

Ident1fié: ation number.

The page number on printing
a = 0 coordinates.

Sentinel 1, 2, 3, 1f section 3 is
cone, tension shell, or general
shape.

Sentinel 1, 2, if section 10 1s
sphere of flat base.

If = 1, a= 0 coordination are
printed.

Page number on printing =0
coordinates.

Sentinel for 1-D or 2~D flow.

Number of points in « = 0 coor~
dinate tables,
4P/ Py)

If 0, integrate , if >0,

mtegrate d&/ds, .

Array of section numbers for
a = 0 coordinates.

Number of angles of attack on
the array ALPHA,

Identification number,



DdGS

PAPDS

PIR

PSTART
PSTQP

RA R,
RAD

RB Rg
RC Rc
REYT
RHGA Py
RN Ry
RSB Rgp
RSC Rge
RSN Rgy

Main

PREP

Main

DXSIDT

DXSIDT

Program
Input
Main
Program
Input

Program
Input

DEREQB
Input

DEREQB
Input

SUBI10
Input

DEREQB
Input

DEREQB
Input

In to
SUB110

DEREQB
Input

In to
SUB110

In to
SUBL10

Not currently used.

Program
Input or
1885A

Program
Input

Program
Input

Program
Input

Program
Input

DEREQB
Input

In to
SUBI110

In to
SUB110

In to
SUB110

In to
SUBI110

-100-
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/ys.

Value of P,/Pgas a lower pres-
sure limat for d(P,/P)/dX 1in-
tegration.

deg/rad,
Value of P,/Pg at start of inte-
gration interval.

Value of P /P at end of integra-
tion interval.

Aft cap radius.

rad/deg,

Flare and aft cone base radwus,

Cylinder and cone base radius.

Ambient density.

Nose radius.
Toroidal radws.
Torowdal radius at base of

cone.

Toroidal radius aft of nose.



RSGRA  p/ps

RT R,

RTBL Y

SECTN

SO S

SQ2ZHV2

SSTART

SSTQP

TA T,

TABLE

TANTB

TANTB2

TB T

THET

Program
Input or
1885A

Program
Input

Program
Input

Main
SUB110
Main
PREP or
DXSIDT
DXSIDT
Program
Input or
1885A
Program
Input oxr
1885A

PREP

PREP

Program
Input

GETTWG

DEREQB
Input

In to
SUBI10

SUBI10
Input

SUBL10
Input

SUB110
Output

DEREQB
Input

DEREQB
Input

DEREQB
Input

DEREQB

DEREQB
Input

DEREQB
Input

DEREQB
Input

DEREQB
Input

DEREQB
Output

-101-
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Value of pg/py for calculation.

Base truncation radius.

Array of y, for general shape.

Section number for labeling.

Array of §) for a = 0 coordinates.

(2H/V2)1/2

Value of S, at start of integra-
tion interval.

Value of S, at end of integration
nterval,

Ambient temperature.

Two~dimensional array of oblique
and normal shock propertfies.

Value of tan (6}, ) at start of
straight section for d(P/Py)/dx
integration.

TANTB?

Body temperature.

Value of 6 corresponding to S,
in integrating d£/dS, .



THETAA 6,

THETAC 6

THETAN 6y

THETAO ¢

THETB 22

THET2G 6,

THET3G 6

THSTRT

THWGS

THWLIM

TWOBB

UPI1

uP2

XA X,

Program
Input

Program
Input

Program
Input

SUB110
Program
Input

Program
Input

Program
Input
DXSIDT

GETTWG

Main

PREP

In to
SUBI110

In to
SUBL10

In to
SUB110

SUB110
Output

In to
SUB110

SUBIL10
Input

SUBI110
Input

DEREQB
Input

DEREQB
Output

GETTWG
Input

DEREQB
Input

Not currently used.

Program
Input

Program
Input or
1885A

Program
Input or
1885A

PREP
Input

DEREQB
Input

DEREQB
Input

-102-
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Aft cone angle.

Fore core angle.

Nose cap angle.

Array of §, for a = 0 coordi-
nates,

Flare angle.

Angle at first point on general
shape.

Angle at last point on general
shape.

Value of Hb at start of integration
ainterval.

Value of 6y corresponding to &

from da¢/ds, .

1.1 sin-l 1 ),
MACH

lower limat to Gw for d{-'/dsb .

2B, or 2B, used to integrate
d(P/Pg)/dx

Upper bound for accuracy in
integrating d(Pe/Ps)/dx .

Vehicle velocity,

Mole fraction of Argon in
undissociated mixture.



XC Xc Program DEREQB Mole fraction of C@2 1n undis-
Input or Input sociated mixture.
1885A
XGB Not currently used.,
3
XLC L Program In to
Input SUBI10 Cylinder length,
XMEMG MEM@ Program In to
Input SUB110 Identification number,
XMMX MM Program FINDRW  Used by FINDRW or DXSIDT
Input or to compute QR.
DXSIDT
Input
XN N Program In to Array of divisions per body
Input SUBI110 segment,
XNN XN Program DEREQB Mole fraction of Ny 1in undis-
Input or Input sociated mixture,
1885A
XNNX NN Program DEREQB Used to compute shock
Input Input shape.
X0 X, SUBI110 SUBL10 Array of x, for a = 0 coordi-
' Output nates.
Xg qu Program DEREQB  Mole fraction of @, 1n undisso-
Input or Input ciated mixture.
1885A
XSTART PREP DEREQB Value of %, at start of straight
Input section for d(B /P_)/dx inte-
gration,
XTBL X, Program SUB110 Array of x, for general shape.
Input Input
YGB Not currently used. =~ **
YO Yo SUB110 SUBL10 Array of y, for a = 0 coordmnates,
' Output
YSTART PREP or DEREQB Value of Y, at start of integra-
DXSIDT Input tion interval,
~103-
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C. 1885A SUBROUTINES

CALLING SEQUENCES

@BLIK

Variable

Input or Output

Source

RHQA, Sa,
ambient density

Input
Program Input

XA, argon mole
fraction in atmos-
phere

Input
Program Input

XC, COp mole
fraction in
atmosphere

mput

Program Input

XN, Np mole frac-
tion 1n atmosphere

Input
Program Input

Xg, Oz mole
fraction 1n at-
mosphere

Input
Program Input

XPL, print sen-
tinel for con-
verged iteration

Input
Program Input

XPE, print senti- | DELAL, move-

nel for each
iteration

Input
Program Input

ment 1n wave
angle table

Input
Program Input

TA, Ta, am-
bient tempera-
ture

Input
Program Input

V, velocity

Input
Program Input

TABLE, table of IG@QF, senti- | PATAB, prant PA, ambient HA, a2mbient AM, Mach

oblique shock nel >1 1if solu- | sentinel pressure enthalpy number

data tion 1mpossible

Output Output Input Output Output Output

OBLIK PBLIK Program Input @BLIK @BLIK PBLIK

XM, mean mo- HDHS90, dis- QINSTP, lowest

lecular weight sociation energy| radiation

of atmosphere for normal shock| intensaty

Output Output Input

PBLIK OBLIK Program Input

PHIL Variable TABLE, table of ITH, index of DELAL, wmcre- | IGOOF, sentinal
shock data last TABLE com- | ment >1 1f solutron
puted ntensity 1mpossible

Input or Output | Input/Output Input Input Output
Source OBLIK/PHIL OBLIK Program Input | PHIL

Calling sequences for all other subroutines are as in Section 1883
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1. @BLIK

Purpose: To perform the oblique shock calculation and prepare a table of
shock data, TABLE.

Method* TABLE 1s a two-dimensional array 46 x 13. The 13 columns con-
tain the variables 6y, (THW), py /p, (DENINV), pyUy/p, vV (DENINV- UWGV),
Oy (THWL), yy (GAMW), Ty(T), Py /P, (PRS), Hy/H(ENT.R.TO/(XM. HH)),
pys/pa (RWSQRA), Py /B, (PWSQPQ®), TWS (T -HM@RT Z/ENT), IW
(2-QSUM/DEL), and IB (2-QSUM/DEL), where IB 1s evaluated at the en-
thalpy ENTB.

After initializaing TABLE, defining output names {ZNAMI and ZNAM2),
@BLIK computes ambient conditions and selects the proper set of tables of
temperature and enthalpy for the atmosphere. This is done before HVST 1s
called after statement 1001. A loop from 1002 to the statement before 1024
then decrements the value of 8y in decrements of DELAL until the lower
limmt mn 6y is reached and solved (If test before 1006), or until the wave
intensity (TABLE(ITH, 12)lis less than the input INSTQP (test after 2005).

The first 6y 1s for the normal shock (90 degrees), and the calculation 18

done in the same way as described in Program 1883. Provision for this
special case is made by the IF test before statement 1017. For all other values
of an iteration on the density ratio is performed, convergence being determined
by two successive values of the density ratios differ by less than 1 percent
(IF test before Statement 1022), The iteration for such value 90 > 6y > THWL
is as follows. Given a first guess for the density ratio (DENR) from the
preceding computation, the pressure and enthalpy are expressed as PRS and
ENT (after Statement 1021) in terms of DENR, 6y, and the ambient condition,
HEAT?2 is called which, as in 1883, converges on the pressure and enthalpy
and in the process computes a new density ratio which, for convergence,
approaches the estimated value. Corresponding to the last iteration 1s the
radiation QSUM, which is simply related to IW [ TABLE(ITH, 12)]. After
convergence, IB [ TABLE(ITH, 13)] is computed at the converged pressure
PRS and a new enthalpy ENTB by HEAT2 before Statement 2004, If the
problem fails to converge for the normal shock (test of 2000) IG@QPF is set

to 1 and control passed to the math program for the next case. If no con-
vergence is obtained for other values of Hw, a transfer is made to Statement
1004 which sets the tabular value of THW [TABLE(ITH, 1}] = 0, and the in-
crements of the computation IINT. At the conclusion of the calculation sub-
routine PHIL is called if IINT > 0. This subroutine searches for values of
THW which are zero and if there are any provides linear interpolation for

the 12 shock property columns with 6; as the independent variable. The
output for each iteration (XPE>1) for every converged iteration (XPL>1) 1s
provided by the tests between 1022 and 1024 and the Statements between 1009
and 1016,
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If the body radiation intensity drops below the input INSTQP, a transfer
is made out of the loop to Statement 1024. D@ loop 1028 provides an inter-
polation between the ambient y(GAMA) and the last y, (GAMW) computed
by the iterative procedure, using THW as the independent variable. All
shock properties, except IW (which 1s set to 0) and IB (which is still com-
puted until 1t also falls below INSTQ@P, then set to zero for smaller 6y) are
then expressed in terms of the interpolated value of y (GAMI), the 6y, and
the ambient conditions.

2. PHIL

Purpose: To interpolate values of the shock properties using 6y as the 1n-
dependent variable.

Method: Where TABLE(ITH, 1) are zero the solution was not found by itera-
tion, the TABLE(ITH, 2-13) are linearly mterpolated between successive
successful iteration, If successive successful values are not found 1n
TABLE(ITH, 1), IGQQPTF 1s set to 1 and control 1s returned to DBLIK, then
the math program for the next case.

3. HEAT 2

Purpose: Described in Section 1883,

Method: Same as 1883, but the detachment distance 1s now computed and
1s always set = 0.1 by DBLIK.

All other subroutines arethe same as 1883.



D,

1885 B SUBROUTINES

CALLING SEQUENCE

Variable

KKL, Section 1den-
tification array

XIL, Xo array
corres to Xp

YL, Yo array
corres to Yp

XBL, Xp array

Input or Output Dutput Dutput Gutput Qutput
Sources 1EB 1EE LEE LEE
YBL, ¥y, array SBL, Sparray THETBL, ISTAG, No of stag | IGOOF, if=0, X1
array pt mXL array |caleulationo k stag pt
Gutput Dutput Dutput Input Dutput Input
LEE LEE LEE STAGPT LEE LEE
Y1 s1 DTDSL, THETA M1 IN®, number of
stag pt stag pt stag pt stag pt stag pt entries i XIL
Input Input Input Input Input Dutput
STAGPT STAGPT STAGPT STAGPT STAGPT LEE
ALPH current ISPNL, number at | THEBST, sontc| DTDSL B
somcpt wmXIL | pomt array
Input Putput Input Putput.
Program Input LEE MAIN LEE
Variable X, Xy array ¥, Yy array §, S array DTDS, day/as,
PREP Input or Output Input Input Input Input
Source WIND or LEE WIND or LEE WIND or LEE WIND or LEE

fication array

Input
WIND or LEE

array y7_o

Input
MAIN

array

Input
MAIN

wath DSY, RWY

Input
MAIN

array with XSYST
& DUTB

Input
MAIN

THETS, §, arxay |ISONQ, number of | PRE, array of THEBSQ, somc RSPRAQ, po/ps PWSQ, Pg
sonic pt, in table |Pe/Ps 5

Input Input Output Input Input Input

WIND or LEE WIND or LEE PREP MAIN Prog Input or Prog Inputor
18854 1885A

v, veloaity RHOA, o, IPTSQ, number of | GAMS RG, Rg JFLOW, ; flow

poants m X array sentinal

Input Input Input Input Input Input

Prog Inputor Prog Input or WIND or LEE Prog Input or Prog Input Prog Input

1885A 18854 18854

KKW, body 1denti- | DSY, &, RWY, Re/r"),.p RSA pfp, array | RARST, p/p, XSYST, X#/¥*

array for DUTB

Input
MAIN

X) geometry array

Input

Subklo

d(Pe/Ps)/dx wnte-
gration

Input
Prog Input or
MAIN

d(Pe/Ps}/dx mte-
gration

Input
Prog Inputor
MAIN

computation satis-
factory

Output

PREP
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v,
DUTB, TT :_‘; GMTB, y array | PMPSTB, PMPSTB| XNT, » array for | XNTI, Pe/Pg array,| XNT2 Pe/Pg
array

2.D array with PMPSTB array with GMTB | Prandtl-Meyer XNGM(1}, Prandtl-| XNGM(2), Prandtt-
Meyer Meyer

Input Input Input nput Input Input

MaIN MAIN MAINY MAIN MAIN MAIN

XNT3, Pe/Ps array) XNT4, Pe/Ps array| XNGM, v array {6t | DPPDS (dPe/Ps)ds{ PA, Py DUDSSS, du/gg

XNGM(3), Prandtl- | XNGM(z), Prandtl- |use in Prandtl- array ds at stag pt

Meyer Meyer Meyer

Input Input Input Putput Input Putput
Prog Input or

MAIN MAIN MATN PREP 18854 PREP

XIW, non-trans | UP2, upper (lumtto | SN2, lower it tof IGDOF, 1< 0




Variable PREW, pe/ps XMULPS, factor = | RHOBS, pps TB, Tg
array Ps/PT
QCUNV Input or Output Input Input Input Input
Program
Source PREP MAIN MAIN
XMAMB, mean RHOT, pp GAME, 7, XMUBB gy, YBW, Ypaxray |VISC, Vascocity
molecular weight B table {with TMPVS)
Input Input Input Input Input Input
Program Input or
18854 MAIN MAIN MAIN WIND or LEE MAIN
TMPVS, temp HAMB, enthalpy | TT, Tp DPDSW, d(Pe/Ps}/ | QLW. 05, array QTW, QT array
table (with visc) )21 ds arxay
Input Input Input Input Output Output
Program Input Program Input
MAIN or 1885A or 1885A PREP QCONYV QCONV
INGW, number of | REW, REY array | JFLOW, flow QLSAO, (o1 6y QLSW, QL'nor- PWS, pg
entries th XBW 20 | malizing factor
normalization
Input Output: Input Input Input Input
Program Program Input
WIND oz LEE QCGNV Input MAIN MAIN or 1885A
SBW, Sp array ISONW, number of | DUDSW, du/ds SIGMA, mput PN, |QTSTAO, (QTS) RYNORM, REY
somc pt th XBW | windward or lee- | Prandtl Number a =0 normah- normalization
ward zation
Input Input Input Input Input Input
Program
WIND or LEE WIND ox LEE PREP Input MAIN MAIN
DTDSW,
d6y/ds,,
Array
Input
WIND or LEE
Varzable INGW, number of | QRAD, or array | ORADNM, normal-
entries m QRAD 1zation factor
QRNMAD Input or Putput Input Input-Putput Enput
Source WIND or LEE GETQRS & DXSIDT
QRNMAD MAIN
INOW, number of
Varable Xp's m array QRAD, QR array |STAND, array
QRCLER | ¢ oot or Output Input Output Output
Source WIND or LEE QRGLER QRCLER
-108-

S26<




GETTOT

Variable
Input or Output

Source

TI, Indep.
Variable
Input

Calling
Program

TTB, Indep
Varaable array
Input

Calling
Program

PD, 1st dep.
variable
Qutput

GETTQT

PTB, istdep
variable array
Input

Calling
Program

ROD, 2nd dep

ROTB, 2nd dep.|

TTD, 3rd dep.

TTAB, 3rd dep

GAD, 4th dep.

GATB, 4th dep.

variable variable array variable variable array variable variable array
Output Input Output Input Output Input
Calling Calling Calhng
GETTOT program GETT@T program GETTGT program
Variable ICASE IPAGE ILINE NUMBER
HDPRN ™ Input or Output Input Input Input Input
\Source Program input Main Program input Main
MEMG DATE KPRINT
Input Input Output
Program nput Program nput HDPRNL
Variable Nz XEQ XIND DXEQ
DERQS Input or output Input Input Input Output
Source ADAMSY ADAMS 4 ADAMS 4 DERQS
L PAR NPAR
Input Input Input
ADAMSY Dummy variable]  Dummy variable|
-109-
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Variable RASDGY EPDGY D@Y TMPVS
TABLES Input or Output Output Output Output Output

Source TABLES TABLES TABLES TABLES
VISC DsY RWY RSA DUTB RARST
Output Output Output Output Output Output
TABLES TABLES TABLES TABLES TABLES TABLES
XSYST GMTB PMPSTB XNGM XNT XNTL
Output Output Output Output Output Output
TABLES TABLES TABLES TABLES TABLES TABLES
XNT2 XANT3 XNT4
Output Output Output .
‘TABLES TABLES TABLES

Variable KKW, Section XIW, X, array, | XIW, array XBW, Xp, array

1dentifrcation corres to Xy corres. to
array

Input or Output Output Output Output Output
WIND Source WIND WIND WIND WIND
YBW, Yy array SBW, Sy, array THETBW, ISTAG, No of IGUGF, I£=0 X1

stag pt mXy | calculation O X stag pt
etc

Output Output Output Input Output Input
WIND WIND WIND STAGPT WIND STAGPT
Y1 s51 DTIDS1 THETA1 M1 =0 sections, ING, number of
stag pt stag pt stag pt plus stag pt plus stag. pt entries m XIW
Input Input Input Input Input Output
STAGPT STAGPT STAGPT STAGPT STAGPT WIND
ALPH 1 current ISGNW, number at| THEBST, sonic

sonic pt th Xiw point DTDSW,

array
Input Output Input Output
Program
Input WIND MAIN WIND
~110-
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>629

=Tt

GETNU

ACQSH

Variable

XNT, dependent

XNT1, independent

XNU, dependent

PYPT, independent

variable array variable array variable variable
Input or Qutput Input Input Output Input
SOURCE PREP PREP GETNU PREP
Variable ARG, argument ANS, cosh'l(ARG) IGOOF, 1£> 0,

Input or Output

SOURCE

of cosh™
Input

Calling Program

Qutput

ACOSH

calculation O. K,
Qutput

ACGSH

The subroutine SUB110 receives all input and provides all output through

CGMMGN DATA.,

In addition to their calling sequences, the following sub-

routmes use CGMMGN for some mnput and output; GETTWG, PREP, WIND,

LEE, STAGPT, DXSIDT, and DEREQB,

Subroutine UNO8 has no calling sequence,

The calling sequences for the general purpose routines ADAMS4 and ARTLU
are explained m the section on special routines.




FINDRW

Variable

Input or Putput

Source

XIW, Xo corres
to Xp array

Input

WIND or LEE

XIW, Yo corres
to X}, array

Input

WIND or LEE

XBW, Xp array

Input

WIND or LEE

YBW, Yp, array

Input

WIND or LEE

SBW, Sp array THETBW,  array] DTDSW, KKW, Section LD | ISONW, Indexof | INOW, number of
array array sonic pt MXp entraes MXy,
Input Input Input Input Input Input
WIND or LEE WIND or LEE WIND or LEE WIND or LEE WIND or LEE WIND or LEE
RSPRA, DOY, 2D array of |RASDOY, IGPOF, <0, IFLOW, flow INDDUM, index of
array for DPY caleulation o k sentmel YT m YWB
Input Input Input Datput Input Input
Prog Input or
18854 MAIN MAIN FINDRW Prog Input GETDS
DELS, THW, lst col of |RUPRV, column 3 | THWL, column 4 | XNNX, NN used to | PREW,
table of table of table compute array
Input Input TInput Input Input Input
Prog Input or Prog Inputor Prog Input or Prog input
GETDS 1885A 18854 18854 PREP
HAMB, enthalpy | GAMS, v, velocity THETAW, at |RW, Ry, radws |XSI2, at
Yy of bow wave Yy
Input Input Input Dutput PDutput Putput
Prog Input or Prog Inputor Prog Iputor _
18854 18854 1885A FINDRW FINDRW FINDRW

TDUMI, comunm

TDUM?2, column

BSHOCK, BgSHOGK] THWLIM

5 of TABLE 6 of TABLE Parameter Smallest

Input Input Putput Input

Prog Inputor Prog Input or

18854 18854 FINDRW MAIN
-112-
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GETB

Variable

Input or Putput
Souzce

PRE, array

Input
PREP

¥, ¥parray

Input
WIND or LEE

GAMS,

Input
Prog Input or
18854

RC, Re

Input
Program
Input

MS, number of sec
tion on whach I falls|

Input

PREP

MB 2EL, number of
section of end of By
B2 mtegration
Dutput

CETB

1, ndex of ptan
Y considered

Input

PREP

1333, flow mdex
(TFLOW)

Input
Program
Input

BB, By or By for
d{Pe/Ps)/ax cale,

Putput
PREP

M, array of sec-
toa LD

Input

WIND or LEE

THET, array

ISTOP, index of last|
pt i wntegration of

Input Dutput
WIND or LEE PREP

Vamable XIW, X, corres | YIW, Yo array  [XBW, Xpavray | YBW, Y array

1o XBW corres to YBW
GETDS Input ox Putput | Input nput Taput Input

Sources WIND or LEE WIND or LEE 'WIND or LEE WIRND or LEE
SBW, S array THETBW, KKW, SectionI D |ISONW, number of |INOW, number of | ALPHAIL

array array somic pt. 1 XBW [entries in XBW
Input Input Input Input Input Input
WIND or LEE WIND or LEE WIND or LEE WIND or LEE 'WIND or LEE Program Input
RSORA, RN, Ry JFLOW, flow DOY, 2D array of |RASDOY, EPDOY, arrey

sential array for DDY for DPY
Input Input Input Input Input Input
Prog Inputor Program Program
1885A Input Input MAIN MAIN MAIN
IGPOF, f £ 0, DTDSW DELS, . stag INDDUM, index of
calculation o k array Pt detachment
Putput Input Output Putput
i
GETDS WIND or LEE GETDS GETIDS
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Variable XNT, XNTI, XNU, PRES,
variable table variable table
GETPRE Input or Putput Input Input nput nput
Source PREP PREP PREP GETPRE
Variable XBW, Xparray  |YBW, Yparray | THETBW, RW, Ry at Yq
GETQRS Input or Output | Input Input Input Input
Source WIND or LEE WIND or LEE WIND or LEE FINDRW
DELS, from | BSHOCK, Bs ORAD, QR array |STAND, array |THW Oyarray  [TIW I, array PREW P, /P,
stag pt shock shape axray
parameter
Input Input Dutput Putput Input Input [fnput
GETDS Program Input or | GETQRS GETQRS Program Input Program Input PREP
FINDRW or 18854 or 18854
TPR P,/P, array | TIB Ip array XMMX, MM to TRW array |PWS, Pg INOW, No of RC, Rg radws
compute QR Input Program points an XBW array
Input Input Tnput Input Tnput nput ltnput
gram Tnput gram Input gram Input gram Input Program Input WIND or LEE Program Input
or 18854 or 18854 or 1885A or 18854
THWLIM,
owL“ﬂT
smallest value
of 0,
Input
MAIN
-114-
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1835B SUBROUTINE DESCRIPTIONS
1. PREP

Purposer To compute the pressure distribution and velocity gradient
for the body.

Method: The pressure distribution is divided into two parts, one the area
between stagnation point and sonic point, and two the area aft of the sonic
point.

If there 1s no straight section before the sonic point, (see tests near
Statement 1000), and af the ratio X/Y sonic point > {1-sin { 6, ))/cos (&, ),
then the forward pressure distribution 1s assumed Newtoman (DG LGGP
1003). The velocity gradient 1s computed with JG@ = 1 by the correlation
using the input tables DUTB, XSYST, and RARST. (Statements 1008 to
1021).

1= sin(8,")
If there 1s no straignt section, but X/Y sonic pomnt < —

cos
the above velocity gradient 1s computed (1008 to 1021), but with JG@ = 2,

which then uses du/ds to compute a polynomuial distribution {Statements
1024 to 1026).

, then

If a straight section exists before the sonic point, then a polynomaial pres-

sure distribution 1s computed,

1£% = 0 at stagnation point; then du/ds 1s computed by the correlation at

Statement 1007, Otherwise du/ds 1s computed as above.

After the distribution to the sonic point is computed (by Statement 1027)
the D@ 1067 loop beginning after Statement 2008 computes all the follow-
ing pressures. First, however, a table lookup 1s done to compute the
pressure ration PM@PS , a function of yg. Statements 2000 to 2008 es~
tablish indexes used with the Prandtl-Meyer calculation. After the
DP1067 the Statements 3002 to 2013 are used to assure that the first pres-
sure computed on Section 5 or a flatbased section 10 is done by Prandtl-
Mevyer. If the df/ds > 0, for the current point, the pressure is computed
by the Newtonian approximation (1028). If df/ds = 0, 6 <0, the pressure
1s constant (1031). If d/ds = 0, 0>0, then a test 1s made (1032), If the
previous pressure was < PMPPS, the Entropy-Layer formulation is used
(Statements 1033 to 300§). This involves the use of the ADAMS4 integra-
tion system to integrate the differential equation d(Pe/Ps)/dx. This
derivative involves a constant BB, which itself 1s an integral from the
stagnation point to the beginning of the straight section. Subroutine GETB
computes this constant, and the quantity MB2EL assures that it 1s com-~
puted only once per straight section.

If d¢/ds = 0, and the previous pressure was > PM@PS at Statement 1032,
then constant pressure 1s assumed (Statement 1031).
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If d9/ds < 0, a test is made at Statement 1040, If the previous pressure >
PMQ@PS, Newtonian is assumed (1028), Otherwise, Prandtl-Meyer 1s
assumed (Statements 1041 to 1064).

As each pressure PRE; is computed, so is its derivative DP@DS;, If the
pressure ever becomes less then Pa/Pg (PA@GPS), then the pressure 1s
held constant at PAGPS (loop 1005) for the rest of the body.

2, QRCLER

Purpose: To set each entry of the arrays QRAD and STAND to zero before
the calculation QR, and XSI, are initiated.

Method: DG LGGP 1000,
3. QCONV

Purpose: To compute the heating quantities QL;, QT,, and REY, for each
point on the body,

Method: The distributions QL,, QT,, and REY; are computed by the DG LGGP
1011. Between entry and the D@ 1011, all constants independent of the body
are computed., The QL; computed uses the terman BETA (1004, 1003), involv-
ing the trapezoidal integration of the function pyu. %24, and ¢ (not related

to the shock ¢). When the surface distance S[,1 <0,2 Sp, somc » & limiting
form of ¢ and BETA 1s provided (Statements 1000 to 1001), If Sp; > 0,2

Sp, sonic + then the & and BETA are computed between 1001 and 1004, where
the trapezoidal integration also is done. The QL;, QT,, and REY; are com-
puted between Statements 1002 and 1011,

4, GETTQ@T

Purpose: To perform table look-up using columns of the table of normal
and oblique shock properties TABLE

Method: It was necessary to write GETTQT because two columns of inde-
pendent variables on TABLE, 6y (column 1) and PW/PO (column 7) are
monotonically decreasing and thus not suitable for ARTLU, The maximum
number of dependent variables is 4, when the subroutine 1s called by the
MAIN program to compute 'total" conditions, When it 15 called with fewer
dependent variables of interest (e. g, by FINDRW, GETQRS), dummy vari-
ables are included,
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5. WIND

Purpose: To compute the transformed body coordinates for the wind ward
side at angle of attack, and include in these tables the coordinates of the
sonic point,

Method: The DG LGQP 1012 first transforms the zero angle-~of-attack co-
ordinates by using the input values of ¢ (ALPHI), and the XBRAI and YBRAL
included in the zero angle-of-attack tables by STAGPT as the alpha = 0 co-
ordinates of the stagnation point of the body at the current a. The differ-
ence in definition of x,, y, , 6, done at the Statement 1002 reflects the fact
that the windward side must go around the « = 0 rearward point and back up
the other (a = 0)side, The table 15 considered complete whenever lﬁbl > 90
(Statement 1010), or y, passes through zero (1006). The statements be-
tween 1014 and 1029 compute the co-ordinate of the somic point (6§ = § *).
If the somnic point falls on a straight section, 1t is defined to be the start of
that section (1023), Otherwise an interpolation 1s done using df /ds of the
section containing the sonic point (D@ LGGP 1020), and the sonic point co-
ordinates are computed at Statement 1026, The DG LPGPP 1027 rearranges
the % s ¥y o etc., tables so that the sonic point co-ordinates fall in their
proper sequence, with index = ISYNW. Proper sequence i1s determined by
the fact that the SBW table must be monotonically increasing,

6. LEE
Purpose: Same as WIND above, but for leeward side.

Method: Same as WIND above, except for co-ordinate defimitions at
Statements 1002 to 1005,

7. GETDS

Purpose: To compute the detachment distance of the bow wave normal to
the body at the stagnation pomnt,

Method: GETDS computes the detachment A, by choosing among several
correlations involving the density ratio pa/p, and body geometry.

If there are no straight sections between the stagnation point and the sonic
point, and JFLOW = 0, then the A, 1s computed from a simple algebraic
evaluation involving co sh-1l (between Statements 1001 to 1008), For the
purposes of cosh-1 only, 1if the inverse of the argument 1s > 1, 1t is set
to a lamat 3/3, 1,



If there were no straight sections and JELGW > 0, then the Ay 1s computed
from a correlation involving the tables RASD@Y, EPD@Y, and DGY, The
table DQY 1s As/YT =f(e, pA/ps), Yo here 1s defined as y,*at the some
point, pa/ps = RAQ RS, and ¢ = EPSLT = xb*/y,;K at the sonic point,

If there is a straight section before the sonic point, and JFLGW < 0, the
AS 1s computed from the function using cosh~1, but with the (DTDSMP) re-
defined between Statements 1020 and 1026, If JFLOW > 0 and xb* 2 Ay,
then the correlation from tables DFZY, EPDPY, and RASDJPY is performed
with Yo and ¢ = EPSLT redefined between Statements 1028 and 1032, If
JFLGW > 0 and " < A, DELS = A, - at Statement 1037,

The index INDDUM 1s either the index of the sonic point or the beginning
of a straight section, depending on which point was used to determine Y.

8. GETQRS

Purpose: To compute the radiation QRAD and normal detachment distance
STAND along the meridion,

Method: The detachment distance STAND, and QRAD; are computed 1n DG
LGQPP 1010 by solving a quadratic which 1s a function of RW, the body co-
ordinates and the shock parameter BSHOCK, between the DG 1010 and
Statement 1033, Given the distance and the pressure distribution, sub-
routine GETTQ@T 1s used to look up the intensities, first from the wave
angle THWW and then from the local pressure PARG, Three dummies
are used in each table, look up (see GETTQ@T). The QRAD; 1s computed
prior to 1010,

9. STAGPT

Purpose: To locate in the zero angle-of-attack co-ordinates the co-ordinates
of the new stagnation point at a # 0, and place this point in the tables.

Method: In the IF LPGP between 1030 and 1029, the program finds all
points for which the local body angle 0b +a = 90. It does this by seeking

a change of sign in the residual, If the point is not identical to a point in
the a = 0 tables, df/ds is computed and the co-ordinates are interpolated
(1022 to 1025), If the point 1s identical fo a point in the a = 0 table, this
fact 1s noted (1026), If the point falls on a straight section, the new stag-
nation point 1s arbitrarily defined to be at the middle cf the straight section
(1003 to 1007).
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For each candidate for the stagnation point, the quantity XBRAL 1s com-
puted (1027). The point which maximizes this quantity 1s defined to be the
stagnation point (1028 to 1029). The statements between 1033 and 1040 are
used to define the arrays X1, Y1, etc., which contain the a= 0 co-ordinates
(X0, Y0, etc,) plus the stagnation point, whose index in X1, etc, is ISTAG.
It 1s placed in the co~ordinate tables in such fashion that Sl is monotonically
increasing,

10. GETB

Purpose: To compute the constants Bl or B2 used in computing the pressures
by integrating the differential equation d(p, /P )/dx

Method: GETB computes BB which involves an integral of the pressures
and geometry between the stagnation point and the beginming of the straight
section on which the ith (current) point lies, Since the integral 1s only to
the start of the section, ISTPP, the index of the starting point in the x, table,
and MB2EL, the identification number of the straight section are computed
in the DO 1003 loop, These quantities are used to guarantee that the cal-
culation 1s done once for each straight section on which the entropy layer
equations are used, and not once for each output point on the section. The
integration is done trapezoidally 1 D@ LGQP 1008, The integrand depends
on JJJJ, which 1s the flow index JFLOW. The argument BB in the calling
sequence 15 the value of either Bl or B2, whichever is appropriate.

11, QRNMAD
Purpose: To normalize the array QRAD by QRADNM,

Method: If QRADNM is > 0, each entry in QRAD is divided by it 1n D@
LGP 1002,

12, GETPRE

Purpose: Gaven a value of v (XNU) and a v table (XNT), to compute a
corresponding Pressure (PRES) from the table XNTI1,

Method: Lanear mterpolation in DG LGP 1002 and Statement 1003,
13, FINDRW
Purpose: To compute the bow wave radius RW, and the parameter BSHOCK

by computing the detachment distance and wave angle (XSI2 and THETAW)
at the body point whose mndex 1s INDDUM, and at the first point where 6, < 0.
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Method: FINDRW computes the shock-shape parameters RW and BSHOCK
by computing the shock angle and detachment distance at two points on the
body, the first (ICGMP = 0) defined as the point on the geometry tables
with index INDDUM, and the second (ICGMP = 1) being the most forward
pomnt with 6, < 0. The point indexed by INDDUM is either the sonic point
or the start of a straight section 1f 1t occurs ahead of the sonic point and 1f
)ﬁ; > DELTST as defined by Statement 1003,

The method of 1teration 1s to compute for a point on the body and a value

of 6, (initially set to § ) two values of detachment distance XSI1 and XSI2.
When ICGMP = 0, XSI1 is obtained from Statement 1071, and when ICGMP
> 0 from the (largest) positive root of a quadratic (Statements 1044 to 1047).
XSI2 is always obtained from the (largest) positive root of the quadratic
computed between 1052 and 1057, If the relative difference between XSI1
and XSI2 1s < 10'4, the computation has converged (after 1022). If i1t has
not converged, then the value of THET = ¢, 1s modified untal 2 change of
sign in the residual indicates a near root (Statement 1026). At this time
the Af, 1s decreased and the successive approximations continued, If a
successive redidual 1s larger 1n absolute value than the former value
(divergence) the sign of A, is changed (1029), If this happens twice, then
the residual has passed through a minimum without finding a root, and
transfer is made to Statement 1041 which sets IG@QF = 1 and prints the
message CANNGT FIND THETA FGR RW (R B, SKIP CASE. Control then
1s passed to the main program, If no solution is found in 600 iterations,
IGQQE 15 set to 1 and the return is executed {1034 et, seq.). After the
first pass (ICGMP = 0) RW 1s computed and the reference geometry 1s
changed to the most forward pomt at which § < 0 (Statements 1038 to 1070).
After the second pass (ICQMP = 1), the shock shape parameter BSHPCK 1s
computed (1070) and a normal RETURN 1s executed,

14, GETNU

Purpose: Given a value of pressure P@PT and a pressure table XNTI, to
compute a corresponding v from the table XNT,

Method: ILanear mnterpolation in D@ LGQ@P 1002 and statement 1003,
15, AC@SH
Purpose: To compute cosh-1 (ARG).

Method: Expansion in DG LGGP 1000 for ARG > 1,
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16, DERQS5
Purpose: To compute the derivatives d(Pe/Ps)/dx or d{-’/dSb .

Method: d(Pe/Ps )/dx 1s computed between 1002 and 1008 by using the
current values of P /P, (PRS), X (XIND), and data in CGMMGN storage
computed by PREP, DERQ5 1s called by the predictor-corrector routine
ADAMS4,

17. SUBI110
Purpose: To compute a = 0 coordinates

Method: SUBL10 computes « = 0 body data in the large DG LPGP 20, For
each of 10 segments, the mnput array N (XN) contains a number, For each
of the segments but 3 and 10 this should be of the form X where X 1s an
integer giving the number of increments in the section, For the third
section X, 1 is a cone, X, 2 is a tension shell, and X. 3 is a general shape
(statement 50), X still being the number of increments. For Section 10
X.1 1s an aft sphere, and X, 2 15 a flat base (statement 120), The index
J1 counts the points, and the total number of points in each X0, YO, etc.
array 1s JOMAX, The appropriate equations for each section are deter-
mined by the computed G@TQ at statement 10, and 1f XN = 0, the itP sec-
t10n 1s omatted, If the input sentinel IOTBL # 1, the co-ordinates are
printed out (statement 131),

18. ADAMS4

Purpose: To numerically integrate dufferential equations by a predictor-
corrector method,

Method: See ‘the writeup of ADAMS4 in the section special subroutines.
19, TABLES
Purpose: To define tables used in the computations,

Method: Each element of each table 1s set to the appropriate numerical
value 1 an arithmetic statement,

20, HDPRNI
Purpose: To print identification material at the beginning of each case,

Method: The appropriate "WRITE" and "FORMAT" statements are used.
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E.

21, UNCS8
Purpose: To define logical tape 8 as the binary mnput-output tape SYSUTS5,

Method: UNOS8 is a MAP subroutine containing the necessary FILE infor-
mation,

1885 A MAIN PROGRAM

Purpose: To acquire mnput for the oblique shock calculation and prepare a
binary tape of shock data for Program 1885B,

Method: Having acquired the values of the input, control i1s passed to sub-
routine OBLIK which performs the shock calculation. If a binary tape 1s to
be prepared for 1885B, the tape 1s rewound for a first case (XFIRST = 0,
Statement 1001} and not rewound for successive cases until ILAST is input > 0
(Statement 1005).

F,

1885 B MAIN PROGRAM

Purpose: The purpose of the main program is to acquire tables and input
used by the calculation, provide output, and control the order of the calcu-
lations of the heating and pressure distribution at each angle of attack for
both leeward and windward sides,

Method: Common data, dimension statements, and defiition of the Name-~
list array INPUT occur in the MAIN program before input 1s acquired,
CALL TABLES provides the constant tables to be used by the program,
Preset variables are then set, and the data read in through the Namelist
array INPUT. The CALL SUBI110 statement provides for the computation
and subsequent output of the zero angle of attack coordinates,

The statements between CALL SUB110 and 1035 provide for oblique and
normal shock data to be read from TAPE 38, if the input quantity TAPE
(XTP) > O, implying that these data are to come from an 1885A calculation,
After Statement 1035 pertinent gas properties are defined from these data
taken at wave angle (6,) = 90 degrees,

In the statements precedmg 1017, '"total conditions®, Py, pps Ty y, are
defined at 6, = 90 or by table look-up {CALL GETT@T) at 6, = THETAT
(THT@T), depending on the input TT@. Before the DG 10 statement
further gas properties are defined, as is the Reynolds number normaliza-
tion RYNGRM,

The D@ LGGFP 10 extends to the end of the MAIN program, and controls as
a momtor the sequence of calculations performed for each angle of attack,
The first entry of the array ALPHA must be 0, The flow diagram (Section
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A above) should be helpful, as the entire function of the MAIN program in
thas loop to control the logic. Since the leeward and windward sides of the
vehicle at angle of attack are nearly independant of each other, there are
virtually no sigmificant equations in the loop.

When a = 0 or 180, the body is symmetric and only one side need be com-
puted. At a = 0 1t 15 the windward side, Statements 1018 to 1000, in which
four normalizing factors are computed, QLSAO and DUDSAO for QL,
QTNPRM for QT, and QRADNM for QRAD, if the radiation 1s to be com-
puted (CGMQRD > 0 in the input),

When a = 180, the same sequence is performed for the leeward side,
Statements 1023 to 1001, using the previously computed normalization.

When 0 < a< 180, calculations are performed in the proper sequence first
for the windward side and then for the leeward side, and all but the co-
ordinates are computed between Statements 1026 and 1025, When both
sides are computed two averages must be found, one a mean value of du/ds
(DUDSD) between Statements 1026 and 1022, which assures continuity of
heating at the stagnation point (common to windward and leeward sides),
and the other 1s the detachment distance (DELS) from the stagnation point,
whach 15 computed between Statements 4002 and 1029,

There are several co-ordinate tables used, XO, YO, SO, DTDSO, THETAO,
and M 1n CGMMOPN are the zero angle-of-attack coordinates. The tables

X1, Y1, S1, DTDS1, THETAL, and Ml are these tables plus one additional
point, the stagnation point at the current value of ¢, The tables XBW, YBW,
SBW, THETBW, and KKW are the body coordinates of the windward side
after the translation and rotation implied by the angle of attack, and the
tables X1W and Y1W are the ¢ = 0 coordinates from which the body coor-
dinates were transformed. On the leeward side the tables are analagous to
the above seven, except the letter "W' 1s replaced by "L",

For each side of the body, the sequence is as follows

1) Obtain the stagnation point coordinates in the a = 0 reference by
calling STAGPT (Statement 1009) if « # 0, acquiring the tables X1, Y1,
ete,, and the index of the stagantion point ISTAG,

2) Obtam the windward (leeward) body coordinates by transforming
X1, Y1, etc., to XBW (XBL), YBW (YBL), etc,, by calling subroutine
WIND (LEE), The first point in XBW (XBL) will be the stagnation
point at the current e, and in addition the coordinate tables include

the coordinates of the sonic point, whose index 1s IS GNW (ISGNL).
There are INGW (INGL) entries in each of these tables,
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3) Compute the pressure distribution and du/ds for the windward
(leeward) side by calling PREP to obtamn the array PREW (PREL), and
the quantities DUDSW (DUDSL).

4) From this pomnt the windward and leeward sides data are completely
indepedent. CALL QCQ@NYV provides for the computation of the heating
data QLW, QTW, and REY, This is provided as output for the wind-
ward side, and when the leeward calculation 1s made the distributions
are stored in the same arrays.

5) If CGMQRD in input 1s < 0, go to Step 10.
6) If RWJ, BSH@CT, DELT are input, SKIP to Step 9.

7} Obtain the detachment distance DELS from the stagnation point,
which is provided by GETDS,

8) Obtain the shock detachment distance XSI2 and the shock angle
THETAW from the pomnt whose index 1s INDDUI from the windward
side and INDDUZ from the Leeward side. This point is either the
sonic pomt or the start of a straight section 1f there is such a section
between the stagnation pomnt and the sonic point. Also obtain the bow

wave radius RW, and shock parameter BSHOCK, these quantities com-
ing from the subroutine FINDRW,

9) Obtain the radiation heating (QRAD) and detachment distance
(STAND), (Windward or leeward), This 1s done by subroutine GETQRS.,

10) Provide the pressure and heating quantities as output for the wind-
ward and leeward side.

Most of the subroutines have as an argument the sentmnal IGGPF, which 1f
>0 indicates that the computation is unsatisfactory and the next angle of
attack 1s considered,

1885A SIGNIFICANT EQUATIONS

1, Mam

None.

2. PHIL

None,
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@BLIK

pw/pa =

[}

DENINV from tteration of IW > INST@P

GAMI 1nterpolated when IW < INST@P

py Uy /P,V = DENINV + UWGYV ,

UWGV = [cos? 0, + DENR? sin? HW]

Oy = tan—l{

%

[sin Oy cos 4, (1~ DENR)]
lcos? 6, + DENR « sin?6_]

¥, = (DENINV + L)/(DENINV — 1) 1f IV > INSTGP

= GAMI, interpolated if IW < INST@P

T, = T from HEAT2 iteration 1f IW > INSTQP

(GAMI + 1) + AM? . 51020/ (GAMI — 1) - AM2 - 51020 + 21
w w

2 N
, DENR = 1/DENINV

= HWMRTZ - R+ TO/XM if IW < INST@P , where HWMRTZ =

HMORTZ {1- V2 x 0.5 [DENR? x sin? 0, + cos? 0, J/HH]

HMPRTZ and HH from ambient condition (after 11)0{).

P./P, = PRS

RHGR « V2 x si? 6, (1 ~ DENR)/P, + PA/P,

HW/H = ENT +R+ T, /(XM HH) when ENT=f(DENR) i IV > INST@P

= HWMRTZ R T /(XM HH) I < INSTGP

Pus/Pa = DENINV. (PWS@Pg/PRS)( Y/ CAMW)

PWS@P@ = PRS

_P\VS(Z_P(Ii = PWOPZ

GAMW
1 GAMW -1

&;AMI

1 GAMI-1

if I > INSTQP

£ IV < INSTGP



P /Po = PWSGP@ , see above

ws'

TWS = T - HM@RTZ/ENT if IW > INSTGP

T + HM@RTZ/HWMPRTZ if IW < INST@GP

2+ QSUM
IW from HEAT2 = SEL evaluated at P =PRS and H=ENT if I¥ > INSTOP

= 0 if IW < INST@P

2 - QSUM
IB from HEAT2 = —-ET evaluated at P = PRS and
[(GAMMA — 1)/GAMMA)]

H = ENTB = HM@RTZ (PRS/PWSGPJ)

-PW5¢13'¢ and GAMMA here evaluated only at 6, =90

H. 1885B SIGNIFICANT EQUATIONS
STATEMENT
1. MAIN NUMBERS
RHGA V-2-RC 1017
REYA = RYNGRM = , XMUAAA =
IRM XMUAAA #lra
GAMS
2 GAMS — 1
6, = THEBST = ASIN (___> 1017
GAMS + 1
076 RuGBS - xMUBBB \° !
QL = QLsAO = ( ) (RHJSS - XMUSSS)0
a=0 S1aMal-6 RHJSS - XMUSSS
HAMB
— (oupsaoy?- . [1 + (ELALPQ - 1). HDHS90] 1018
RHOBS = oo KMAMB - XMUBBB = g
PBs = = 89516 - TB » #B = = HTB>
du HD
Bs = XMUSSS = plryg, — = DUDSAO, HDHS90 = ——
ds a=0 Hs g
=90
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QT4 = QT (ISONW)|,_q

QRS|,_g = QRADNM = QRAD(D)],_q

du, 1 1
—! - DUDSD = — DUDSW + — DUDSL,
ds 2 2
du x a—90—0N<0 and
_— = DUDSD = ~— if
ds{, ds 180 + 04 —a<0
du 1 @ 0.5 sina 3 1/2
—_— = — —_— , a otherwise than above
s |, 2 ds YIW(1) \RSGRA

YIW(1) ts @ =0 value of y, for the stag. pt. at the cutrent a

PREP
P./Pg = PRE(D) = sin? ()

Newtonian, S, < *
dp./P, d % <%
—g5— = DPODS® = PVS s (2) ——

RHGA V2 *(DUDS)Z
C; = CPEDI = ——____ RSGRA. 5
1 ¢ ZPVs o b

C, = CgED2 = Sin?(§,") - 1+C@EDL

2012

2014

1020

1020

1021

1003

1026

P s\ 2 S\ «
= = PRE®) = 1 - CGEDI. || + CGED2-{—-| Polynomial, S, <S;
s Sb Sp
d(P/Py) Sp
- DPGDS®@) = -2 - CYEDI-PWS —0
s St 2
>
3
+ 4. CGED2.PWS. ——
574
b
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P./P, = PRE() = s’ () + PAGPS . cos? (6)

Newtontan, S, > S;
dé,

d(Po/Py)
——5— = DP@DS() = PVS.sin (26,) oy

The entropy-layer pressure formulation 1s done by mntegrating a differential

equation, Statement 3003, See DEREQB and GETB significant equations.

The Prandtl-Meyer pressures are obtaimned by two dimensional table look
ups (GETNU and GETPRE subroutines) and the logic between Statements

1042 and 1066,

3. QCgNV
JFLGW QLSW
QL, = QLW() = YBW - RGB - UED - [(1. +0.096 VBETA) / yZ-XSI ] m
XMUBBB 1002
(RHQBS - XMUBBB - DUDSW - (JFLGW + )2 . 1.068
RGB = PREW(D) MAME - PVS
B = - " 89516 - TB
U, = UED = DUDSV - SBW(D), S, <5, 1000
GAME - 1
= \l.-PREW() GAME VITHEMB, S, > S, - 1001
B = BETA = 0.5, S <8, 1600
. d(P./P.)
g - 2 ) DPDSW (I) + XSI s, /P 1004
XMUBBE ~ RgE . UED? - RgB - YJFLOV
d(P./Py)
=0 S, %S, , ——— >0 1003
as
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1
¢ = XSI = RH@BS . XMUBBB - DUDSW. ————— , §, < S, 1000

2JFLOV + 2
S
= ¥SISUB + XMUBBB-- / RgB - UED - YIFLOV a5 1001
EA
where
8, = 5 evaluated at second output point

XSISUB = ¢ evaluated ac largest SBW(I) < S2
e = RUE = RHGT PREW()I/GAME

REY, = REW(I) = R¢E UED S$BW(I)/(XMUE - RYNGRM)

GAME -1
XMUE = ppg, TE = TT. \PREW() GAME

02 0.2

20 2(JFLoW, XMUST

QT; = QIV(D) = 00296 2 OFLOW ) | pepeoee. <——-—) REY0-2
siGMa2/3 U

HAMB
RQE * UED + —mom 1006
(1556 + QTSTAD)

RSRE = TE/TSTR

1 (TB s (TT
TSTR = TE  [I+ — (= — 1) + 0.22 - SIGMA —= -1
2 \TE TE

4, WIND

¥ = YBW(D = (y°1_ YBRAL)- cos(a) + (xol— XBRA2) - sin(a), xo1 < xolarges:

= (- y°1 ~— YBRAL) - cos(a) + (X°1 — XBRAL). s1n (a), after xol = X"Iargest

%, = XBW(D) = (x°1_ XBRAL)- cos(a) — (ycl — YBRAL).sin(a), x°1 < x°largest

= (x, — XBRAL):cos(a) — (~y, — YBRAL). sin(a), after x, =x,
i o 1 largest

XBRAL, YBRAL, SBRAL = values of LI A and s, for stagnation pomt of
current e, in zero angle of attack system,
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6.

6, = THETBWI) = 6, + x, <
b ® o, *® 1 xolarges:

= a-6—-180 after X =X
o, ’ i Olargest

S, = SBW(® =S,

o, = SBRAL X

<
Xo] argest

= 28 — SBRAL - § after X. =X
largest % L Clargest

LEE

Y = YBL(I} = (y° — YBRAL) cos(a) + (x‘J ~ XBRAL}-sin(a),
f 1
= (—yo - YBRAL)- cos(a) + (x, - XBRAL) sin(a)
1 1
x, = XBL()) = (x, —XBRAL)-cos(a) —(y, — YBRAL) - sin(a)
i 1

= (xol— XBRAL)- cos{a) — (— y&.,l — YBRAL) - stn(a)

6, = THETBL() = 180- -0, —a %, >0
= 6°x —-a after xoi =0
S, = SBL(D) = SBRAL-S, . %, >0
= SBRAL + S, after %, =0
GETDS

DELS = RA@RS - EF

1 1
EF = ACSH —————— — DTDSMP + ——88 8
v 3 RAGRS v 1-3 RAORS
d *
f —— <0, 0<S,<Sy , and JFLOW < 0
sy,
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da,

DIDSMP = 1/

dsy,
current stag point
déy, R
IF 3 = 0,0 £ §,<S, , and JFLGW < O, the equatton 1s the same but
s
b
= ~RN if a=0, : 1025
YIW(1)
DIDSMP = —« ——— 1f a £ 0, 1026
sin (a)

where Y1W (1) 1s the y coordinate of the stagnation point for the current «
m the zero angle of attack system

. dfy, a6,
DTDSMP =1/—— P J— 40 1036
L dsy,

current S(ﬁg point current stag pomt
If JFLGW > 0, DELS is computed from a two dimensional table look up
{1009 to 1018) for A—s(s, pp/ps )» where Yr and ¢ are either referenced to
YT
the sonic pomt {1008) or the beginning of a straight sectlori 1f there 15 such
a sectionm 0 < § < S,: (1028 to 1031, if X]: > Agoe If X, < Ay, DELS =
,, = = Z
Ag, — X, at 1037,
7. GETQRS

¥ f, =90, &= STAND (D) =

2 2 ]
-~ RW + SQRTF (RW BSHGCK T
XBW () — Q (BSH(;(—:K $CK YBY () — DELS 1036

If 6, # 90, compute Y, = YW = pos root of the quadratic given by

A = 1- BSH@CK TANNZ

B = 2RVW-TANN + 2 BSH@CK DM TANN + 2. BSHCK YBW (D) TANNZ
C = 2RW DM + YBW(I) . TANN} — BSH@CK - DM? — BSHOCK YBW()? TANNZ

~ 2+ BSHOCK + DM YBW (I) - TANN
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where,

TANN = tan(6_ ), DM = XBW(I) — DELS 1040-1003
1
[yw - yBW @]
88S = e — f BSHOCK < 0 1025
STAND (1) P — o PCK <

AINT + ARGUI - DM — YBW (1)
s - N « BSHOCK > 0
STAND (D cos (THWT) + ARGUI + s (THVT)

where,
AINT = YBW (I—1) + STAND (I-1) . cos (THETBW (I-1)— ARGUI [XBW (I~1) -

STAND (I-1) + sin (THET BW (I-1) + DELS]

ARGUI = SQRTF (BSHOCK)

_{ 2RV + 2 «BSHPCK . [DM — (YW — YBV(])) - TANN
0, = THWW = tan > v

P = PARG = PREVW () Fws
= = ¢ 2116
1 XMMX. 1
- - — ) ~———— . XINB + XINW
QRAD, = QRAD (D) 5 STAND (D XX 11 e

XINB = table (1,12) | 6, = THT, ¥INW = table (1,13) |p = PARG,
independent variable tables ]:;elng TABLE (1, 1) and (1, 7), respectively,
8. STAGPT
XBRAL = YBR - s:mn(a) — XBR - cos(a), 1027
XBR, YBR are x and y co-ordinates 1n the zero angle of attack system of a

point where 6 + a = 90, The stagnation point 1s that which maximizes
XBRAL, and the candidates are found by the IF LP@P from 1030 to 1008,
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9. GETB

(I - GAMS)
BB = (GAMS —1) + (PRCON) ————— -+ XINT
GAMS
PE
PRCON = P at start of straight section
s
ySS
XINT = PRE dyp, , vgg = ¥}, at start of strarght section, JFLOW < ©
o
Iss
XINT = PRE . y dy, , JFLOW > 0.
o
10, FINDRW
£, = XSI2 = largest root of C; €2 + Cp £ 4+ $=0, If ] FLOW > 0 1014

where

TERM}—— 2 .YB - TBR

C; =2 - TBR |-5+-REORA - UEDV + ————
XNNX + 2

TBR = cos (TB), TB = Gb = body angle

P /P, = REBRA = RSGRA - PREV (D) ( —1—>

GAMS
GAMS — 1) 7)1/
U, /V = {Z—E:E [1 _PREW () GAMS ]}
v

TERM = RURV . COSF (IWL — TB) — REQRA - UESV

TWL and RURV = BWL and pU/paV evaluated from oblique data at ew = THET



YB = body y

£y = XSl

2 = (If ] FLYW < 0) YB/!:REgbRA . UE¢V +

—_— TERM — TBR
XNNX + 1

For the forward point, (ICGMP = 0)

& =3x8t

1 = [(XB + DELS) cos (THETR) ~ YB - (I - sm (THETR)] 1071

where

For

11,

12,

TBR — sin (THET - TB)

THETR = 9w of iteration, XB = body X - coordinate, DELS = detach-
ment distance

RW = [XSI2 - TBR + YB}/ cos (THETAW), THETAW = converged 9w 1066

the most forward point with § < 0 (ICGMP

n

1)

fl = XSI1 = largest root of Afz + B¢+ C

dx

A = 1/(XB + DELS)

B =2.YB . A — tan (THETR)

C =YB2 . A — RV - YB - tan (THETR)

BSHPCK = [(YB + XSI2) - TANTR — RW1/(XB + DELS), TANTR = tan (THETR),

THETR = converged 0, .

ACQSH

ACOSH (ARG = In 2+ ARG) = =« —— = = . 2 . — .
2 " 5 are? 2 4 4 ARG

DERQS5

d(P,/Pg)

P_/Pec — P4/P.
< wno _‘/__e_s_i‘_i_ : 1006
1-P_/Pg — P,/Pg
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P,/Pg = PAGPS P /Pg = XEQU)

JFLOW > 0.
GAMS + 1
d(P./Pg) GAMS P\ CAM
2 . o f— . XTERM
dx BB P
S
XTERM =y ' tan G, + tan? 6, (x—-x,5) — VARG

’ 1

~ GAMS
P,/Pg — Ps/Pg p,\ CAM R
ARG = | ———u———— |2 . BB - +(yss+tan eb(x—xss))
S

1~ P/Pg ~ Py /P, Pg

X 2

s Yes 2 O P Xy 0y, 0 G 2t start of straight section, x = imdependent
variable.

13, SUBI1I0

The zero angle of attack co=ordinate equations are obvious by inspection,
and have been documented mn Program 1882,
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I, INTRODUCTION

A, GENERAL DESCRIPTION

The purpose of this program 1s to determine the unit area structural weight re-
quirements for shells to resist the critical aerodynamic loads incurred during
entry., The general inputs include:

1, The aerodynamic load in terms of the peak pressure which may occur
on each section of the vehicle.

2., The mechanical properties of the material, including modulus of elas-
ticity, yield stress, Poisson's ratio, and density.

3. Geometric parameters describing the size and shape of the elemental
sections, including spherical caps, conical frustra, cylinders, and the
tension shell.
4. The following types of construction can be handled by the program-

a. Cylinders and conical frustra-honeycomb or ring stiffened.

b. Spherical caps-~-~honeycomb or monocoque

c. Tension shell-~monocoque
5. The program treats the case of a hot structure, using the thin skin
assumption, for which the convective and radiative heating tables and a
stagnation enthalpy table are required as input. Additional material prop-
erties must be specified for this case, including the specific heat, and emis-~
sivity, The variation of material properties with temperature 1s handled by
input values. The program will obtain the unit area weight necessary to

‘resist the combined aerodynamic and thermal loads,

6. The design criteria utilized include buckling and/or yield stress cri-
teria, and allowable temperature rise.

B. CALCULATION MODEL

1. Honeycomb Sandwich

The calculation model for tne honeycomb analysis is described in detail in
Reference 1, and hence only a brief summary 15 given here. The analyses
considered five modes of failure: (1) general instability; (2) yielding of face
sheets, (3) core crushing; (4) dimpling of face sheets; and (5) wrinkhng.
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Since little test data and theoretfical analysis are available on the buckling
of sandwich spherical caps, derivation of the general mnstability criteria
was limited to transformation of isotropic buckling data 2-4 5 sandwich
shells;the data was correlated as shown in Figure 1. Transformation of
these data employed the use of equivalent bendlﬂg“ and extensional rigidaty
moduli for sandwich shells. The equivalent extensional (B) and bending
(D) rigridaties have the form-
2Egtg

a-vd

Egeeec”
D = e

20-vPH
where Eg, v¢ and t; are the modulus of elasticity, Poisson ratio and thick-
ness of the face sheets and tc 1s the core height. The experimental data
for the buckhing of homogeneous spherical shells was taken from References
2, 3, and 4. The spherical cap geometry 1s depicted in Figure 2.

The conical and ¢ylindrical sandwich analyses were based on the approach
of Reference 5 utilizing the equivalent rigidities discussed above. The
conical shell geometry used is depicted in Figure 3.

The honeycomb calculated provides an optimum face sheet, and core height
to resist buckling with mimmum weight. The optimum values to prevent
buckling are compared with those required for the yield or mimimum gauge
criteria, then the honeycomb sandwich i1s re-analyzed with the heavier face
sheets and the results given for the core height and total unit weight.

The calculation model allows for the combined interaction of lateral pres-
sure and axial loads, The effects of body forces due to the deceleration
experienced during entry, for example, are also included in the calcula-
tion model. The body forces due to the heat shield are included, The in-
clusion of the body forces results in an iterative solution as the effect de-
pends on the structural weight which is, of course, unknown initially.
Besides the buckling criteria of Reference 5, the meridional (‘75—") and cir-
cumferential (00 ) stresses are incorporated into an elastic yield criteria,
wherein the allowable stress is given by

ay = \/002+ a{:z ] 0{: .

In the case of forward facing cones, 1t 1s possible that the maximum stress
will not be at the base of the cone due to the body forces; hence, the result-
ant stress (‘7y ) 1s tested over the whole length of the cone to ascertain its
maximum value.
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Figure 3 CONICAL SANDWICH SHELL GEOMETRY
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2. Rang-Stiffened

The calculation model for the ring-stiffened analysis 15 'that suggested 1n
Reference 5. The method of solution 15 based on an application of the prin-
ciple of rnimum potential energy of an equivalent orthotropic shell, utili-
zing a set of displacement relationships to describe the deflected shape,
The range of application of shell geometries is approximately given by,

L cos & Ry
2 4
10° <2 YammmTay < 10
Ry 1\ °©
1+ —
R

where (L) is the slant length, (Rl } and (R, ) are the mimimum and maximum
radi, (t)1s the shell thickness, and (& is the cone angle of the shell sec-
tion.

A particular stiffener geometry, that of a (Z) section as shown in Figure 4,
15 fixed 1n the program. The effective width of the stiffener is controlled
by mput, as well as the proportions of the stiffener.

The solution 1s programmed so as to satisfy local and overall stability and
to solve for the number of rings which mimmaze the total shell weight. Tests
are provided fo ensure minimum gauge and yeild criteria are sahisfied.

The program provides for the option of either specifying the stiffener height
and safisfying both local (inter-bay) and general stability, which in general
will require different shell thicknesses or the program can solve for the
stiffener height which yields equal shell thickness requirements for local
and general stability. The calculation model assumes that the stiffeners
have the same thickness as the shell. The spacing between stiffeners 1s
Iimited to a value not smaller than the effective width.

The calculation model provides for lateral pressure and axial loads as well
as for body forces. The body forces include those due to the structure as
well as those arising due to a heat shield attached to the structure. The
mclusion of the body forces results in an iterative solution as the body force
depends on the structural weight which 1s unknown irg.{lally.

I Y

The method of solution starts by considering a shell w:‘ithout rings and satis-
fying the buckling, yield stress and mimumum gage limitations. If the mini-
mum gage and/or yield stress humts are not excluded then rings are added
1n a sequence controlled by input, 1.e., rings may be added one at a time or
1 a progressive manner given by the expression

Ng = N, (NFAC) + NTERM

-6
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where NFAC and NTERM are program input integers. Each ring configura-
tion solution 1s tested against the limits on mummum gage and/or yield stress
and if either of these two conditions are excluded, the calculation stops,

with the last weight being evaluated on the largest of the thickness require-
ments.

The yield stress criteria 1s based on the combined criteria wherein the
maximum stress 1s given by

Uy=\jag+0‘02—0'00£ ’

In the case of forward facing cones, it 1s possible that the maximum stress
will not be at the base of the cone due to the body forces, hence, the re-
sultant stress (oy) is tested over the whole length of the cone to ascertain
1its maximum value.

3. Tension Shell

The calculation model for the tension shell utilizes the membrane equations
to determne the stress distribution in the shell, as done 1n Reference 6.
The calculation model assumes that the vehicle mass all exists forward of
the tension shell, Two options are provided, one being the case of a New-
toman pressure distribution and zero hoop stress and the second being the
more general case wherein the coordinates are input, and the hoop tension
is iaken as a fraction of the meridional tension, 1i.e., Ng= aN¢ -

Along with the tension shell analysis, the compression ring weight 1s evalu~
ated using the criteria of lateral stability as derived in Reference 7, and
that of buckling of a long cylinder 1n compression as suggested in Reference
8. A circular cross section is used to estimate the compression ring weight.

4. Monocoque

An option is provided to compute the weight of spherical caps of monocoque
construction. The approach is empirical, utilizing the buckling data cor-
related in Figure 1 and the shell model in Figure 2. General instability and
yielding modes of failure are considered, and the resulting shell thickness
1s compared with practical mummum gage lirutations.

5. Geometry

The overall vehicle geometry for which the program is intended is shown in
Figures 5 and 6. The toroidal sections defined by RSN, RSC, and RSB
cannot be handled with the program; however, these parameters are re-
quired as input to define the fore and aft radii of each comical section. The
tension shell geometry considered 15 shown in Figure 6 wherein the tension
shell replaces Section 23, as shown in Figure 5.

-8-
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The

6. Body Forces

The calculation model provides for the inclusion of body forces resulting
from the structure and the heat shield during entry.

The formulation of the sandwich buckling analysis for cones can handle &
lirmited range of body forces when the body forces cause a tensile stress.
The limitations are due to the fact that X3 and K, must be greater than
zero as the equations are formulated. The limits take the form

(WHS + W)G <1 7 - B?
144PCR s 0 Bl - B+ B/3 + B/ZT!)Z

(WHS + W)Gsmm 6 <1
144 PCR

In zeneral, these limits are automatically fulfilled for entry vehicles where
the fore body pressures are sufficiently large to decelerate the payload
mternal structure and afterbody as well as the heat shield and structure of
the forebody.

7. Hot Structures

The option to compute the temperature rise for a specified heat pulse is
contained within the program. Both the convective and radiation heat pulses
may be mnput. Provision is made to account for the hot wall reduction on
the convective heating and for reradiation. The structure 1s assumed to be
at a umiform temperature equal to the surface temperature. In the event
the structure temperature rise exceeds the allowable input value, the
structural weight is increased. The material properties are treated as a
function of temperature.

LIMITATIONS

following basic limitations exist in the program:

1. The effects of bending and edge conditions are not treated.

2. The sandwich core is assumed rigid so that transverse shear deforma-~
tion has a negligible influence on the buckling load; consequently the results

would not be valid for a weak core.

3. The sandwich construction must have equal face sheet thicknesses.

4. Axisymmetric loading is assumed.
“11a
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A. INPUT DEFINITIONS

Io. USAGE

Preset
Name Values Symbol Parameter Units

A 0. a Ratio of Circumferential to --
meridional stress for ten-
s1on shell,

BETA 0. B Leading edge angle for degrees
tension shell.

CASE 0. Identification number of the
form XX.XX.

CBAR 1. An empirical fagtor which
modifies the value of used
in the calculation model for
combined loadings.

CPTAB 0. Cp Specific heat table. Btu/1lb-°F

DATE 4,01 Identification number of the -
form XX,XX.

DELKI 0. Additive term in calculation | in.3
of Kj.

DELK?2 0. Additive term in calculation | inches
of Kj.

DELTAU 0.1 Time increment used for seconds
integration of temperature
rise equation,

DTHDY 0. d6/dY Derivative of body angle rad/ft
with radial coordinates for
general shape.

EF 0. E¢ Modulus of elasticity for 1bfin, 2
honeycomb face sheets and
monocogue skin.

EFTAB 0. E, Face sheet modulus table. |1b/in.?2

~12-
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Preset

Name Values Symbol Parameter Units
EM 0. m Effective width factor. -
EN 0. n Stiffener proportionality -
factor.

EMISTR 0, € Emssivity of structure, --

EPS 0.01 Thickness iteration factor.

ER Q. Ep Modulus of elasticity for b/in, 2
compression ring.

GAMF 0. v Poisson ratio for honey- --
comb face sheets and
monocoque skin,

G 0, Deceleration, Earth g

GAMR 0. VR Poisson's ratio for core -
ribbon.

GAMBAR 0. y Axial load factor. -

GFTAB 0. v Face sheet Poisson's -
ratio table.

GRTAB 0. v, Ribbon Poisson's --
ratio table.

HS 0. H Height of stiffener. inches

HTBL 0. HM/RT, | Stagnation enthalpy table. --

HTST 0. Hot-structure option --
sentinel.

HT(PP 1. Stiffener optirmmization --
sentinel.

KADHES 0. X Honeycomb adhesive weight, | 1b/ft2

LC 0. LC Cylinder length, feet

~13-
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Preset

Name Values Symbol Parameter Units

MEM® 0. Identification number of .-

of the form XX, XX.
MON 0. Monocoque option

sentinel. -
NFAC 2, Constants which specify

ring frequency. -~
NTERM 0. (Ng = N, NFAC + NTERM) -
PCR 0. Per Aerodynamic pressure. Ib/in.2
QCMULT 0. Convective heatpulse

multiplier. --
QRMULT 0. Radiative heat pulse

multiphier. -
QTBL 0. 9 Convective heating table, Btu/ftzsec
RA 0. Ry Aft Cap radius. feet
RB 0. Rp Base radius. feet
RC 0. Re Cylinder radius. feet
RN 0. Ry Nose Cap radius, feet
RGCMAX 0. P Maximum core density. /g3
ROCMIN 0. Poasn Minimum core density. n/£t3
ROF 0. I Density of honeycomb

face sheet and monoco-

que skin. b/ £t3
RGR 0. PR Density of core ribbon. 1b/4t3
RORG 0. by Density of compression

ring skin., 1b/fe3
RSB 0. Shoulder radius.,

-14-
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Preset
Name Values Symbol Parameter Units

RSC 0. Rge Shoulder radius. feet
RSD 0. Ring-stiffened option

sentinel. -
RSN 0. Ron Shoulder radius feet
RT 0. Ry Truncation radius at base.

feet

RTBL 0. Radiative heating table. Btu/ft2sec
SECTN 0. Ordered array of section

numbers,
SGFTAB 0. o Face-sheet yield stress

table. Ibs/in. ?
SGRTAB 0. o, Ritbon yield stress

table. 1b/n. 2
SIUCYF 0. o Yield stress of honeycomb

face sheet. 1b/in. 2
SIGCYR 0. [ A Yield stress of core

ribbons. 1b/in. 2
SIGRG 0. oy Yield stress of compres<

sion ring skin, 1b/in. %
TCMAX 0. o Maximum core thickness. inches

max.
TCMIN 0. 3 Manimum core thickness. inches
c.mm

TEMPA 0. Maximum allowable

structural temperature. ° r
TEMPI 0. Initial structural °F

temperature.

_15-
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Preset

Name Values Symbol Parameter Units
TFMIN 0.01 e . Mimimum honeycomb face
mn sheet and monocoque skin
thickness, inches
THA 0. 0, Afterbody cone angle. degrees
THB 0. O Flare angle. degrees
THC 0. ¢ Forebody cone angle. degrees
THN 0. % Nosecap angle. degrees
TH2G 0. s Initial angle for general
tension shell, degrees
TH3G 0. 036 Final angle for general
tension shell. degrees
TIME 0. Time. seconds
TINIT 0. Initial temperature at
whick structural properties
are selected. ° F
TSTQP 0. Maximum thermal design
time during which Ty < °
T - F
W max
TTAB 0. t Temperature table. °F
WHS 0. Umt heat shield weight. b/ 2
XA, XN,
XC, X@ 0. Mole fractions of argon,
nitrogen, carbon dioxide,
and oxygen in the atmos~
phere. _—
X, R 0. X, R Coordinates for general
saell. feet

-16=-
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B.

INPUT PROCEDURES
1. General

a. Decimal points may be used on all numerical input data, although
they are not necessary on integer values.

b. RC must always be specified.
c. If RB1s not specified, then RB=RC.

d. Contour angles (8) are measured relative to free stream and a
positive value indicates an increasing body radius whereas a negafive
value indicates a decreasing body radius.

e. If several cases are run on a single memo, only changed 1nputs
need be specified following the first case,

f. Input QTBL, HTBL, and RTBL as a function of TIME, For each
value of TIME input there must be corresponding values of QTBL,
HTBL, and RTBL {(maximum of 150 values in each table), In stack-
g cases, 1t 1s necessary to add at least one 0. value at the end of the
TIME table 1f the number of entries is decreased. This 0. value 1s
used internally as an indication of the end of the table.

2, Shell Geometry

The section numbers and section parameters are identical to those of
Programs 1881, 1882, and so forth. Although tori cannot be handled by the
program, the tori parameters are nevertheless required in many cases to
compute the fore and aft section radii,

SECTIQNS

The vehicle sections are specified by an ordered list of numbers which
identify them and place them in the desired sequence. The number list1s
given below, and the corresponding sections are further described by
Figures 5 and 6.



Number Section Input Required

1. NOSE SPHERE RN, THN
2, TORUS RSN
3. CONE THC
4. TENSION SHELL BETA
5. GENERAL SHAPE TH2G, TH3G, X, R
6. TORUS RSC, RC
7. CYLINDER LC
8. FLARE THB
9. TORUS RSB, RB
10, TORUS RSB
11. AFTCQNE THA
12, AFTSPHERE RA
13. BASE . RT

Construction Options

a. Momnocoque analysis for the spherical cap for flat base is used when
the option sentinel M@N = 1 is specified.

b. Ring-stiffened analysis for the conical and cylindrical sections 1s
used when the option sentinel RSD = 1 1s specified.

c. The hot structure analysis 1s utilized when the option sentinel
HTST = 11s specified.

d. The program will use honeycomb 1f and only 1f, no option sentinels
are specified.

e. Ring depth optimized 1f HTOP = 2.0,



4. Design Factors

a. Conical Shell Buckling

The calculation model for an unstiffened cylinder under external pres-
sure reduces to the expression
5/2
E
—_— 092 Eg ey - ey Reference 9
RI2 L,

which agrees precisely with equation (3) of Reference 9. The data
summary given in Reference 9 indicates that the theoretical critical
pressure 1s too large, and should be reduced, and a design factor of
(0. 8) 15 reasonable. Calculations using Program 1886 for cones under
hydrostatic pressure are summarized:

B=1 Rl Pct/Pe PCI/PQ
- TZ " 6. =30 degrees 0. =60
0.1 0.99 0.97

0.3 . 1.00 0.98

0.5 1.05 1.02

0.7 1.12 1.08

0.8 1.20 1,14

0.9 1.18 1.15

1.0 1,18 1.16

Using the recommended design criteria of Reference 9 would require
factors on the aerodynamic pressure ranging from (1l.2) at small
-values of (B) to (1.5) at large values of ( ).

b. Interaction Effects
The calculation model for buckling under combined lateral pressure
and axial loading yields a theoretical interaction curve similar to

those presented in Reference 9. Typical results obtained from Pro-
gram 1886 are given in the following table for cylinder witht/g = 0. 01

~19-
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¥ Pcr/Pero F/2nEg’
0 1.00 0.00
4 0. 88 0.08
10 0. 81 0.18
20 0. 61 0.27
40 0.43 0.38
100 0.22 0.48
200 0.11 0.48
400 0.05 0.48

where F is the axal load and P, is the critical lateral buckling
pressure with zero axial load,

The agreement with experiment for small values of (¥) is reasonably
good; however, a correction factor is needed at large values. An
empirical correction factor 1s formulated for cylinders in Reference
10 which is a function of the (t/R) ratio. In order to facilitate an
empirical correction to the program model, an additional optional
input, designated CBAR is provided, which modifies the value of y
used in the equations, such that

Pused = CBAR Dinpur
The value of CBAR is preset to 1. 0.
c. Spherical Cap Buckling
The empirical correlation of available buckling data used in Program

1886 is shown in Figure 1. The value of Afor sandwich shells is gen-
erally smaller than for monocoque shells, being given by

1/2
Moo 21—y V4 (—h)/
f ‘o

Hence, it appears that the formulation utilized results in smaller
knockdown factors due to imperfections, for sandwich shells than for
monocoque shells,

_20-
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5. Input Forms

An mput form 1s provided far the user,
punched provided the variable is specified

decimal pownts.

All the information shown is key-
All numerical values have

C. OUTPUT DEFINITIONS
Name Parameter Units

AG Area of general shell. £t2
AT Area of tension shell. £t2
H Height of stiffener. inches
N Number of stiffeners, -
RGC Core density, 1b/6t3
RR Radius of compression ring. inches
SIGH Circumferential stress. 1b/1n. 2
SIGM Meridional stress. 1b/in. 2
SIGMH Resultant yield stress criteria. Ib/an, 2
T3 Thickness of tension and for general shell

adjacent to compression ring, inches
TC Core height reqmred. mches
TCY Face sheet thickness required to satisfy yield

criteria. inches
TF Face sheet thickness used. inches
TFQPT Face sheet thickness designed for optimnum

under buckle criteria. inches
TIME Time at which TWMAX occurs, seconds
TNG Thickness of face sheet based on local and

general stability, inches
TNL Thickness of face sheet based on local stability. inches

-21-
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SAMPLE PROBLEM

1, Statement of Problem

Determine the external structural weight for a blunt cone configuration using
the heating and loads obtained from the sample trajectory problem of Pro-
gram 1880. A heat shield 1s to be used on the forebody, but the afterbody

1s to be a heat sink,

2. Computer Input Forms

The necessary iput computer forms, shown in the following pages, contain
all the necessary mput, The nosecap and forecone are considered to be of
aluminum honeycomb construction, The aft cone is of stiffened beryllium
and the flat base section is of beryllium honeycomb.

3. OQutput

The program output i1s given on the succeeding pages. The nosecap 1s de-
signed on mmnimum gage for the face sheets and core height. The face
sheets of the forecone are minimum gage, but the core height 1s 0. 479 inch,
The afterbody design indicates a minimum weight for 64 stiffeners of 0,17
mnch height. The maximum temperature achieved by the afterbody 1s 1168°F,
which satisfies the allowable temperature Iimit. The weight required for
the heating (temperature limit) 1s seen to be larger (WTQ > WT) than that
required for the structural loads; hence weight reductions can be achieved
by increasing the allowable temperature., The base cover is designed on
minimum gage considerations.

The total skin weight 1s then

Section Weight (pounds)
Nose 0.7
Forecone 104. 6
Aft Cone 52,1
Base _18.3

Total 175, 7 pounds

The weight calculated does not include the torus section; Program 1888
provides for inclusion of the complete shell,

22~
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"4P555 " | DIGITAL COMPUTER INPUT [ZFoPcemto 1886 PRocRAMMER
REQUEST FORM L‘ELE Structural Preliminary Design Program
MEMO NO SECTION NO | WORK ORDER NO {E240 USE ONLY) [REQUESTED BY [EXT EST TIME
pace 1 oF 6 Paces

$INPUT
DATE = , MEM® = , CASE = N
A = , LC = , SIGCYF = )
BETA = , MQN = , SIGCYR = ;
CBAR = , NFAC = , SIGRG = ;
DELXKI = , NTERM = » TCMAX = 2
DELK2 = , PCR = , TCMIN = ’
DELTAU = , QCMULT = , TEMPA = 5
DTHDY = , QRMULT = s TEMPI = s
EF = RA = s TFMIN = >
EM = , RB = » THA = s
EN = RC = , THB = >
EMISTR = RN = ; THC = s
EPS = , ROCMAX = > THN = s
ER = , ROCMIN = , TH2G = ,
G = ROQF = , TH3G = s
GAMF = , ROR = , TINIT = s
GAMR = , RORG = , TSTOP = ;
GAMBAR = RSB = , WHS = s
HS = , RSC = s XA = s
HTGP = , RSD = , XC = .
HTST = , RSN = XN = ,
KADHES = RT =  xp = ,
CPTAB = ) R R R 5
EFTAB = R s R s R

s s 5 ; s

-23-
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RAD 2:0964
5-63

DIGITAL COMPUTER INPUT
REQUEST FORM

PROBLEM NO. |MEMO NO

SECTION NO.,

CONTINUATION SHEET
PAGE 2 OF 6 PAGES

GFTAB = R s s s ,
7 2 2 > ’

GRTAB = R . s s ,
- ? 4 2 ] ]

SECTN = R . B s ,
2 2 2 2 2

SGFTAB = R A s s ,
3 ; » ’ s

SGRTAB = R s , s ,
» ’ ’ s s

TTAB = R ) s , ,
’ - s » » s

R = s N N » A
’ s s s ’

’ s 2 s »

’ ’ s 2 »

, » s s »

X = 2 > 2 2 )
s ; s s s

s s s s »

2 3 2 k] 3

» ’ » s 2

HTBL = N R s , s
: » 3 ; »

? 2 2 2 2

’ > ’ 5 ;

2 2 2 2 3

24—
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RAD 2 0984
863

DIGITAL COMPUTER INPUT | o =™ SEETION NS CONTINUATION SHEET

REQUEST FORM PAGE 3 OF 6 PAGES

HTBL = , , , ,
{Continued)

k] ) E) E) E]

2 ’ s 2

2 ] » s

4 2 ’ s

2 2 ’ 2

QTBL = , . , ,

-25-
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RAD 2:008¢
3-83

DIGITAL COMPUTER INPUT
REQUEST FORM

PROBLEM NO IMEMG NO IsEcTION NO’

CONTINUATION SHEET
PAGE 4 OF 6 PAGES

QTBL = , s , ,

(Continued) . £ R
2 2 ? ) 2
kg 2 - kg 2
2 hd 3 2 k]
’ f » ,
] 2 } k] s

RTEBL = N N , >
y _ 2 > 2 »




RAD 2 0954
5-63

DIGITAL COMPUTER INPUT
REQUEST FORM

SECTION HO

CONTINUATION SHEET
PAGE 5 OF ¢ PAGES

RTBL = s s s .
{Continued)
s s s - s
s ) s s
s s 3 . »
s s s ’
’ . s s
s s > s
s s » 2
s s P s
s s - ) :
’ s > ’
3 s > )
3. 3 > N
s 2 s s
s ) s »
s 1} ’ »
i - 2 £l *
2 s s )
> ’ s s
2 s s s
) » 3 :
s » s 3
s s : )
2 ’ > >
s » » ’
TIME = 3 £ £ 2
s s s >
’ s s ’
s > 3 s
) B f s
-27-
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mapz0ses | pici a1 COMPUTER MPUT ProBLER Ho. HENG HO. SECTION HO CONTINUATION SHEET
REQUEST FORM PAGE 6 OF 6 PAGES
TIME _ = R , , , .,
{Continued) . j .
) 2 < 3 . »
L L L ¢ 2 k]
2 - 3 F} 3 'y
” 3 s ) s’
) ’ s » s
, s ’ N s
£ L - s 2 £
s ’ s , ,
3 2 :’ 3 2 k]
’ ’ , ’ ,
f s ’ ; s
td ) t s ? L]
s ’ ’ : ,
L] 2 2 ) £l L]
£ ] e} ’ L
? : L 2 3 2
? i 3 : 2 2
£ 3 2 3 2
) ’ ) ’ » ‘s N
3 : 3 s ’ k]
> k] s 2 ’
£ k] ) 3 s £
) 2 N ] » ’
? s £ ’ ?
$
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363
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DIGITAL COMPUTER WPUT [TRoPLeM N0 1886 Prosl -
REQUEST FORM e Structuial Prelbiminary Disign Paomam R

MEUNS NO SECTION AO | nORK ORDER NO (E240 USE ONLY} [REQUESTED aY |FXT EST TIME

PL-179 | W610 | W305-050-0005 P. Levine |2996 pace Lor Trrae:
$INPUT
DATE = 4.1 , MEM® = , CASE = s
A = , LC = __ _____, SIGCYF = _40000.
BETA = _ MON =, SIGCYR = 40000,
CBAR = 1.0 , NFAC = 2.0 , SIGRG = »
DELKI = _, NTERM = ______, TCMAX =30
DELK2 = , PCR = __1.67 ., TCMIN = 0.25 s
DELTAU= _ g ) , QCMULT = » TEMPA = _lz00. )
DTHDY = ., ORMULT = s TEMPI = 100, .,
EF = 8E6 | RA = .+ TEMIN = _0l__
EM = , RB = , THA = -80, .,
EN = , RC = 7.5 , THB = s
EMISTR = _, RN = 125 , THC = 60,
EPS = 01 , ROCMAX = 10, , THN = _60.
ER = _, ROCMIN = 1, , TH2G =
G = 25.8 ROF = 172. » TH3G = )
GAMF = 33 | RGR = 172, _, TINIT = _100 ,
GAMR = 33 _, RGRG = , TSTOP = 4116
GAMBAR = RSB = 0.15 , WHS = 1.0 )
HS = , RSC = 0.15 , XA = o s
HTGP = 1.0 , RSD = , XC = _02
HTST = __, RSN = XN = 0.8
KADHES = .20 RT = 3.75 : XP = __0. o
CPTAB = _ 4 . 5 > 57 s .61 s 65

67 s 7 , T3 , .76 . ,
EFTAB = 44.E6 , 42.E¢ , __40.E6 , 37.Eé , 32:E6 _,
_26.E6 _, 15.B6




RAD ? 098¢
5-63

PROQLEKM HO MEMO HO SECTION HO ‘¢

DIGITAL COMPUTER KIPUT CONTINUATION SHLET
REQUFST FORM 1886 PL-179 w610 PAGE 2 OF 7 PAGES

GFTAB = 10+ 024, R , , .

k4 3 ) 3 2 2

GRTAB =  10r,32 | , , , ,

, . . ) ,

SECTN = 10 R 3.0 . , , s

. , , , ,

SGFTAB = 60000., 58000. » 52000, , _46000. _, 40000. ,

32000,, 20000, __, 10000. , 1000, ,

SGRTAB = 95000. _ , 95000, _ , 95000,  , 92000.  , 90000. ,

90000 , 850000 , 70000. , 10000. ,

TTAB =0 , 200, , 400, , 600 ., 800. ,

1000, » 1200,  , __1400. _, 1600, , O, s

R = k) 2 2 3 3

> . , s .

) , , . ,

, ) R , ,

, s s , .

X = » N N » ’

2 3 2 3 2

2 ') 2 2 k]

s , , s s

) , s . ,

HTBL =  127.5 , 1309 , 131.1 , 131.4 , 13L.7 ,

132.0 132.2 , 132.5 , 132.7 ,  132,9 ,

133.0 , 133.1 ,  133.0 , 132.8 ,  132.3 ,

131.4 1299, 128.0 , 126.4 , 122.8

116 7 108.2 98,6 89 4, 80,7

-30-
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maoznes | DIGITAL COMPUTER BpUT | oo rm"‘) seeTiou o CONTINUATION SHEET
REQUEST FORM 1886 PL-179 w610 PAGE 3 OF 7 PAGES
HTBL = 7125 , 647 , 574 , 505 , 441 3
(Continued} 35 5 L3217 , 276 L 231, 190 ,
15 3 L 129 , 10.8 ., 89 72 ,
58 47 , 3.9 , 3.7 , 40 ,
s . , . .
, . . . .
. . , R .
. s , , ,
. , . , .
, . . , .
. , , . .
2 F] 3 ) 2 £l
. . , . ,
, ) . . .
, . . . .
. , , . .
. , . , .
- T - £ 2 - E] 2
. , . . ,
, , , , .
, . . , ,
QTBL = 0.1 , 1o , 1.2 , 1.5 , 1.8 ,
2.3 . 2.8 L 3.4 , 4l , 5.1 ,
6.2 . 7.6 , 9.4 , 1.4 | 14,1 ,
16.8 . 20,3 , 23.8 , 27.2 , 28.3 ,
29.4 , 30,4, 28.7 , 26.4 , 23.8 ,

.31-
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RAD 2 0964
5-83

DIGITAL COMPUTER MPUT | o [ e
R I
c 1886 | PL-179

SECTION NO

CONTINUATION SHEET

REQUEST FORM wéi0 pacE 4 oF 7 PAGES
QTBL - 21 185 159 13.5 1Lz ,
(Continued) , 7.4 , 5.8 4.4 , 3.2 R
2.3 , 1.7 , 1.2 0.8 , 0.6 ,
03 , 0.2 , 0.1 0. , o, ,
, , . .
. . . .
. , . ,
, , , .
3 3 E] : 3
. ;- , .
, , , ,
, , . .
, , . .
. , . )
, , , .
, , , .
3 b F k] £
. , . ,
, , , ,
, , . .
2 ’. E] ?
, , , ,
: E] .’ 3 £
. , , ,
, , . ,
RTBL .  45%0. , , , ,
. , . ,
. . , ,
, , , ,
, , .
~32-
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RAD 2-0834
s 63

PROULEW NO | |HENG NO

DIGITAL COMPUTER BIPUT TN CONTINUATION SHEET
REQUEST FORM 1886 PL-179 WB10 PAGES OF 7 PAGES
RTBL = s , s s s
{Continued)
s , , s s
s , , s ,
s s , , ,
s > s , ,
> s ’ s ;
s s , , ,
s s s f ,
3 2 E) » 3 E]
, s , s s
, s , ’ s
s s s , s
s s s ’ s
, s , s ,
s ’ s s ,
2 e 2 2 2 2
s s s s s
s , , , s
s , s s s
s s s s s
s s , s s
s s , ; ,
s s s ’ ,
s , , , )
TIME = _0. . 83 59 » 91.01 198.59 ; 106.29
114.1) , 122,04 , 130,15 , 138.41  , 146.83
155.43 , 164,26 , 173.32 , 182,60, _192.13
201.94 , 212,11 , 221.42 , 229.50  , 236,71 .
243.49 , 250,18 , 256.24 - , 261.31 » _265.89.. .
-33-




man 2 [ Gt AL Coation e | e e [T SR ERETT T conminyaTion sHeeT
REQUASY Tunts 1886 PL-179 w610 pace 6 oF 7 PAGLS
TIVE = _ 27019 > __274,35 » _278.41 _ » — 286,62
(Gontinued) 290.91 » _ 295.42_ . _300.24 ., _305,47 ., _311.25
317 80 , _ 323.33 , 329.62  , _336.92_ , _345.61
356.33 , __370.36 , 389.41 _, _426.40 ., _473.00
, , , , ,
, , , R .
) . , , ,
3 By 2 3 £ 3
2 ‘ 2 2 k] F]
, ;- . , ,
, , , . ,
, , , , ,
. , . , ,
) , ) , ,
> 3 . o s
R . , . ,
) . , , ,
. , , _ ,
. , . , ,
, , , A ,
, ) R . ,
, , , ) )
. , , s R
F) £l > 2 2 k]
E ] £ 2 3 F
$

-34-
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macz 000t | DiGITAL COMPUTER INPUT | o oo SECTION NO CONTINUATION SHEET

REQUEST FORM 1886 PL-179 | W610 PaGE 7 OF 7 PAGES
$INPUT

CASE . =0 ,

SECTN = Il ,

EM = 30. S

EPS = 05 ,

HTQP = 20 )

HTST = 1.0 ,

PCR = 8 3E-3 ,
QCMULT = 01 ,

ROF = 116. s

RPR = 500 )

RSD = 190 s

$

$INPUT

CASE = 3.0 ,

SECTN = 13. ,

HTPP = 0.0 )

HTST = 0.0. ,
QCMULT = 0.05 )

RSD = 0.0 s

$

~35-
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* MEHORY MAP *
SYSTEM 00000 YHRU 02717
e oex_oRtoin 000
FILES 1. UNITOS . .
S
FILE LISY ORIGIN 02750
o rraLizaTion G
CALL ON OBJECT PROGRAHM 02777
N e RU1547
nscx_oRIcIN contRos P
R ror sar— stees
2. 1886 06050 177 71762521 - « 07064 %
S S SR AVAEA 1+ I 4
4. SKONOC 11341 117 7(76252) HONOC 12754
6. SRING 14017 RING 14211
B. STENSN 15773 TENSON 16661
10. SGNRLS 17374 GNRLSH 20050
10, Sonms 1l SRLSY 20079
12. SHOTST 21443 HOTSTR 22033
14, LLXCON 22551 SLXSTR 22551 ¢ »LXSTP 22555 «LXOUT 22623 «LXRTN 22635 IBEXIT 22635 %
+CLSE 23222 «LFBL 23223 * «LUNB 23224 ~ «DFOUT 23225
15 sones 2331 cLe, 22z LeeL. 23223 0 LUND Z3Ed | DRaW BT ean avams
<WRITE 23245 «BSR 23255 % <READR 23265 +RELES 23267 * «LAREA 23300
RiTe B4s oy 33 cReADR 23265 cheLes 2seed Rea 23300
«GOA 23400 «GO 23404 «DERR 23520 «NOPXI 23421 «COMXI 23423
16. LLXSL 23452 SJLXSEL 23452 LXCSEL 23453 «LXTST 23456 * «LXOVL 23516 # SLXRCT 23527 *
XS 23 L e tiee Daea uak Bus
17. .F?Ys? 23611 SFFPT. 23611 * <FPOUT 23750 -FPARG 23767 Z.COUNT/ 23771 * OVFLOW 24042 *
A A s rHdA e -
19. .XCCI 24055 CC.l 24055 CC.2 24056 CC.3 26057 CC.4% 24060
19 e Ten AR P ol e
21. FXEM 24062 +FXEN. 24062 <FXOUT 24417 «FXARG 24425 1.0PTH./ 24501
2. T o EXER. Zoe?
23. FCNV 25054 +FCON. 25054 «FCNV. 25077 «ENDFS 25112 +LNVSHN 25114 «FDX1 25120
Fon.  2s0ss FoNv. zoTr  cEMoRs 2k Eer el s
.DBL20 25302 +QDSH 25312 «DDFEX 25321 SFIXSH 25327 =DDBC 25404
ez a0 RS R A+ SG & iaall++ L <+ Do 1R
«ANPT 26006 «ONPT 26023 »LNTP 26077 <AQUT 26146 «OFLT 26164
CAANE ) Sy 4 ) i At DLy Zenss
~LOUT 26727 +00UT 26T46 «XCF 26777 «TEST 27504 «KOUNT 27507
e L A - W <L LA NS4 0 -l
SHIDTH 27617 «GAIN 27620 -GAINL 27621 «FBDBF 27631 «DDDFL 27654
o are CAIN 21620 oSaNL ZTer i e - e
24. Fl0S 27701 «F1DsS. 27701 «FSEL. 30041 +FILR. 30045 .FRYB-’ 30054 * «FRTD. 30061
I0S. ;TOL RS AL ihen Wms. RO TOET  CTONR G0
-REED 30247 * «BIN 30250 * «FCT 30251 «FCKSZ 30253 *
5. s 2033 LY I S L1 14 A
_36-
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26. FMRD 31336 -FHRD, 31336
37 EHRY— 31362 FNRA — 313
28. FWRO 31406 <FWRO. 31406 <FREST 31711 *
. — 32013 FROU.— 32013
30, UNOS 32054 <UNDS. 32054
2. _yng: 32055 s 32055 SUESZ__ 3205
32, FIOU 32061 -FI0U. 32061 -GTUIC 32534 JNRLST 32557 SNAME. 33662 LINTAP 33663
33, STNOR-—3430 ATANGR TAN 23— % ATANCE. N
34. JRSIH 34411 ARSINP 34452 R
35, _§L05——34503 ALDG10— 34503-%—ALG: 34505
36. FXPF 34844 &xe 34644
37. 347, <o 347 I 242
38. FSOR 35175 SRT 35175
390 FATH-— 353 TANZ AN .
40, FXP2 35510 +XP2. 35510
Al FXP3-— 35626 x03.
42. .I0CS 35753 «L10) 35753 JHONSH 35773 LTEOR 36042 «DEFI. 36122 .JOINX 36166
cia. A3TC 25 sy 32+ 36474 % .OPEN.— 36515
<0P4 36563 -OPT 36574 * .0P9.2 36610 ¥  .RLSE. 36662 WRER2. 36662
JFEEIT 37227 -GTIDX 37250 <RMT 37366 # .RE7 40005 *  _ENDTR 40446
£L59— 4045 P 1061 EDTOR—4120. ETORS— 4121 4mt. 243
JTCHEX 41564 -BASIO 41547 &
43 1OCSH 4SS
46e 11 76252
1/0 BUFFERS 41550 THRU 76153
UNUSED CORE 16154 THRU 76251
oare Py o1
casE= s
secTy - 2 3 Py s P Py
0, 0y 0, 0y oy [
L 0y 3
RSD = 0r
Hrgp = 1.
HTST = oy
GANF = 0.33000000E 00,
€ = 0.80000000E 07,
ROF = 0.172000006 03,
ST6CYF = 0.40000000E 05,
GAMR = 0.33000000E 00,
ER = 0.00000000E-38,
ROR = 0.17200000E 03,
SIGCYR = 0.40000000E 05,
KADHES = ©.20000000E 00,
PCR = 0.16700000E 01,
TEHIN = 0.10000000E-01 4
boTeMmy = 0.25000000E 00,
TCHAX = 0.30000000E 01,
ROCHIN = 0.10000000E 01,
ROCHAX = 0.100000008 02, «
GAHBAR = 0.000000008-38+
CBAR = 0.10000000E 01,
s = 0.10000000E 01,
G = 0.25800000E 02,
HS = 0.00000000E-38,
EM = 0.00000000E-38,
_37-
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NEAC

o

T Y

TH3G.

bobot

boboo

bobob

o bo P

copob

bobaob

boboe

—s1506

DIHD!

DELTAL.

00,

-38-
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QCHULT = o

QRMULT = 2

X P %0

<o - o

. - o

x¢ -

TEMRI_ = ot 93

TINIT- Q.1 03 =~

ystan_= £.41160000¢03

SELKI—= " -

TANE— = s a 0z o 2, o 5
0.114110008 03, 0.12204000E 03, 0.13015000€ 03, 0.13841000E 03, 0.14683000E 03,
ot 3 o1 03 b 03 o o o3
0.20194000€ 03, 0.21211000E 03, 0.22142000E 03, 0.22950000E 03, 0.23671000E 03,
o 03 0+25013000E-03 2 03, 0.251310005-03 5. 3
0.27019000E 03, 0.27435000€ 03+ 0.27841000E 03, 0.28247000E 03, 0.28662000E 03+
0.290910005 03 2 02 03 0-30547000F. 0231125000503
0.31780000€ 03, o 03, [ N o 03, 0.34561000E 03,
Py o3 s 03 0933941000603 s o 3
0 9 N 0. o 0 . [ »
o b
0. 0. N 3 [ . o .
a 2 2 t
o M o o -y S M o o
o o be 5.
o . o o . o ; o. y
o o o a 2.
I3 o v 0 ’ [ M o i
o o 2 o o
o o o . o . 0. Y
o o 2 5
o v o ’ o 0 . 0.
Py Py o o s
o M o . o M o Bv o
P 2 2 o o
o . o N o. . o i o M
o o s o
0 i 0 i 0. v [ £ 0. v
o o o o 0
0. o. °. i [ . [} N

oteL = 0.1 004 0.1 01, 0.1 o1, 0.15000000E 01, 0.18000000€ 0L,
Py o1 o 01 s a1 0-41000000E_01 0.51000000E-01
0.62000000€ 01, 0. o1, 0. o1, 0.11400000E 02, 0.14100000E 02,

-39-
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0.23800000E 02,
0.112000005—02

9E—G27
02

0.26400000E 02,

Pe

23000000E-02:
0.28700000€ 02,
3 0:

Q

20360080E-02
0.30400000€ 02,
H 03

o.

B2y

0,29400000E 02¢
0.21100000502.

0.92000000E 01,

0l,

0Ole

91

P

0.30000000€ 00y

0.13140000E 03, 0.13170000E .03,

0.13110000E 035

013090000 03y

0.12750000E 03+

HTBL

-40-


http:11NVI.NI

—E32 13220000603 13250000503 1327000050 05 +3290000E- 03—
0.13300000E 03, 33100008 03, 0.13300000€ 03, 0.13280000E 03, 0.13230000E 035
ot 33 b 03 o o3 o2 o3 o 3
0.11670000€ 03, 9.10820000E 03, 0. 02, o 0z, 0250700000E 02,
5 %2 0764700000802 o 2 s o ea1 90000803
0. 382000006 02, 0232700000 02, 0.2 0z, o o0z, 0215000000F 03,
ooy o2 oy oz M oz : +
0.580000008 01, 0. o1, o o1, o ot, 0.
2 o o 3 2
o . o o . o . 4
o ° b 3 H
o y o v o " H o
e b4 o W
o o T o o T o 4
o. . 0 Y o, v 0 , o ,
B ” s 3 " 9 " 2 v
b4 2 bd o o
o o v o o y o
o H b4 b 3
o o " o o M o
o, 0. . o o 4 y
I3 y 0. o o 0 . o. 8¢
2 ° b bd 2
o T o . o Y o > e
o b4 o
TTAS— = o o o3 3 o3 3
0.100000008 04, 0.12000000E 04, 0.1 o4, o 04y
cPTAE = 0.40000000E 005 0.50000000€ 00, 0.5 00, o 00, o oo,
B 67000035500, ° 0. 2 2 H % °
EETAB—= 0. 08 o 03 0. 08 0 08 2 0. a8
0.260000008 08, 01 08, o, o7, o o7, o v
SGFTAB = 0.60000000E 05, o 05, o 05, o 05, o 05,
> b 3 o5 o bH b b b
GrETan = 2 s o . o 2 o N
o. . 0. . o . 0. 1. o,
GRTAS = 0.32000000€ 00, o 00, o 00, o 00, o 00,
o % b 20 o oo, b % b %
GRTAD= N o5 2 05 o 05 " o5 o o5
0.90000000E 05, 0.85000000€ 05, o. 05, 0. 055 o. M
s €ND
secTIoN 1
SANDHICH GONSTRUCTION -
TC Y ROG W T€ TC WT h
13134160 100000800 N 2 X 25116-01
oMM Al -
~5.24965E 02 N
SECTION 3
ANORIEH
- RO " . .
76586E-03 1.00000E 00  5.266156-01 1.00000E-02 4.793626-01 1.04572€ 02
ST1G4H siGH SIGH
1063450 12785860 583528 02

—41-
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o1

secn = 1 2 o — — o S
0, [ 0y o, o [
HON = 0y
RSD = 1y
Hrop = 2,
HIST = 1y
GAMF = 0.33000000E 00,
EF = 0.80000000E 07,
ROF = 0.11600000E 03,
SIGCYF = 0.40000000E 05+
GAMR = 0.330000008 00,
ER = 0.00000000E~38,
ROR = 0.50000000E 03¢
SIGCYR = 0+40000000E 05,
KADHES = 0.20000000E 00,
PCR = 0.83000000E~02y
TFHIN = ©0.10000000E~0Ly
TCHIN = ©8.25000000€ 00,
TCMAX = 0.30000000E Ol
ROCHEN = 0.10000000E 01, B
ROCMAX = 0. 10000000 024
GAMBAR = 0.00000000E-38y
CBAR = 0.10000000E 01,
WHS = 0.00000000E-38,
G = 0.25800000E 02,
HS = 0.00000000E-38+
3 = 0.30000000E 02,
-42-



—HEAC.

HTERN

£ps. Py

P = 5. o1

RSN = s

T = s 52

Yy - s.

THA o 2

THe . 02

28 - s

as8 o 28

&C - 2. 3

P o

ey - s o1

BETA = s

A = s

T2g = P

THIG s

x - 5. P s o s
o . 0 0 N 0 o.
Py s o o
o M o Y o . o
5 s Py &

2 = o a o s P
0 v 0 . o v, 0 o
2 2 2 2. 2
0. . o M o . o o
Py P 5. 2 3.

RORG o

$16RG.= o

DTHDY 5.

DELTAY.= 2 a0

_43-
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602<

44

QRHULT-
XK 5 00
xs. o
"
< o
TEMRL 1 03 -
pEnesy 1 3
rs308. 5411600005 03.
SELKL -
BELKa. 5.
FIuE P 2 2. 5. 1 30
0.11411000€ 03, 0,12204000€ 03, 0.13015000F 03, 0.13841000E 03¢ . 14683000E 03,
h o3 ol o3 oui 3 3 1
0.20194000E 03, 0.21Z11000€ 03, o 03, [ 03, 0.23571000E 03,
93 925018000503 o o3 o
0.27019000E 03y 0,27435000E 03y 0.2 03, 0. 03, 0 03,
0.29091 23. o Pt P 3. 0-30542900E 13 2
0.317800008 03, 0. 03, o 03, o 03, 0.34561000E 03,
a3 5. 3 500503 o 3
o Y o o . o y o .
5 s o Py < 4
o M o 0. 0. M o. By
P s o s.
o, o M 0. 0 . 0. 8y
o o 5. e t4ll
o . o P ° M 0 M
o 0. o s s
[ 0. o o . o v
P Q P o 2
o . 0 [ o . o .
o 3 o s Y
0 0. N [2 v 2 v o v
o 2 o. o o.
0. ’ 0. o, o i o
Py 2 Py Y ; o
o N o P . 0 M 0. )
o a P 5 o. b3l
o o o o . o. Y
0. Q. 0 o 0.
o o o M o . 0. .
QraL 0.10000000E 00, 0,10000000€ 01, 0.1 01, o o1, 0.18000000E 01,
by o1 a o1 o1 5 01 0+51.0000006-01
0.62000000E 01, o, o1y o o1, 0.11 E 02, 0,14100000E 02,



603<

-45-

902y 20306000E~027 23800080E-02 272000006627 28300000602+

0.29400000E 02, 0:30400000 02, 0.28700000€ 02, 0.26400000E 02, 0.23800000E 02,
0211000001 ot 0z P 22, Py 02 23112000006 02
0.92000000E 01, 0. E o1, 0. o1, o o1, o o1,
0.30000000E 00, 0.20000000E 00, 0.1 20, [ 2
s o
0. M o N 0. Y o . 0. T
2 h 2. be s
2 . [ » o . o o
Pt 3 o o
o o v o N o o
2 b4 2 e 5.
0 i o * 2 » 0. v 0. v
o o o by o
o M o . 0. . 0 . It v
0. i o * 0. s 0 i 0. r
o Y s s
o M o . o . o M 0. .
3 b 3 bt s
. v 0 i 0. ' o v 0. v
9, v [ 4 0. M o Y 0 M
o . o M o M o M a .
2 2 a b4 o

—RIBL 0. o 0 0 3
o ° M o y H , o .
s be by o o
o . 0. N o 3 [ o
P s be o
o Y o M o y o o M
o b 4 o o
0. . 0. N o N o N o Y
S a2 by o o
o T ° y o N o . 0. .
Y 2 2 b 5.
0. i o ’ Q i 0 v 0. L
y 3 o s o
o 0 s Y o o y
o o o o o
[ , 0. 0 . o » 0, ’
Py 2 y b4 o
o o M o M o o M
o e b o 5.
0. . 0. M o N o y o. .
by a sy o o
0. [ 0. v 0 v 0 ’
2 Py o 2 2
o Py P Y ) v 0. N
o y 2 o o.
o - o o . o o Y
2 o s o 2
o v o o y 3 M o .
o o Pt Pt o
o. N [ ’ o N ° o ’

HTEL = 0.127500006 03, 0.13090000E 03, 0.13110000E 03, 0.13140000€ 03, ©.13170000 03,



13200000603y
0.13300000E 03,
9131 £-032

+13220000€ i
0.13310000E 03,

T13250000E 0
0.13300000€ 03,

0132 70000E-03y
0.132800006 034

0s13230000E 0
0,13230000E 034

0.11670000€ 03,

0.10820000E 03,

0.98600000E 02,

0.89%00000E 02,

0.80700000E 02,

0.38200000€ 02,
01 oz

0,32700000E 02,
1 2

0.27600000E 02,

0.23100000€ 02,

0,19000000E 02, .

°. 01, 0,470 o1, o o1, . 01, [ ol,
5. by a o o
P . o ° . ° . o M
s b o s A
o ; o o . o Y o: ,
o . o o Y o o .
Py o b
o . 0. . 0. 0 , 0. v
0. 4 [3 » 0. y o i a , -
o PY 5. b b
o ° o . o “ 2
P 2 s Y b
Y y o o o o o By
0. P o 0 . 0. By
o o M 2 o Y o Y .
Py o o . o o t
FYAB——n 2 o 3 o 03 s 3y
2.1 O4y 0.1 0%y 0.14000000F 04y ° 0%y o 81
cPTAB = o 00, ) 00, 0.57000000E 00, o 00, oL 00y
o Py 2 s b 2
1 ~
SRTAS—= s P Py 3
o o8, 0. 08, o o7, 0. 07, 0,0 N
SGFTAB = o 05, 3 05, o 05, o s, 0.4 05, .
s s 5. o1 5. s by o
GETAB=. o 2 Py 2 = 3
o. M o v o M o 1y o Ls
GRTAS = 0. 00, 2 00, 0. 00, [ 00, o 00, .
Py 00, b4 o0 2 20, by
GRFAB = o o5 o 95 Py o5 P’ 05. Py o5
0. 05, 3 05, 0.70000000F 054 o 05, [ 8,
$ END B
SECTLON 11 - -
N THL TNG W H TCY SIGMH SIGH _ SIGH
P : 1 1639416—00—L. 000000E- 00 4o 06099602 <9 04S2TEE. 539156-0: +979T36 02
1 8.851068E-02 8.851068E-02 B.632951E-01 3.972142E-01 3.267364E-03 8.085273F 02 -9.250158E 02 -3.530742E 02 1.111086E 02
2 7 = 2. 34056166002 b4 2 23 £-02—5.20%
4 5.299461E-02 5. 5. 3.0 2.0587826-03 B5.508866E 02 ~2.734252E 02 ~3.T12114E 02 6.776423€ O
83 a 3 345414601 2. Fy 8311879 _02-~1- 0194865 3 8848826025407
16  2.7204366-02 2.T20436E-02 2.844912E-01 2.2593556-01 1.190121E~03 9.581763E 02 —L.096048E 03 —4.172167E 02 3.661353E 01
32 15047936021 by 1932114601 & 0716926 03 1o 2257895—03——hub 5905 8E—02-—2.56
6 1. 1. 1. 1. 7.170941E-04 1.246168E 03 —L1.425238E 03 ~5.409860E 02 1.965050€.01
NINIMUM WEIGHT W=  1.526866E-01 WT=  1.965050E 01
TIRE= P TEUR=— 011679241 B0, we=2 a5 WIQ=_0.521386135-02

604<
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DATE

cass o 1
o 13 ° P s
0, [ 0 o, [ 0,
HON 0y
RSD Oy >
HTOP 0Oy
HTST 0y
GANF 0.33000000E 00,
EF 0.80000000E OT, e
ROF 0.11600000E 034
SIGCYF 0.40000000E 05+
GAHR 0.33000000E 00,
ER 0.00000000E-38+
ROR 0.50000000E 034
SIGLYR 0.40000000E 054 ‘
KADHES 0.20000000E 00+
PCR 0.83000000E-02
TFHMIN 0.10C00000E-01 ¢
TCHIN 0.25000000F 00,
TCMAX 0.30000000E 01,
ROCMIN 0.10000000E Ol
RACHAX 0.10000000E 02,
GAMBAR 0.00000000E~38,
CBAR 0.10000000E 01,
WHS 0.00000000E-38y
G 0.25800000E 02,4
HS 0.00000000E~38,
EM 0.30000000E 024

6O5<
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T s 02
24 s
o 2
ac o 1
P 5. 21
1. s
A s
Tiz: Py
THIG 5
% Py P Py Py
o o o ° o
Y 2.
0. v o. o N Py o
5. P s o
& o P o. 2 s
o o P . o
P o 2 s P
o . ] M o o o
o o. s 8 ol
RORG Py
S1626 o
BEHD 5.
DELTAY 5. og
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PR

QERULT -
_QRRULT- -
N 20 -
Y-S 0 -
"
—xe— d
_TEMRL 1 3
TS 1 - -
TSIy 1160500503
DELKI—= -
TINE. 5 0. 2, 3 3
0.11411000E 03, 0.12204000E 03, 0.1 03, “0.1! 03, 0.14683000E 03,
0.20194000E 03, 0.21211000€ 03, 0.22142000€ 03, 0.22950000E 03, 0.23671000E 03,
o3 9.2501 £ o3
1 0.27019000E 03, 0.27435000E Q3, 0.27641000E 03, 0. 03, 2 03y
5290910008 03 e Py 3 o 3 313 3
0.31790000E 03, o 03, 0. 03, o 03, 0.3456L000E 03,
o 3 9 o: Py 1000603 o 3
o. 0 8y o, 0 . o. N
= 0. o Y 0. y 0 M 0. M
9 o 9 0.
0. M 8 . 0. . o N o,
0. o P 0.
0. M o M o. o M o,
0. 5 0! 0 0
0. . o M o. y o M o M
Q 5 Q o 0.
o o M o. o M 0. M
0. o o. o o
0. . 0. . o. o s o, .
0 Q 0 0. 0.
[ v a. N 0. N 0 . 0. »
o . 0. o
0. [ N o, y 0 4 o 4
o Py o. o
0. . 0 » o, 4 0. 0 .
o 9 o. 9 0.
o 0! M o o . 0. M
QTBL = 0.10000000E 00, 0.10000000E 01 0.1 o1, Q. 01, 0.18000000E 01,
0. o1 5 P Pe o1 o1 Pty F-01
0.62000000E 01, 0. 01, 01, 0.1 02, 0.14100000E 02,

_49-



— oo 16800000802
0254000008 02,
a3 300000035

0400000F 02,

5 2I800600E—0;
0428700000 025
bk 2

0.26500000E 02,

=26300606E— 027
0.23800000E 02,

0.92000000E Ols 0. oty 0. 01, [3 Oly 0.32000000E 01,

0. 00y 1] 00y O.1 00, Q9 0. A

9, A

o. T o o y o o M

o o M o o H o v

> 2 K H

o o o o o v

s 2 o s o

o . o o _ o Y o

be 2 a o H

a Y o y o " o o

o . o o 0 0. .

b o b

o o o y o H a

o 2 b

o o o v o N o o

0 3 [} M 0. ot .
o o

o o o 0 o M

o o v o o o

o 2 a s

o T o o o o H

3 3 o

o 2 T o " o d o v

> 3 o 5

o o v o y o Y o v

o e b4 2 o

o ’ 4 o o o

2 A 2 o o

o o o o o

o M o o ” o o

b b o -

o, o " 0 0 ’

0. o 0. N 0 y S M

o s b > H

o Y o v o y o T o

b 2 a 2 2

o o 0 Y o

o s o 2 o

] 0 ’ o 0 ' 0. '

o s 2 °

o o o o o v

o 3 a

0. '] N 0. [\ 0 gy

o 2 3 2 s

o o o o o

HYBL

0.12750000E 03,

©.13090000E 03,

013110000 034

0.13140000E 03,

0.13170000E 03,

<
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—132000006~03% OE-03+ 9T13250000E—037 0=132700006-037 = v
0713300000E 03, 0213310000E 03, 0:13300000E 03, 0113280000F 03, 0.13230000E 03,
0.11670000€ 03, 0.1 03, 0. 02, ° 02, o 0z,
0.38200000€ 02, 0.32700000F 02, 0.27600000€ 02, 0.23100000€ 02, 0.19000000F 02,

1 02 b 2 P 3 A
0.58000000€ 01, 0.47000000E 01, o oL, 0.3 oL, o o1y
2 o b4 b4
o N o o . o . o
s o o o 5
I3 v 0. 3 o 0 N o »
o by
a M o . o ° o .
o 2 o
2 H 0. 0 N o v 0
8 s o
0. . 0. v 0 3 0 , o
o b4 2
o o ° o M
o 2 2
o o . o o o S
0 0 o. . o M 0 .
0. o 0. . o ’ o 4 0 4
0. B I3 o 3 0 o

FTAB = o 2 o
0.10000000E 04, 0.12000000E 04, 0. 04y 0.1 04, °

CPTAS = 0.40000000€ 00, 0.50000000€ 00 0.5 00, 0.6 00, o o0

ERTAB——= o8 o s o s s
©0.26000000E 084 0. 08, [ 07, o. o7, o

SGETAB = o 05, 0 05, o 05, ] 05, o 05,
s o b s o 5.

GETAS— = o a2 Py Py o
0. . 0. . 0. 1, 0. ’ 0. v

GRTAB = 0.32000000€ 00, 0. 00, o. 00, 0 90, o 90,

SGRIAB-.= Q. 0. o 0. o: 0 05 9 05
0.90000000E 05, 0 05, 0. 05, 0. 05, o .

$ END .

SEGTION - 13

SANDHICH CONSTRUCTION

Y ROC W |G TC WY
\ & o0 1676-01 2 182973601

763 <

$T1BSYS

OPER. ACTION PAUSE

++CONTINVING

$1BSYS

OPER. ACTION PAUSE

++CONTIHUING

11-01 F00000018S 13 f}

609<
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III. COMPUTATIONS

A  BLOCK DIAGRAM

The block diagram for Program 1886 1s shown in Figure 7. It can be seen from
the block diagram that the inputs provide for dealing with conical, spherical,

and the tension and general shells with options for considering various construc-
tion approaches and for testing the structure to ascertain whether it is suitable

as a hot structure

INPUTS

MATERIAL PROPERTIES
ROF, ROR, KADHES
SIGCYF, SIGCYR, SIGRG

RORG, EF, ER, GAMF
GAMR,

INPUTS
GEOMETRY

RN, RSN, RSC, RC
RT, RA, RB, L

C
BETA, TH2G, TH3G
DTHDY

!

INPUTS
DESIGN CRITERIA
PCR, A,
ROCMAX, ROCMIN

TCMAX, TCMIN
TFMIN, GAMBAR

I

CONICAL SHELLS

SPHERICAL SHELL

[ _woNEYCOMB | [RING STIFFENED| [HonEYcomB ] [ MoNocoQuE |
L sTaBiLTY | 1 LOCAL STABILITY | H{STABILITY | H STABILITY
M vieto | HeenerAL STABILITY] - ViIELD | HMIN. GAUGE
Hmie cavee ]| H_ MIN GAUGE | H MIN_GAUGE] YELD |
HCORE LIMITS] | STIFFENER LIMITS | (H{CORE LIMITS]

H crusame | H YIELD H CRUSHING

OQUTPUTS

W, TF, TC, N

QUTPUTS

TENSION AND
GENERAL SHELL

MONOCOQUE

MIN GAUGE

OUTPUTS

INPUTS

HEAT PULSE

ENTHALPY
ATMOS PHERE

TEMP LIMITS

85-0083

Figure 7 BLOCK DIAGRAM FOR PROGRAM 1886

HOT STRUCTURE OPTION

OUTPUTS
Wa, TWMAX

-55-
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B. SYMBOLS

Symbol

AT

AG

Ay

Eg

Eg

KAD

Pcr

Parameter
ratio of circumferential to meridiamal stress
area of tension shell
area of general shell
stiffener area
bending rigidity of shell

equivalent orthotropic shell bending rigidity of ring-
stiffened shell

modulus of elasticity of face sheets

modulus of elasticity for compression ring
herght of spherical shell

height of stiffener
unit weight allowable for adhesives

stiffener moment of inertia about neutral axis
effective stiffener moment of inertia

slant length of cone

cylinder length

effective width factor or stiffener
proportionality factor for stiffener

number of rings
stability parameter 5
critical pressure load

stability parameter 5

s ;
fosks 1
*Q

A

Units

#?

t2
.2
in.
ib-in,

Ib~1n,

1/in. %
b/m. 2
inches
mnches
1b/8t°
in. 4
in. %
wnches

inches



tCO[)':

<y

R
1,635ty
Ry, Ry

Ry, Rg

SC

RR

RC

CAP

VTG

temperature

core height

face sheet thickness

optimized core height for buckling criteria
face sheet thickness required for yield criteria
wall thickness of compression ring

stability parameters

minmmum and maximum radii of conical shell

mimmum and maximum radius for tension and
general shell

radial coordinate

toroidal radius following tension or general shell

radius of compression ring

maximum radius of tension or general shell
combined with torus

spherical cap radius
convective heat rate

radiative heat rate

enthalpy of gas at wall
stagnation enthalpy

specific heat

effective width

umt area weight

total compression ring weight

total general shell weight

-57-

°R

inches
inches
inches
inches

mmches

inches

inches
mches
inches
inches

inches

inches

2
Btu/ft ~sec

2
Btu/ft"-sec
Btu/1b
Btu/lb
Btu/lb-"F
inches
1b/5t2
pounds

pounds



C.

WIT total tension shell weight
v Poissgon's Ratio
%y vield stress of face sheets
P face sheet density
Pe core density
IR yield stress of core ribbon
B cone parameter, also tension shell angle (degrees)
P density of core ribbon
@ local body slope angle
21 last angle on general shell
7 time
€ emssivity
EQUATIONS
1. Sandwich Construction - - Spherical Cap

a. Face Sheets

3%, \¥7
fopt = Rl—

P 1/3
crR) =&
t = 036 (1—y}H2/3 <__.> — . Reke

B ) o 43

Pcr Reap

fey 4g

<y

pounds

2
1b/in.
3
1b/ft
3
1b/ft
2
1b/in.

/g
degrees

degrees

seconds

(1)

(2)

(3)



b. Core

12K, [4x,7%7
t T ——— |
C opt e 3K,

3/4
P, 1/4
CR h 3/2
o o= 0465 (=22 (1 N
c (3 £ £ CAP
0.588
0.22 <__PCR>
pe = 0.22 p
R\ ocr
c. Weight

3K, 47
Vopr = /31 T + KAD

1
1
W = Kltf+E Pe te + KAD

K1 = pf/G

~
[N)
n

3/4
Pe Per
2,1/2 1/4 3/2
T a -l <Ef nl/: Read

h = Reap (3 ~smcyp)

(W + WHS)

144
2. Sandwich Construction--Conical Section

PCR = Pyppo &

a. Face Sheet

_ 48 0414 0.586
Yfopt T Tf“ [Cll ) = ]

Pk
3

18.6 (4 t /2 2.84

(5}

(6)

(7)

(8)

(9)

(10)

(1)

(12)

(13)



4)1/2
Peg Ry o (M
toy = ———e——— {3+ (1~ y) =

<y 4o cos 0,

cy 2,

Core

c; \0414
fcopt = 1156 (T:;)

P 0.704
te = 0.127
) A2.84

. Weight
0.414 0.586
Vope = 1971 € C, + KAD
w ! ! KAD
= — 2 - t. + K
g PEE TS Pete

1283t evaluated from table 1.

1/4
R AKp 2ty t3 ty /'
BTN RV
1B/2 %, ) \aeg-ug
Ry (1= 8/2)
Kk =
cos 0,

=)
B = |1-[—
Ry

- (WHS+W)G |
K, = K 13+ sin 0,
144 Pep

-60-
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(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)



EVALUATION OF THE CONSTANTS T, T3, T4 asa
FUNCTION OF THE GEOMETRIC PARAMETER 8

3 . g2 p?
1 = T g > 1 - +—3—-+ a2
(it
WHS + W) G -
7 sin 6,
MR
P kpg
@ - 111.9 A2 84
C, = p/12
Peg \05%
P = 0% PR<"cyR>
( 32115 02 Ky a-vH Pcr
P (2e-vD 2t
TABLE I

61-

B f t3 tg

0.00 0.50000 0.50000 0.50000
0.10 0.50074 0.50018 0.50027
0.20 0 50334 0 50081 0.50470
0.25 0.50554 0.50134 0.50803
0.35 0.51242 0 50300 0.51621
0 40 0.51748 0.50417 0.52532
0.50 0.53223 0. 50749 0.54946
0 55 0.54273 0.50985 0.56400
0. 60 0.55625 0.51276 0. 58430
0. 65 0.57382 0.51638 0.61134
0.70 0.59704 0.52093 0. 64769
0.75 0.62853 0.52670 0.69795
1..00 0. 62853 0. 52670 0. 69795

656<
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(25)

(26)

27)
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3. Sandwich Construction-~Cylindrical Section

a. Face Sheet

2
Pcr RS2 Lo V2
te = 0.404 |—
Ep &
c. Weight
2
Vope = 1959 X2/° X,/ + k4D
or
Pr e [
= + + KAD
6
2
o Per Re>? (LO) 23/4
X = @ - v
23.2 B¢
and
X, = p/12

47 %2 %3/

tf =
opt A

175

- L RY2 (1, 2y 3/4
te= {PCR R Lo-(-v2)

1.5
Py 3.87 Ege e,

Pcr Re

ey = Zaf

Core Thickness

6L7=
62~

1/2
a-ud" (

1.75
Py

175

Py

)2/3

(29)

(30)

(31)

(32)

(33)

(34)

(35)



3+8
+ 1
1+8
P

B = : (36)
34512 3+s>1/4 LS
148 1+8 2
222612 v 12 . L, (WHS +W)G
S = — 7 op— — (37)
1/4 R, (146)P
L - v / c cR
L
o =02 g (38)
ICR,

4. Monocoque Spherical Cap

P \3/7 /7
CR h
G = 120 ( > (1-2)2/7 < ) Reap (39)
Ey Reap
. _ rerR (40)
cy 20cy
h = RCAP (1 - cos QCAP) (41)
PE
T T2 (42)
(W + WHS) G
Pep = P R,
CR AERO % 144

6i8=<
-63-



Ring Stiffened Conical and Cylindrical Sections

P (S) = (Dg/D)¥/ 4 t, 62 [12 (255~ v} ]1/4 E¢

Per(8) = -
CR ;
6(1-v2) LK, K2 (g¢] PLL

(1 - p/2)

K = R, —— "
cos 6,

™
It
1
G
I~

E¢ cf3
D =
a2(1-v?
Ip Eg
Dg = (MN+1)
(]
R, -R
2~ Ry
Ly =————  é¢>0
sin @
L, = Lo 6=0
LO
" TN+1
[3+S ]
+1
1+8
P =
3+s>1/2 (3+S)1/4 s
1+8 1+S tg
Dy 1/4
S = Bi—— tfl/Z
D
Yy 1
. wkKY2 I8ty iy o] /4

KLX? (122 - »H1L/4

64.9<

b4~

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

(51)

(52)

(53)



x3

82 8% ~
K ='—_?{1—/3 YT a-ya-p?
2 (1 _ __) 27
2
L WHS + W) G
_"—(—:—)— <1—B+E+—ﬁ (54)
R, (1449 PCR 3 272
K, < K [1 , qusrwe gC:, (55)
(144) Pcr
Ip=L - Ary? (56)
3 T Y
We = mte, and b = aH (57)
m:;1 H 2 nH+tf nHH- th)3
L = + g H@2n+ 1) <—- + tf> +< > 3 - {58
3 2 12 12
AT =, H(2n+ 1) + mcfz (59)
mep
T+ tyH2n + 1 HM2 + t)
_ (60)
¥ AT
s NL, sin 6
wpgty (Rl + Rz) L, + 217Htf (20+1)p NR2 -
v = 2 (61)
127 R + RYL,
6. Monocogue Tension Shell
Pcr B3
T e 2
19¢
c - 2 N /1+‘cosﬁ\ (63)
L-®yr?]  \ sB /
W
- = (64)
AT

620<
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4 %t (dy)
YT = e e ¢ (65)
0=
0 =nu/2
AT 27 1 (dy) a0 (66)
! T 144 sin 6 4 dé
0-p
2 2

A M (67)

LT <1+cos[3)
2sm 0 ln —
sin B

- R3 t3 (68)

] ;
1/2
I <1+coset9) (69)
2 2 2. sin

=<R Ry“ ~ R3“) ———————

4 37 TR 37 . 1+cos B
" sin B

Monocoque General Tension Shell

W VTG 0
= i (70)
R3
27 pg t y dy (71)
WG = —— —_—
1728 sin 0
Ry
R
3 72
2 y dy (72)
AG = ——
144 sin@
Rz
X, - X,
cotd =t (73)
Y’ - ¥

-66-



8.

9.

10,

l1-a
Ry

tf = tf_’, =

-Pcr

3 = <d€> a cos O3
~ s1n 0, — + ———]
3G
dy 3 R3 <y

Compression Ring

o WR (144)
WsC = R3 93 63 cos 63
Mhse |75t e Bt 5
2 Rr
wr - T RR tg P (Rg = RR)
1728 R

/ RC3 /2:7 (0.3} t3 o¢ /3
RR =
\1.7 w V Eg Re

Hot Structures

vC 4T 1 HW + € =
P g C % T F R 1200

Base Section

(WHS + W)G
PCR = (PcRlaer * ——j77
Monocoque
w t
BT
\ 3 RTZ Pep» B+v)
TYE T 5
SV
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(74)

(75)

(76)

(77)

(78)

(79)

(80)
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11,

Honeycomb

1 1
v =E Pecte * ZK + — pgetg

6
058
022 <PCR) ’
e = ppr e
7R
Pf
71 = —
16

Peg -Rp?1G+Y)

-

Z3 = —

3 16 (op)
z3

(‘f)opt vz
23

(tc)opt = —t;-

(Pcg * R B+1)
16 (o)

Yield Criteria

a, Cones, Cylinders

W] W
I}"CR —%—)- Gsinﬂ] R

cos 0

'
Ng =i-

2_ g2
PR G (R® ~ RY) (WHS + W)

= 2 2= _ -
N¢—2Rc059 [R RO I)J + 2 R sin 0 cos 6 (144)

c., Cylinders
-PerRey G (L) (WHS +W)
Ng = 2 - (149)

-68-
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(83)

(84)

(85)

(86)

(87)

(88)

(89)

(90)

(91)

(92)



d. M-~H Crateria

2 2 2
NZ = Ng? + NP - Ny Ny

e. Elastic Yield Requirements {sandwich construction)

(Ny) max

e >
£ = 20¢

f. Combined stress

(Ny) max
SIGMH = w—e—
21t
g. Meridional stress
N
SIGM ='—¢'
2t

h., Circumferential stress

N
SIGH = —
2t

<N
V)
H

A

-69-
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Iv. IBM ROUTINES
A, PROGRAM FLOW

Given vehicle geometry, structural material properties, and pressure loads,
Program 1886 computes the weight of the external structure on each segment
of the vehicle which will survive reentry. The segments of the vehicle may
include a sphevical nose cap, cones, cylinders, rear spherical cap, tension
shell, and general shell. The program flow diagram is shown in Figure 8.

READ INPUT
AND COMPLETE
UNITS CONVERSION

CALL MONGC |——

CALL STIFS —1

86-3172

Figure 8 Flow Diagram For Program 1886
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MAIN PRGGRAM

1. Purpose

The purpose of the main program is to acquire the program input, and make
any necessary units conversions before transfering control to the appropriate
subroutine for the calculation of the structural weight.

2 Method

Initially the types and dimensions of mam program variables are specified
and common storage is set up for the transmission of data to subroutines
BUCKLE, M@NQ®C, and STIFS.

In the first executable statements of the program tables of BT (the geometric
Parameter B) and of the dependent variables T1T, T3T, and T4T are de-
fined element by element 1n arithmetic statements.

In the D@ 10 loop COMMON data {from SECTN through DELK?2) is preset to
0. Since most of the program input variables appear in COMMON, this
loop zeros out a large portion of the namelist data, The remainder of the
input is preset mn the data and arithmetic statements immediately following
Statement 10,

The data 1s read in through the namelist array INPUT and immediately
written on the output tape. The vehicle radii are then converted to inches,
and the angles to radians for internal use If RB and TINIT have not been
specified, they are taken to be RC and TEMPI, respectively.

In the D@ 30 loop NTAU, the number of elements in the array TIME, 1s
calculated (by searching for the first 0 beyond the first element of the
array).

Then for each vehicle section specified in the array SECTN, the D@ 100
loop transfers control to one of the subroutines BUCKLE, MQNG@C, or
STIFS according to the following criteria: if M@N > 1, subroutine M@NGC
1s called; 1f MON <1 and RSD > 1, subroutine STIFS is called; if MON< 1
and RSD <1, subroutine BUCKLE is called The first value of SECTN <0
encountered terminates the current case. Control is then transferred back
to the READ statement for processing the next case.

3. COMMON ST@RAGE

The variables in COQMM@N STPRAGE are those input variables (with units
modified if necessary) which must be transmtted to one of the subroutines
BUCKLE, M@NQ@C, or STIFS. Unless a modification 1s specified, the
COMMON variable 1s precisely the input value.
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Variable Definition (if not directly input)

SECTN
HTST

HTQP

GAMFI GAMF

GFTAB

EFI EF

EFTAB

ROF

SGF1 SIGCYF
SGFTAB

GAMRI GAMR

GRTAB

ER

RQR

SGRI SIGCYR
SGRTAB

KADHES

PCR

TFMIN

T CMIN

TCMAX

ROCMIN

RGCMAX

GAMBAR

CBAR

WHS

G

HS

EM

EN

NFAC

NTERM

EPS

RNI 12.-RN

RSNI 12.- RSN
THNR THN « (= /180)
RAI 12.-RA

THAR THA - (7 /180)
THCR THC . (= /180)
RBI 12.+RB for RB> 0; 12. *RC for RB< 0.
RSBI 12, - RSB
THBR THB - (7 / 180)
RCI 12.*RC

RSCI 12. - RSC
XLCI 12, -LC
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RTI 12,sRT

TINIT if TINIT>0; TEMPI if TINIT <0

Number of values in TIME array

JJIJ Index of current vehicle section

1GQ SECTN (JJJ), ie identification of current section
DPC GAMBAR.CBAR

BT Table of geometric parameter f

T1T Table of t

T3T Table of t3

T4T Table of t4

C.SUBRQUTINE CALLING SEQUENCES

1. N@SE Variable Input or Output Variable Input or Output
R INPUT WQPT ouUTPUT
THETA INPUT W OUTPUT
PCR INPUT wT oUTPUT
GAMF INPUT TEFUSED QUTPUT
EF INPUT TCUSED OUTPUT
73
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1. N@SE Variable Input or Cutput Variable Input or Qutput

(Cont'd)
ROF INPUT SIGMH OUTPUT
SGF INPUT ICHK OUTPUT
GAMR INPUT OUTPUT
SGR INPUT
R@R INPUT
TCMX INPUT
TCMN INPUT
TFMN INPUT
ROMX INPUT
ROPMN INPUT
ZK INPUT
WHS INPUT
G INPUT
1GQ INPUT
TCY QUTPUT
R@C @GUTPUT

2. CONE
GAMF INPUT WHS INPUT
EF INPUT G INPUT
ROF INPUT SINTH INPUT
SGF INPUT CQ@STH INPUT
GAMR INPUT 1GQ INPUT
SGR, INPUT DELZ1 INPUT
ROR INPUT DELZ2 INPUT
PCR INPUT TCY @QUTPUT
DPC INPUT RQC @GUTPUT
ZK INPUT WQPT QUTPUT
ROMX INPUT W QUTPUT
ROMN INPUT wT QUTPUT
TCMX INPUT TFUSED | QUTPUT
TCMN INPUT TCUSED | @QUTPUT
TEMN INPUT SIGMH @UTPUT
BT INPUT SIGH @GUTPUT
T1T INPUT SIGM @GUTPUT
T3T INPUT ICHK @GUTPUT
T4T INPUT
R1 INPUT
R2 INPUT

3, CYLIND
RC INPUT TCY QGUTPUT
GAMF INPUT RGC @GUTPUT
EF INPUT WQ@PT @UTPUT
ROF INPUT w QUTPUT
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3. CYLIND Variable

Input or Cutput

Variable

Input or Output

(Concl'd)

SGF INPUT WT @QUTPUT
GAMR INPUT TFUSED | QUTPUT
SGR INPUT TCUSED | QUTPUT
ROR INPUT SIGMH @UTPUT
PCR INPUT SIGH @QUTPUT
DEL INPUT SIGM @QUTPUT
ROMN INPUT ICHK QUTPUT
ROMX INPUT
TCMN INPUT
TCMX INPUT
TFMN INPUT
ZK INPUT
DPC INPUT
WHS INPUT
G INPUT
DELK1 INPUT
DELK2 INPUT
4, BASE
RT INPUT ROC QUTPUT
GAMF INPUT ICHK QUTPUT
ROF INPUT
ROR INPUT
SGF INPUT
SGR INPUT
PCR INPUT
ROMX INPUT
RGMN INPUT
TCMX INPUT
TCMN INPUT
TFMN INPUT
ZK INPUT
WHS INPUT
G INPUT
WQPT QUTPUT
W @UTPUT.
WT QUTPUT
TFUSED QUTPUT
TCUSED @UTPUT
5. TENSIQN
BETA INPUT
RC INPUT
RSC INPUT
RSN INPUT
RN INPUT
~75-
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5, TENSIQN] Variable Input or Output

(Gonel'd) | peg INPUT
THN INPUT
SIGCYF INPUT
RQF INPUT
WTENST QUTPUT
WTT QUTPUT
AT @GUTPUT
T3 QUTPUT
WR OUTPUT
RR QUTPUT
TR @UTPUT
WSCST QUTPUT
ER INPUT
RORG INPUT
SIGRG INPUT
TEFMN INPUT

6. GNRLSH | Variable Input or Output Variable Input or Output
X INPUT TEMN INPUT
Y INPUT DTHDY3 INPUT
A INPUT
SIGCYF INPUT
ROF INPUT
TH2D INPUT
TH3D INPUT
PCR INPUT
RGRG INPUT
ER INPUT
SIGRG INPUT
RSC INPUT
RC INPUT
WR QUTPUT
TR QUTPUT
RR QUTPUT
WSCST QUTPUT
T3 QUTPUT -
WGENST QUTPUT
WITG QUTPUT
AG QUTPUT

7. RING
THD INPUT
R3 INPUT
T3 INPUT
RSC INPUT

634%




7. RING Variable Input or Cutput
(Conel'd) | mp INPUT
SIGRG INPUT
RC INPUT
SIGCYF INPUT
RORG INPUT
WR @GUTPUT
RR QUTPUT
TR @UTPUT
WSCST QUTPUT
8. HOTSTR| Variable Input or Output Variable Input or Qutput
XN INPUT W INPUT
X@ INPUT WSTAR QUTPUT
XC INPUT
XA INPUT
TTAB INPUT
TEMPI INPUT
NTAU INPUT
TAU INPUT
TAUMAX INPUT
QC INPUT
QR INPUT
HGQRT INPUT
FR INPUT
FC INPUT
CPTAB INPUT
DELTAU INPUT _
EMISS INPUT
TEMPA INPUT
EPS INPUT
TAUT PUTPUT
TW QUTPUT

D. SUBROUTINES, DESCRIPTIQNS

1. Subroutine BUCKLE

a. Purpose

The purpose of subroutine BUCKLE is to control the computation of the
structure weights for sections having a honeycomb construction, and
to provide the program output for those sections.
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b. Method

Subroutine BUCKLE receives all of its input data from the main
program through COMM®N. It does not redefine any of this data, or
transmit any information back to the main program.

At the first executable statement of BUCKLE the variable ICHK is set
to 12345. Any subsequent change 1n ICHK will be an indication of
computational difficulty, and appropriate action will be taken to inform
the user of the situation (error messages and the deletion of further
computation on the particular section). PIis defined, and the identi-
fication number of the current section is written on the output tape,
logical tape 6.

There are two possible paths for the computation to take, depending
on whether or not the section 1s to be run under the hot structures
option (for which HTST is input as 1.)

I HTST # 1, control 1s transferred immediately to statement 250
where a computed GG T@ on the section number picks the correct
method of computing the weight. For all sections but tor: the
appropriate data is supplied to one of the subroutines NOSE, CONE,
TENSON, GNRLSH, CYLIND, or BASE which will carry out the

actual computation. For the tor:, which cannot in reality be handled
by the program, the umt section weight is taken as the weight of the
immediately preceding section; however, this weight is then multiplied
by the torus area in finding the total weight. The weights, face sheet
and core thicknesses, and core densities are placed in arrays from
which they are finally printed on the output tape. For tori the weights
are printed between statements 21 and 25, and return is made to the
main program. For the other sections the block of statements
between 255 and 2684 provides for writing all the output. This block
is entered either at statement 255 or 260 after the return from the
particular section subroutine. The computed G@ TO at 261 controls
setting up the correct headings to print only the information applicable
for a particular section. The IF test at statement 2645 checks for non-
convergence of the weight iteration. If nonconvergence 1s detected, an
error message 1s written, Return i1s then made to the main program.

In the case of a hot structure not only does the final weight depend
upon the temperature rise computed by the program, but the material
properties used in the honeycomb analysis are themselves a function of
temperature. This second dependence makes an iterative scheme
necessary to handle the weight computation. The numerical method
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used 1s standard false position applied to the temperature, the imtial
guesses being TINIT and TEMPA. To ensure convergence itis
necessary that the actual temperature lie between TINIT and TEMPA.
(If TINIT is not specified, 1it1s taken to be TEMPI.) At Statement
230 the temperature TEMP 1s set to TINIT to start the process, Then
NN (the number of iterations), WQ, and FTMP1 areimtialized. At
245 the material properties corresponding to TEMP are looked up 1n
tables EFTAB, SGFTAB, GFTAB, GRTAB, and SGRTAB, and control
1s transferred to the appropriate subroutine for a weight computation.
After a transfer back to 260 the hot structures option switches control
to 269 where subroutine HPTSTR calculates the maximum temperature
TWMAX and, if necessary, the increased weight WQ. After the
return form H@TSTR an IF test checks the difference between the
original temperature TEMP and TWMAX, If the relative difference
1s less than 1 percent the iteration 1s terminated immediately, and
control 15 passed to the output block at Statement 261. If the
difference 1s greater than 1 percent, control is passed back to
Statement 240 where NN is updated. The statements following 240
provide, in general for saving the last two temperature estimates
TMPFl and TMP2 which bracket the root, along with the differences
FTMP1 and FTMP2 between these estimates and their corresponding
values of TWMAX. On this first pass TMP1 and FTMP] are pre-
sumably set to TINIT and TINIT-TWMAX. A second pass is then
made through the entire computation sequence with TEMP set to the
valye TEMPA. At 242 TMP2 will be set to TEMPA and FTMP2 to
TEMPA-TWMAX. Then the false position algorithm computes a new
projected temperature from TMP1, TMP2, FTMPI1, and FTMP2Z at
statement 2425, and tests to make sure that TEMPA 1s not exceeded.
(A value of TEMP>TEMPA results 1n an error message and return to
the main program.) The iteration now continues until the relative
difference between TEMP and TWMAX 1s less than 1 percent. The
results are then printed and a return is made to the main program.
(If convergence has not occurred within 10 iterations, the process 1s
terminated and the last values printed out.)

2. Subroutine MGNDC

a. Purpose

The purpose of subroutine MONQC is to calculate the structure

welghts of those sections having a monocoque construction and to
provide the program output for these sections.

b. Method

Subroutine M@NOC receives all of 1ts input data from the main program
through COMMON . It does not redefine any of this data, or transmit

any information back to the main program.
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Like BUCKLE subroutine M@NG@C can be called either with or without
the hot structures option. However, unlike BUCKLE, M@NQ®C can
handle a vehicle section only if it 1s a spherical cap or flat base (1.e.
one of Sections 1, 12, or 13).

K HTST 1, there is a single level search performed for

the weight, taking account of the inertia of the heat shield and structure.
After the section number has been written out, control switches down

to Statement 250 where an initial value of the umit weight WSTAR is
computed using minmimum gage thickness, and NIT, the number of
iterations, is initialized. The computed G® T@ on the section number
results 1n an error message and return for any section other than

1, 12, or 13,

For the nose sphere or aft sphere the radius R, the shell height H,
and a sign factor PFAC are set at statements 1 and 12, respectively.
For either of these sections transfer 1s then made to Statement 300
where SMATM, an expression appearing in the pressure computations,
is calculated, and the face sheet thickness SMAT is set initially to
minimum gage. The search method between Statements 400 and 600,
looks for a change of sign (from positive to negative) of the expression
PCR-PTEST. Until such a change 15 detected, the statements are
repeated with SMAT being increased by the factor EPSP1 (1 +f). A
value of WSTAR is computed to correspond to each SMAT, (A maxi-
mum of 500 such increases in SMAT is allowed before an error
message and return terminates calculations for the section.) Once
the sign change has been detected, a final value of pressure P and
yield thickness TY are calculated beginning at Statement 750. The
final thickness is taken as the maximum of SMAT and TY, and WSTAR
is again computed using this maximum. The total weight W and yield
stress criteria SIGMH are then computed. Transfer is made to
Statement 850 for the printout of results and return to the main program.

In the case of a flat base a first order iteration scheme 1s used to
compute the unit weight rather than a search. The radius R 1s set to
RT, and the initial estimate for WSTAR (using mimmum gage thick-
ness) is stored in W1, W1 will be used to keep track of the last
previous iterate, and thus updated on each pass. The pressure and
face sheet thickness are computed. An IF test ensures that the
thickness is at least minimum gage, and a new weight WSTAR is
calculated at Statement 132. K the relative difference between W1
and WSTAR is less than 1 percent, the last value of WSTAR 1s taken
as the unit weight and a transfer 1s made to Statement 137 for the
computation of the total weight, printout of results, ahd return to the
main program. If the difference is greater than 1 percent transfer
is made back to Statement 130 for the next iteration. Failure

attain convergence within 25 iterations results in an error message at
Statement 136 and return to the main program,
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If HTST = 1, the same false position iteration scheme used in sub-
routine BUCKLE finds the weight as a function of temperature, This
iteration is performed outside the iteration or search described
above, thus making the entire iterative scheme a two-level process.
The call to subroutine HPTSTR 1s now at Statement 810,

Subroutine STIFS
a, Purpose

The purpose of subroutine STIFS 1s to calculate the structure weights
of those sections having a ring-stiffened construction, and to provide
the program output for these sections.

b. Method

Subroutine STIFS recewves all of its data from the main program through
COMMON. It does not redefine any of tlus data, or transmat any
information back to the main program.

STIFS can be called with or without the hot structures option. It
handles a vehicle section that 1s a cone,cylinder, flare forecone, or
aftcone (Sections 3, 7, 8, 11). At Statement 200 a computed G@ T}
tests that the current section is indeed one of these four. If not, a
transfer to Statement 2000 results 1n an error message and immediate
return to the main program. If the section can be handled, values of
R1, R2, RTHETA, and XKFAC are calculated from the appropriate
geometry parameters, beginning at one of the Statements 5551, 5552,
5553, or 5554. Transfer 1s then made to Statement 5555 where several
variables depending on the vehicle geometry are calculated, and the
section number and a heading are written out., The program flow
beyond Statement 65 depends upon whether or not the section 1s a hot
structure, and whether HTQP has been specified as 1. or 2.

Consider first the case HTST =0, HT@P = 1. The object will be to
find a thickness (t) satisfying both local and general stability conditions
and a number (N} of rings which will minimize the structure weight,
Since the 1nertia of the heat shield and structure are to be taken into
consideration, an iterative method is again necessary 1n the weight
calculations, In STIFS this iteration 1s carried out for each number
(N) of rings considered.

Since HTST"= 0, the test following Statement 65 transfers control down
to 68 where N, the current number of rings, 15 set to 1 {although the

N = O case will actually be handled first), and the control parameters
ITEST and IG@TQ are initralized to 1, Since HTQP =1, H 1s set to
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the inpul value HS. Between Statements 683 and 9 an additional
block of variables 1s initialized including TL the thickness required
for local stability, TG the thickness required for general stability,
and SMAT, which is always the current thickness being used in the
calculations. The block of statements between 9 and 15 performs
the major computations of the routine.

Initially the case N = O is considered. {The routine recognizes this
case by the fact that ITEST is still 1.) The computed GO TQ before
Statement 155 transfers control to 155 where PAS, the pressure just
computed at Statement 15 1s tested against the input value PA(PCR).

¥ PA>PAS, TG 1s increased by the factor EPSP (1. + EPS), SMAT is
set equal to TG and a transfer back to statement 12 begins a repetition
of the computations. The loop thus formed is retraced until finally
PAS > PA, the variable M keeping track of the number of iterations.
At Statement 17 the total weilght WN and the umt welght WSTAR are
calculated as a function of the current TG.

The computed G@T@ at Statement 20 transfers control to 28 since
IG@T® 1s still 1. Here the first order iteration procedure necessitated
by structural inertia considerations tests for convergence of the unit
weight WSTAR, WSTAR is compared with W1, the last previous
iterate. (W1 was initialized to 0. just after Statement 5555 to take
care of the first pass.) Ten iterations are allowed for obtaining
convergence of the weight, On each iteration the looping process to
obtain TG is repeated. The transfer back to statement 85 ensures

that all the necessary reinitialization is included, Convergence is
defined as a relative difference of less than 1 percent between W1 and
WSTAR. If convergence 1s not reached within 10 1terations, an error
message 15 written at Statement 295, and return is made to the main
program. If convergence 1s attained, IGPTQ is reset to 2 at Statement
301.

The block of statements between 302 and 312 calculates the yield
stress criteria. If the section 1s one of the cones, its entire length
must be searched for the point of maximum allowable stress XNYMAX,
XNYMAX is initially set to 0, and R to R2, the largest value of the
cone radius. Inthe DO 305 loop a value of XNY 1s calculated at each
of 10, equally-spaced points along the length of the cone as R decreases
to R1,the smallest cone radius, XNYMAX is defined as.the maximum
of the 10 XNY values obtained in the loop. Values of XNTH and XNPHI
to be used 1n evaluating the stress components are also calculated
corresponding to XNYMAX. If the section is a cylinder, XNTH,
XNPHI, and XNYMAX are evaluated directly, In either case TCY, the
minimum thickness satisfying yield requirements, 1s calculated at
Statement 308, and tested against TG, If TCY>TG, TG is reset to
TCY, and the weights must be recalculated at Statement 17 to
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correspond to the new thickness. In this case the computed GOTD
brings control back to Statement 312 since IGPTQ is now 2. Here

the stress component calculations are completed, the minimum weight
WGTMIN is set to the current weight value, TL is set equal to TG,
and the N = O results are printed. (ISW'was set to 1 following
Statement 5555, since HTST = O).

At 321 the N = 1 case is begun. -(Statement 32 which ordinarily will
compute the next N is skipped since N was set to 1 at the beginning
of the routine.) The IF test on DN checks to see that the maximum
number of rings is not exceeded. Initializations are completed, ITEST
15 set to 2 and IG@T® to 3, and control 1s transferred back to the
computation block at Statement 10, The computed GOT@ with ITEST
= 2 chooses the test at Statement 16. This test and the statements
starting at Statement 36 decrease TL (which was set to the TG
obtained for the last N} by the factor EPSM*M((1. —EPS)M), until
PA>PAS or TL< TM. The weights are then computed at Statement
17, and the transfer to Statement 37 (IGPTP = 3) sets up conditions
for the general stability calculations. By the time the transfer back
to Statement 9 takes place ITEST has been reset to 1 and IGGTQ

to 4, The same general stability loop 1s repeated as in the O-ring
case, TG being increased by EPSP until PAS > PA,

The transfer from Statement 20 is now to Statement 39 where the first
order iteration is begun for the N = 1 case. Both the TL and TG
loops must be repeated for each iteration, as is indicated by the
transfer to Statement 322 each time the relative difference between
W1 and WSTAR 1s greater than 1 percent. When convergence has
been attained, the stress calculations are repeated starting at State-
ment 302, but with IG@T@ now 5. Thus, when the stress calculations
have been completed, the test on IGQTQ® before Statement 318 brings
control down to Statement 397 where the current weight 1s tested
against WGTMIN the running mimmum. WGTMIN 1s reset if the
current WN is smaller. The results for N = 1 are printed, and the
computations for the next N are begun at statement 32 where N is
calculated as a function of its current value and the input parameters
NFAC and NTERM.

The computations are repeated in this same manner for each new N
until N exceeds the maximum allowable value XL@/EM/TG. Then
at Statement 43 the current minimum weight is taken as the final
result. The unit and total weights are printed at statement 44, and
return 1s made to the main program.

¥ HT@QP = 2, the stiffener height (H) is intialized to 1. at Statement
682 before the computations begin., The N = O calculations, and the
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iterations for TL when N>O proceed exactly as in the HTQP = 1 case.
However, when N>1 and the general stablity calculations are set up
starting at Statement 37, ITEST is set to 3 instead of 1. The computed
GQ@TQ in the calculation block picks the test at 163. The object now
1s to find the value of H for which PA = PAS. If initially PASPAS,
ITEST 1s set to 5 and H 1s increased by the factor EPSP until a change
of sign in PA-PAS occurs, (On the second and succeeding passes

the test at 168 1s used.) If imtially PA< PAS, ITEST 1s set to 4, and
H1s decreased by the factor EPSM until a sign change 1n PA-PAS

is detected, {On the second and succeeding passes the test at 169 1s
used,) Then the weight is calculated at Statement 17 as in the HTQP
=1 case. The remainder of the program logic is not affected by
HTQP.

In cases where HTST = 1 false position iteration on the temperature

is used 1n the weight calculations as 1n subroutines BUCKLE and
M@NQ@C. This iteration is performed outside all the other computations
carried out by the routine. The 1iteration loop 1tself extends from
statement 67 to the IF test at 577. The variable ISW which has the
value 2 inifially, suppresses the printing of results until convergence
has been achieved. Then the final iteration is repeated with ISW

reset to 1 to obtain the printout.
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Subroutine NGSE
a. Purpose

The purpose of subroutine NPSE 1s to calculate the honeycomb structure
weights for the nosesphere and aftsphere sections {Sections 1 and 12)

of the vehicle when specific geometry conditions and material properties
are given.

b. Method

First order iteration 1s used to compute the weight, taking into account
the inertia of the heat shield and structure. This iteration starts at
Statement 800 after several terms that are to be constant during the
looping process have been calculated, and the weights W and W@PT and
the number of iterations NIT have been initialized to 0. At 800 W1
which will be the value of the last previous iterate is set equal to W.
Then the pressure P, depending on W, 1s calculated and 1ts sign tested.

If P <0, the face sheet thickness and core height are taken as minimum
gage. The weight (W), total weight (WT), and yield stress criteria
(SIGMH) are computed, and an immediate return to the calling routine
is executed.

If P> 0, the iteration continues. The core density (RGC) 1s calculated,
and tested to make sure that 1t lies between the minimum and maximum
values specified in the program input. If ROC < RGMN (RGCMIN), 1t
is set to RGMN; if RGC > ROMX (RGCMAX), 1t 1s set to RGMX, Then
TCY the face sheet thickness required to satisfy yield criteria is com-
puted. TESTI1s defined as the larger of TCY and TFMN (TFMIN).
Next TF@PT, the optimum face sheet thickness satisfying buckling
criteria 1s computed and compared with TESTI.

Case (1). TFO@PT > TESTI

Control 1s transferred to Statement 6 for the computation of TCQPT,
the optimum core height, TCQ@PT 1s then checked to ensure that
1t lies between TCMN (TCMIN) and TCMX (TCMAX).

a. TCMN < TC@PT < TCMX

TFUSED and TCUSED are set to TFGPT and TCOPT, re-
spectively, and the weight 1s computed as WPPT, (This is

the only case in which W@PT 1s computed, and only if the

final iteration computes a value of WQPT will a nonzero WGPT
be returned to the calling routine,) W 1s set equal to WGPT
and transfer 1s made to Statement 103.
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b. TCQ@PT < TCMN

A value TF of the face sheet thickness 1s computed as a
function of TCMN at Statement 7. TFUSED is defined as the
larger of TF and TEST1, and TCUSED 1s set to TCMN. The
weight (W) 1s then computed as a function of TFUSED and
TCUSED at Statement 100.

c. TCQ@PT > TCMX

TFUSED 1s set to TFGPT and TCUSED is set to TCMX at
Statement 14. Then W is computed as a function of TFUSED
and TCUSED at Statement 100.

Case (2). TFQPT < TESTI

TFUSED 1s set to TEST1 at Statement 16, TCUSED 1s computed
as a function of TFUSED,thenredefined as TCMN or TCMX if 1t
lies, respectively, below or above the allowable range. (W) is
then calculated at Statement 100.

In all cases the relative difference between W and W1 1s checked at
Statement 103, If this difference 1s less than 1 percent, the iteration
1s terminated, the total weight (WT) and the yield stress criteria
(SIGMH) are computed, and a return to the calling routine 1s executed.
If the difference is greater than 1 percent, the number of iterations NIT
1s updated at Statement 105, and tested against 10. If NIT < 10, a new
iteration 1s begun at Statement 8§00. If NIT > 10, ICHK 1s setto 1 as an
error indication, and the last results obtained are returned to the
calling roufine.

Subroutine CGNE
a. Purpose

The purpose of subroutine CYNE 1s to calculate the honeycomb structure
weights for the cone, flare fore cone, and aftcone sections (Sections

3, 8, and 11) of the vehicle, when specific geometry conditions and
material properties are given.

b. Method
Subroutine CGNE uses the same first order iteration scheme used in
N@SE, and the same logical procedure for obtaining the final values of

TFUSED and TCUSED. (See the description of subroutine NGSE for
details.) As far as program flow 1s concerned, the major difference
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between the two routines lies in the calculation of the maximum allowable
stress XNYMAX, Immediately after Statement800 (the beginning of the
iteration loop), XNYMAX 1s mnitialized to 0., and R set to R2, the
maximum value of the cone radius. In the D@ 805 loop a value of XNY
1s calculated at each of 10 equally-spaced points along the length of the
cone as R decreases to R1, the minimum cone radius., XNYMAX 1s
defined as the maximum of the 10 XNY values obtained in the loop.

For the cones the circumferential stress (SIGH) and the meridional
stress (SIGM) are calculated in addition to the resultant yield stress
criteria (SIGMH) {(XNYMAX/(2. TFUSED)).

Subroutine CYLIND
a. Purpose

The purpose of subroutine CYLIND 1s to calculate the honeycomb
structure weight for the cylindrical section (Section 7} of the vehicle,
when specific geometry conditions and material properties are given,

b. Method

The logical flow of subroutine CYLIND 1s essentially identical to that
of subroutine N@GSE. The first order iteration loop extends from
Statement 3 to the G@ T@ 3 statement following 250. No loop 1s re-
quired for the calculation of the yield stress criteria as in CYLIND.
However, the circumferential stress SIGH and the meridional stress
SIGM are computed along with SIGMH before the return to the calling
routine.

Subroutine BASE
a. Purpose

The purpose of subroutine BASE 1s to calculate the honeycomb structure
weight for the BASE section (Section 13) of the vehicle, when specific
geometry conditions and material properties are given.

b. Method

The first order iteration scheme 1s the same as in subroutine NGSE.
The iteration loop starts at Statement 800 and ends at 240. However,
the procedure for obtaining TFUSED and TCUSED is somewhat simpler
since no-face sheet thickness 1s computed to satisfy yield criteria.
TFUSED 1s defined on each iteration as the larger of TFPPT and TFMN
(TFMIN). TCUSED, after being calculated as a function of TFUSED,

1s tested against TCMN (TCMIN) and TCMX (TCMAX). If TCUSED <
TCMN 1t 15 redefined to be TCMN; 1f TCUSED > TCMZX, it 1s redefined
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as TCMX. In either of these two cases TFUSED 1s then redefined to
correspond at Statement 9. N

Subroutine TENSGN

a. Purpose

The purpose of subroutine TENSGN 1s to compute the structural weight
and area of the tension shell (Section 4).

b. Method

Simpson's rule 1s used to calculate the total weight WTT and the area
AT. Inthe DO 60 loop the integrands W and A are calculated at 25
equally-spaced points between the imtial angle BETA and 7/2, Sub-
routine ARSIMP 1s then called twice to apply the Simpson's Rule formula.
The unit weight WTENST 1s calculated as the total weight divaided by the
area, and subroutine RING 1s called to obtain the structural weight
thickness and radius of the compression ring. Return is then made to
the calling routine.

Subroutine GNR LSH

a, Purpose

The purpose of subroutine GNRLSH 1s to compute the structural weight
and area of the general shell (Section 5).

b. Method

The Trapezoidal rule 1s used to calculate the total weight WTG and the
area AG. In the 3-statement loop starting at Statement 10 the number
of values of the coordinates X and Y which have been input are counted.
The counting procedure assumes that a 0, follows the last value of the
Y array. (Therefore, special care must be taken in stacking cases).
Between Statements 123 and 60 an array AFUNCT of integrands for the
area and an array WFUNCT of integrands for the total weight are
generated. (Each element in these arrays corresponds to a point in the
original X and Y arrays.} The trapezoidal rule is applied to AFUNCT
and WFUNCT 1in the 5 statements starting at 61. The results of the
integration WTG and AG are multiplied by appropriate factors, and the
umt weight WGENST 1s calculated, A call to subroutine RING obtains
the structural weight, thickness, and area of the compression ring.
Return 1s then made to the calling routine,
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10.

11.

Subroutine RING

a. PRurpose

The purpose of subroutine RING 1s to compute the structural weight,
thickness, and radius of the compression ring.

b. Method
Straightforward evaluation of the formulas in arithmetic statements.

Subroutine HGTSTR

a. Purpose

The purpose of subroutine HFTSTR is to compute the maximum
structural temperature TWMAX, and increase the structure weight
1f necessary to ensure that TWMAX is no greater than the input value
TEMPA.

b, Method

Starting with W supplied by the calling routine, the 1mifial temperature
TEMPI, and the initial time value TAU(l) (input as TIME (1)), the
routine calculates the temperature rise DELTAT in successive in-
tervals of timé (each of length DEL TAU). The heating factors QCI,
QRI, and HGPRI which are used 1n the expression for DELTAT are
looked up 1n tables QC, QR, and HGG@RT (input as QTBL, RTBL, and
HTBL, respectively) for each new point in time, Should TAUMAX
(TST@P) be specified as larger than the final value of the TAU table,
these heating factors are set to 0. in the region beyond the ends of
the tables,

After DELTAT has been computed, its sign 1s tested to check for a
change from positive to negative, sigmfymg a maximum temperature
pomnt, If DELTAT is initially negative, two sign changes must be
encountered before 1t 1s assumed that the maximum temperature has
been found. The computed G@ T® controlled by IDEL at Statement
40 handles such a case.

If a particular value of DELTAT 1s positive, of 1f DELTAT 1s negative,
but there has been no previous positive value, the current time TAUT
in increased by DELTAU, and checked to make sure that it 1s less
than TAUMAX,
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If TAUT < TAUMAX, TW the current temperature i1s computed at
Statement 60, and checked against TEMPA. If TW < TEMPA, the
transfer to Statement 25 continues the process at the new time value.
If TW > TEMPA, WSTAR, the current weight, 1s increased by the
factor EPSP1 (1. +EPS), and the process 1s restarted at the initial
point in time and temperature.

If TAUT > TAUMAX, (1.e., no maximum 1s found within the specified
time interval), the temperature and weight at the final time point are
taken as the result. A return to the calling routine 1s executed.

When a change in the sign of DELTAT from positive to negative 1s
detected, an immediate return is made to the calling routine waith the
current values of weight, time, and temperature.

SIGNIFICANT EQUATIGNS

1.

MAIN Program
DPC = GAMBAR . CBAR
BUCKLE

TMP1 — TMP2
TEMP = TMP1 - FIMPI [ —

FTMP1 — FTMP2
(False position algorithm for hot structures temperature iteration. )
MGNGC

TMP1 — TMP2
TEMP = TMP! — FIMPI | —————
FTMP1 — FTMP2

a. Spherical Caps

nose sphere R = RN H = R (1 — sun(THN))
aftsphere R = RA H = R(1 + s:a(THA))
7/3
- —~ (WHS + WSTAR)G SMAT
PTEST = +
144 SMATM

where SMAT 1s the current ¢.
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NV
SMATM = 12 (1 - xNU2)2/7 <?> R

RHG - SMAT
12

WSTAR =

(WHS + WSTAR)G
P=PCR ¢ ——

- 144

P-R

TY = ————
2 - SGF

— (WHS + WSTAR)G R
SIGMH = | ~ PCR +
144 2 « SMAT

WSAR (27)H - R

W =
144
b. Dbase
(WHS + WSTAR)G
P = PCR +

144

2 1/2
0.37 P
SMAT = M
SGF

WSTAR = RHQ . SMAT

12

WSTAR  #R?2
144
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4, STIEFS

TMP1 ~ TMP2
FIMP1 — FTMP2

TEMP = TMP1 — FIMP1 (

R1
BETAG = 1 — —
R2
BETAG
BETA =
DN+ 1
R2 — Rl
-—Sﬁ——- Cones
XL =
XLC Cylinder

TTT =(8-T1 T3 - THV4

BETA
XK = R2 (1— 3 >/C¢ST

x>
XKl = — e [GAMBAR + BETA (1 - 2 - GAMBAR)

2
" <1_ BE’;‘A))

XL
+ BETAZ (GAMBAR - 0 61600607) + 2 XKTM (1 — 0.61600607 BETA)]

+ DELK1

XK2 = XK (1 +XKTIM . SINT) + DELK2

where,
(WHS + W) G
XKTM = 4 ———
144 - PA
27 .« XK1 TIT
B =

XL (122 T3 — xvudy V4 xx3/? . xx2
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s = BOTHED)Y4 (sMaT)L/2

WS1 + 1
PS = S

(ws1yl/2 (w511/4 * 3>

where,

WSl =

1+8

ROF SMAT
Rigr - JOF SMAT
1728

w2 = 1 - xNU?

) (OTHEDY/4 . T4 (SMATY/2 [12(2 T3 - xNUDIV/4 L E

6(WSH XL XK2 - XKY/2. TTT

SINT
WN = 7-RHQT lER1+R2)XLQ’+ 2-H(2.EN+1)-DN -(RZ—XLQ’- :,

WN - 144

WSTAR = — —— = _

PIRL + R2) XLG
cones:
(WHS + WSTAR) + G - SINT R
XNTH = |-PAF
144 COST
2 o2 ' GR? - RI>) (WHS + WSTAR) ] 1
XNPHI = (-PA(R? + R1? (GAMBAR ~ ) F
144 SINT | 2.R.cgsT

XNY = [(XNTH)? + (XNPHD? — XNTH - XNPHI] /2

XNYMAX 1s the largest value of XNY, XNTHM, XNPHIM correspond
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cylinders:

XNTHM = ~PA RC

PA RC GAMBAR G - XLC (WHS + WSTAR)
XNPHIM = - -

2 144

1/2
XNYMAX = [(XNTHM)? + CXNPHIM)? — XNTHM - XNPHIM] Y

XNYMAX
<Y = ————
SGF
XNYMAX
SIGMH _
TG
XNTHM
SIGH = ———
TG
XNPHIM
SIGM = ————
TG
E.TLC
D = ———
12 . WS2

THT = TL-H@2-.-EN+1)

AT = THT +EM.TLS

EM . TLC H 1
YBAR = |— " 4 THT (—+ TL)| ——
2 2 AT
EM TLC.TL H 2 u3
XX = —————— & THT (- + TL) +@EN H+TL) —

EN . HH-2.TLY
12
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XITH = XIX - AT - YBAR?

(DN +1) . XITH - E

DTH
XL@
DTH
DTHGD = ——
D
5. NOSE

H = R(1-sin (THEATA))

(WHS + W) G
P = PCR+ ———
= 144
P \0588
= RUC = 022-RGR __)
Pe ¢ ¢ <SGR
ey - — 2R
fey = ~ 4(SGF)
ROF
z - RE
[3
Z2 = ZT - Rgc . p3/4
where,
zo7 0.465 /1-GAMF2 . HL/4.R3/2
12.EF/%
22\ 477
tope = TFOPT = (o.75 ey

12.22 /4 z1¥/7
teopr = TCOPT = (

RGC 3 22



TFIM-P

% - TSUBF(TC) = —
f 173

where,
0.36(1-GAMF) %3 nl/3 . r?
EF

TFTIM =

p\¥4
t. = TSUBC(TF) = TCIM (ﬁ)

where,
0465 1 —camr?  ul/4 r3/?2
TCTM
EF3/4
RGC - TC
Y - VEIGT(TF,TC) = Z1-TF+ ——— +ZK
VT = W nR?
-V (1~ sia (THET )
(VHS + WG R
SIGMH = |-BCR ¥
144 4 TFUSED

where TFUSED 1s the value of t; chosen by the routine.

6 CONE
R1
B = 11— —
R2
w + SINTH
ZLAMD = ———
R2.B
R1+R2
ZLILK = ———
2 C@STH
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0.588

PCR

RGC = 0.22 - RER (——)
SGR

- . (WHS + W) G SINTH R
XNTH = |- PCR F
144 CU@STH

- 1 S - GRZ-RID(WHS+W
XNPHI = ————— | PcR (RZ+R12.(DPC — 1)) F - ~RIDWHS+W)
2R - C@STH 144 SINTH

Xy = Y ooNTH? + (vPHD? ~ XNTH XPHI

XNYMAX
2« SGF

it

TCY

where XNYMAX 1s the largest value of XNY,

Z2 = ZLILK (1 + ZTERM : SINTH) + DELZ2

where,

(WHS + W) G
144 PCR

ZTERM =

Z1 = ZLILK3 [DPC-}- B(l-2-DPC) + B2 (DPC — 0.61600607)

B - ZTERM - (1 — 0.61600607 - B)

1 R
+ DELZ1
. B\2
SINTH 2 ( - —-)
2

-97-



A ATM ( Zl.)
; Z2

where, }
ZLAMD 2-T1-T3- T4\ V4
ATM -
zLix32 \2 T3 - GaMF
zin? -
P - PIM (—) .z
Z2
where,

32-T1 T3-ZLAMDZ [ 1 - GAMF? PCR
PTM = e

(ZLILK) 2 T3 ~ GAMF?

- P . ZLILK R@F
Cl = ———m———

1119 A2 84

REC
12

C2 =

- 489 - i 0.58
tpope = TFOPT = - (%414 ~ ()%
L gep s 0414
teopt = TCOPT = 1156 —(—:—2-)
P ZLILK

t; = TSUBF (TC) =

18.6 (A Y TC)2-84

- /P ziik \ 0704
te = TSUBC (TF) = 0.127
TF A2-84

- ROF:TF  R@C TC
WEIGT (TF, TC) = gt — + ZK
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(Rl + RD (R2—RD) 7

VT =
SINTH 144
- XNYMAX
SIGMH = ——————
2« TFUSED
- XNTHM
SIGH = ——————
2 TFUSED
XNPHIM
SIGM = ———e
2 - TFUSED

where TFUSED 1s the value of t; chosen by the routine.

7. CYLIND
1 0.588
PCR
= R@C = 0.22(RGR —-—>
Pe (RGR) R
R
X2 = Rgc
12
- X >
X1 =~
PB
where,
- (ST + 1) ( DELK2
PB = 1+
)

VST <ST1—/4 + E)

2

3+8S
ST =~ 212

1+5
XNTH = — PCR - RC

- PCR-RC DPC G (DEL) (WHS+W)
XNPHI = — -
2 144
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XNY = [(xNTH)? + XNPHD? — (xNTH) (vpHD]Y 2

XNY
2 (SGF)

by = TCY =

4.7 (x1)04 (x2)0-6

topt = TFGPT = e

o1 1.176 ( Xl‘) o4
TC@GPT = 1. ! -

- omier
S = STM (TCUSED)Y/2 [DPC . DELKL  DEL (WHS+W) G
rC3 (RC) (144) (PCR)

where,

222 (RO)Y/2
e 1/4 ({, DELK2
DEL (1 — GAMF2) (1 + T)

TFTM

tg = TSUBF (TC) = —————
(TC)*2 (PB)

where,

I - 3/4 -
PCR (ROYY 2 (DEL) (1 ~ GAMFY) ' (o.
TFIM = (RCY' 2 (DEL) (1 ~ GAMF?)™ ~ (0.45219638)

EF
TCTM
t, = TSUBC(TF) = ————
(TF  pp)%/3
where,
- - 2/3 -
PCR (RO)Y 2 (DEL) (1.7 - - 1
TCTM=0.404[ ®0Y2 (DEL) (175) 0 ot
EF
- RGF TF ROC-TC
W - wEGT (TF, T) = XPF_TF  ROC-TIC 7%
15 12
¥.RC-DEL =
Wl = ———= 7
72
XNY
SIGMH = e
2 (TFUSED)
~-100~
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XNTH

SIGH = — e
2 (TFUSED)
XNPHI
SIGM = ~———
2 (TFUSED)
8. BASE
WHS+ W) G
P = PCR + (“)
144
p 10588
R =022-R@R [ —
gc ¢ <SGR)
- ROF
21 < RIE
6
23 = 23T P
where
2
RT“ (3. + GAMF)
Z3T = w2
16 SGF
o z
PT = P
TE@PT Z
Z3
TCUSED = ———a—ru
TFUSED
Z3
TFUSED = ———.
TCUSED
ROC + TCUSED -
W= le—*+ ZK + Z1 - TFUSED
W .z RT?
WT = ————
144
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TENSON
R3 = RC - RSC
R2 = RN - sin (THN) + RSN (cos (BETA) — cos (THN))

1+ cos (BETA
XL@GB = log, [—————————3]

s (BETA)
g
o - XLGGB
_ (R22
1 - —
R3
PCR - R
13 - _ECR-R3_
Cl1 - SIGCYF
1+ T2
YCALC = R3Z +
XLGGB
R3 T3
~ YCALC
2 2
R2Z - R
YDYDT = — —(*L
SINTH - 2+ XLGGB
YDYDT -
A = I=12..25
SINTH
WDH =T A@ I1=12..25
/2
27 - RGF
WIT = W
1728
BETA
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AT < 2 A
144
BETA
10, GNRLSH
T3 = — (PCR) (12)
A cos (TH3G) -
,:— s (TH3G) (DTHDY3) + -‘TS—“:] SIGCYF

XNUM = Y(J) - Y(J-D
DENGM = X(J) — X(J ~ D

THETA = tan” <

XNUM )
DEN@M

SINTH = sin (THETA)

T3 (314
y(pi-4

where Y3 1s the last element of the Y-array,

Y

AFUNCT
o SINTH

WFUNCT (J) = T AFUNCT ()

3
WIG = 27 « R@F WFUNCT
Y
Y3
AG = 27 AFUNCT
(D

VGENST = WIG/AG
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R3 = 12-7Y3

11, RING
(Rc3 . ws1 )1/ 3
RR = (—— "
17 @
where,

2; «T3.SIGCYF
st =J(ﬂm& 3
ER . RC

R3 - T3 » SIGCYF
TR = —— e ——
0.67 (ER)

7% + RR- TR - RGRG (RC—RR)

WR =
432
WR . 144
WSCST = ————————
27+ RSC - WS2
where,

WS2 = R3 - TH3+RSC (stn (TH3) — TH3 . cos (TH3))

12, HOTSTR

ENC1 = XN(23.3) + X@ (24.3) + XC(35.7) + XA(15.26)

ENC2 = XN(49 83) + X@(52.5) + XC(100.1) + XA(30.5)~
2 1
AW = 0.001 [—3- ENCI - — ENCZ]

106
BV = -

[ENCI ~ 0.5 ENC2]
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http:XA(15.26

HG@RI

: AV - TWL+BW Tw1:
DELTAT = {FC ocr [— ¢ ikl l?)] +FR - QRI

4 L
- EMISS (—TWl) _
1200 (WSTAR) (CP)

TVW1 = TV +460

WSTAR 1s current weighe

TW = TW + DELTAT . DELTAU
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I GENERAL PURPOSE SUBROUTINES

ARTLU

1 Purpose
The purpose of subroutine ARTLU is to perform a linear interpolation
within N £10 dependent variable tables Y1TBL, Y2TBL, , corres-

ponding to a monotonically increasing independent variable table XTBL.

2, Calling Sequence

N number of dependent variable.tables (N < 10},

X independent argument (X must not be larger than the last
element of XTBL).

XTBL table of independent variable (maximum of 1000 elements),

Y1 dependent argument.

Y1TBL table of dependent variable, with elements corresponding
to those in XTBL.

Y2 dependent argument.

Y2TBL table of dependent variable, with elements corresponding to
those 1n XTBL .

3  Method

Within the DO 11 loop the index I 1s mncreased until XTBI(I), the last

value of XTBL smaller than the argument X has been found P 1s then de-
fined as (X-XTBL(I)) /(XTBL(I+1)-XTBL(I)). The computed GO TP ensures
that N values of the dependent variable will be computed between State-
ments Nand 1 Foreachi, 1 £i <N,

Yi = YiTBI{I)+ P * (YiTBL(I+1) - Y1TBL(I)).
If X 15 smaller than the first element of XTBL, automatic linear extra-
polation is performed from the first two elements of the tables. If X
15 larger than the last element of XTBL an unpredictable error will

result, although a value of I > 1000 would produce an error message
written according to FPRMAT Statement 30,

-1-
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AR2TLU

1. Purpose

The purpose of Subroutine AR2TLU 1s to perform an interpolation within
a two-dimensional table ZTBL the elements of which correspond to the
entries in two one-dimensional monotonically increasing tables XTBL

and YTBL.

2 Calling Sequence

NX number of values in XTBL.

NY number of values in YTBL.

X independent argument.

XTBL table of independent variable.

Y independent argument

YTBL table of independent variable

z dependent argument

ZTBL table of dependent variable {with dimension {NX, NY}))
3  Method

The DY 5 loop searches XTBL for XTBL(I), the first element greater
than or equal to X If there is no such XTBL(I), an error message 1s
written, ICHK is set to 1, and a return to the calling routine is executed

Similarly, the D@ 15 loop searches YTBL for YTBL(J), the first element
greater than or equal to Y If there 1s no such YTBL{J), an crror message
is written, ICHK 1s set to 1, and a return to the calling routine is executed

If there is no error return, Z is computed starting at Statement 20 accord-
ing to the following formula:

Z = {1 -Pl-P2+P3)% ZTBL (I -1, J-1) + (P1 - P3}*ZTBL(I, J-1)

+ (P2 - P3) * ZTBL (I-1, J)+ P3 * ZTBL(I, J)

where,

Pl = (X - XTBL(I-1))/(XTBL(I) - XTBL(I-1))
P2 = (Y - YTBL{J-1)}/{YTBL(J) - YTBL(J-1))
P3 = Pl* P2.

Return is then made to the calling routine

_2-
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ARSIMP
1 Purpose
The purpose of Subroutine ARSIMP is to integrate by Simpson's Rule an
array YARRAY of N points tabulated at an equally-spaced interval of the
independent variable.
2  Method
The calling sequence is
CALL ARSIMP (N, DELTAX, YARRAY, ANSWER)
where,
N number of points to be integrated (N must be odd )
DELTAX interval of independent variable at which array points
were tabulated
YARRAY array of points to be integrated
ANSWER  result of integration
The Simpson's Rule algorithm is applied in a DO loop
ADAMS4
1 Purpose

The purpose of Subroutine ADAMS4 is to integrate a set of N first order
differential equations by a predictor-corrector method

2 Method

ADAMS4 is a slightly modified version of Subroutine ADM4RK The
differences between the two routines are as follows:

a. The calling sequence for ADAMS4 is
CALL ADAMS4 (NZ, ZDEL, VALUE, DERN, UPBND,
DNBND, FACTUR, FREQ, HLIMIT, LZ, ZXINDE,
DELMIT, DERE{), PAR, NPAR)

All but the last three arguments are defined 1dentically as those
in ADM4RK The arguments DEREQ, PAR, and NPAR were

L

bBo=
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added to the list They have the following meanings

DEREQ name of subroutine defining derivatives {The name
can now be arbitrary but must appear in an external
statement 1n the calling program )

PAR array of parameters appearing in the derivative
calculations (In ADM4RK, information is generally
transmitted to DEREQ through COMMGN )

NPAR number of elements in the array PAR

b. Within ADAMS4 the calling sequence for DEREQ 1s

CALL DEREQ (NZ, VALUE, XINDEP, DERN, LZ,
PAR, NPAR)

The three elements added to the list NZ, PAR, and NPAR, have
the same meaning here as in the ADAMS4 calling sequence.

¢ After the 3 CALL DEREQ statements within ADAMS4, the
controlling parameter L is tested 1n an IF statement. If L 2 6,
immedijate return is made to the calling program This allows
L to be reset within DEREQ to indicate an error condition which
the main program may act upon

The original writeup of ADM4RK has been included 1n this section of

the manual.

E. ADM4RK!

1.  Purpose

To allow integration of N differential equations by a predictor-corrector
method which will alter the delta of integration so that the required ac-
curacy 1s maintamed.

1Scov:e\, C., Avco Programmer’s Handbook, No, F2-70, IBM 7094 (11 March 1965)

-4
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2. Usage

CALL ADM4RK (N, DEL, VALUE, DERN, UPBND, DNBND, FACTQR,
FREQ, HLIMIT, L, XINDEP, DELMIT)

where,

N

DEL
VALUE
DERN

FREQ

HLIMIT

The number of equations to be integrated.
The delta of integration.

The array of N mntegrated values.

The array of N derivative values.

The value which indicates the interval at which the user would
like to return to the calling program

The value which specifies the upper limit of integration
When this value is reached, return is made to the calling
program.

The control parameter:

Indicates 1nitial pass. Must be set by user who desires FREQ
and HLIMIT testing.

Indicates that a FREQ interval has been reached.
Indicates that HLIMIT has been reached.

Indicates that HLIMIT and FREQ interval has been reached,
simultaneously.

Indicates that return to the calling program 1s to be made
after each successful integration step. This will be set to +5

during the initial pass. No tests are made for FREQ or HLIMIT.

Indicates that the integration interval 1s less than DELMIT.



XINDEP The value of the independent variable.

UPBND The upper bound on the absolute difference that 1s allowed
between the extrapolated and interpolated values. If this bound
1s exceeded by this difference, the delta of integration is
reduced and mtegration is retried.

DNBND The lower bound on the absolute difference between the extra-
polated and mnterpolated values, If this bound exceeds this
difference, the delta of integration is increased and integration

1s carried on.

FACTQR. The percentage by which the delta of integration 1s increased
or decreased in the above. This must be less than 1.

DELMIT The value below which we do not wish to reduce the delta of
integration. If this 1s not specified (1.e., = 0), 1t will be set

to the mitially specified delta of integration divided by 1000, 0.

In addition, the user must supply a subroutine having the following speci~

fications:

a, Calling sequence CALL DEREQ (A, B, C, 1)
where,

A The array of N integrated values

B The value of the independent variable

C The array of N derivative values

I Corresponds to L in the explanation above.

This routine should evaluate the N differential equations given the N
integrated values at the value of the independent variable B

c. Restriction

The values of the integrated variables, if used in this routine should be
picked up from the argument A and B above only and not from XINDEP and
VALUE which were previously definéd. Also nothing should be stored wnto
A and B.

6639<
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3. Sample of Use

Given: a2 y s
——— = x where y, =0,
di? ° dx

=0

evaluate y from 0 to x = 100 and print the values of y at x= 0, 2, 4, 6, ...
100. Starting with an initial Ax of 0.005 and increase or decrease the Ax
by 30 percent if the difference between the extrapolated and interpolated
values do not fall between certain given bounds,

DEREQ (D, X, LT, L)
DIMENSION D(7), DT (8).
DT (1) = D (2)

DT (2) = x

RETURN

END

DIMENSION D (2), DT (2), UPBND (2), DNBND (2)

DELTAX = 0.005

X = 0.0
D (1) = 0.0
D{2) = 0.0

UPBND (1) = 1,0E-5

DNBND (1) = 1.0E = 6
UPBND (2) = 0.5E - 5
DNBND (2) = 0.5E - 6

YEEAS
oy



1 CONTINUE

GALL ADM4RK (2, DELTAX= D= DT= UPBND= 0.3, 2.0, 100.0,
L, X, 1.0E-7)

WRITE QUTPUT TAPE 5, 2, X, D (1)
2 F@RMAT (1P2E20.5)
GO TO(1, 1, 3, 3, 4, 5), L
3 STQP 77777
4 IF (X -100.0)1, 3, 3
5 CALL MESSAG (24H DEL X IS T¢@® SMALL, 3)

STQP 77776
END

PQLRGT
1. Purpose

The purpose of Subroutine POLRGT is to calculate the roots of a
polynomial

2. Method -
The calling sequence is

CALL PQLROT (N, A, R, C)

N degree of polynomial. Maximum of 20

A coefficients of polynomial (Note that A(l) is the
coefficient of X™ )

R roots of polynomial R is dimensioned (2, N} where R(1, J)
is the real, R(2, J) is the img.ginary part of the I root

C convergence factor,(C = 1077 1s satisfactory in most cases }

Newton-Raphson iteration is used Therefore, if f(x) is the
polynomial and if f' (r) —> 0, the method will not converge,
Moreover, the constant term of the polynomial cannot be 0.

(POLROT calls POLRTL )

6'74<

-8-



COMDIV
1. Purpose

The purpose of Subroutine COMDIV is to evaluate E +1F = (A +iB}/
(C +1D) when A, B, C, D are given

2. Method
The calling sequence is

CALL C@MDIV (A, B, C, D, E, F)
The routine calculates

G =C*C+D#*D
E =(A%*C+B*D)/G
F =(B*C-A%*D)/G

ATANQR

1 Purpose

The purpose of function ATANQR(W, H) is to calculate the arc-
tangent of W/H where W and H are floating point numbers, and

to return the result either in radians or degrees The convention
to be observed is that

27
0 < ATANOR (W, H)< {0 000 ee

2. Method

ATANQR is a multiple entry function with entry points ATANQ and
ATANQD

If ATANQR (W, H) or ATANQ (W, H is referenced, D1s setto 1 ,
and X is defined as ATAN2(W, H), where ATAN2 is the FORTRAN IV
library function IF X < 0, itis resetto X +2 7 Then ATANQR
is defined as X/D,

If ATANQD(W, H) is referenced, D is set to 0 017453293, .and the
remaining computations are carried out as before.

672<
9.



ASINR

1  Purpose
The purpose of function ASINR(W) 1s to calculate the arc~-sine of a
floating point number W and to return the result either in radians

or degrees. The convention to be observed is

0 < ASINR (W) < %"/z

90 degrees
or,
3miz g < ASINR(W) < g zm
270 degrees 360 degrees
2. Method

ASINR 1s a multiple entry function with entry points ASIN and ASIND.

If ASINR(W) or ASIN(W) 1s referenced, D is set to 1., WS is defined
as 1 - W * W, and ASINR 1s computed as

ASINR = ATANQR (W, SQRT(WS))/D

If ASIND{W) is referenced, D is set to 0 017453293, and the remain-
ing computations are carried out as before

ACQPSR
1. Purpose

The purpose of function ACOSR(W) is to calculate the arc-cosine of
a floating point number W and to return the result either in radians
or degrees The convention to be observed 1s

T
< ACPSR(W) <
0 PSRW) < J 180 degrees

2 Method

ACQ®SR 1s a multiple entry function with entry points ACOS and ACDSD

If ACOSR(W) or ACDS(W) is referenced, D 1s setto 1 , WS 1s defined
as 1 - W * W, and ACOSR is computed as

ACOSR = ATANQR (SQRT(WS), W)/D

-10-
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If ACOSD(W) is referenced, D is set to 0 017453293, and the remain-
ing computations are carried out as before

K. AICRT31
1. Purpose

AICRT3 is a general-purpose subroutine for the displaying of output
data m graphical form

2. Method

From the user's viewpoint, the version of AICRT3 to be used with
FOQRTRAN IV programs operates in the same manner as the

FORTRAN II version Therefore, although no new writeup was 1ssued
for FORTRAN IV, the following original writeup still described the
subroutine usage, 1if the reader makes allowances for the standard
differences between the two systems 9{e.g., FORTRAN IV arrays
being stored forward in core):

a. Logx Log
b. Log x Linear
c. Linear x Log

d. Lanear x Lanear.

Along with these types of graphs, AICRT3 has the ability of plotting multi-
function graphs, If this feature of the code is used, one must obtain separ-
ately the upper and lower limits of the functions. One must then supply
the upper and lower limits to the subroutine by use of the override feature,
or first plot the curve which has both the maximum value of all functions
being plotted and also the minimum value of all functions. If the override
feature is used, the arguments supplied are unaltered. If the override
feature is not used, the upper and lower limits are determined by the code
and returned to the user via the arguments. Therefore, the programmer
must not place a variable or constant for said arguments that are to be
used again at their original values, since they will be changed by this sub-
routine. The override feature also will give the user the ability for a
standard size grid for multiple case plotting.

1 Hoffman, M , General Code for Display of Digital Data, Applied Mathematics, Atomic International, Naa, Inc.,
Canoga Park, California{8January 1963}, published and distributed under bylaws of UAIDE

11~
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3. Use
The method one uses to obtain the above named plot 1s as follows:

a. On the EDPM Job Request, deck set up instructions; request
subject deck first before data

b. In your program deck for each plot, use the following calling
sequence:

CALL AICRT 3 (KX, KY, X, Y, NP, ND, NV, NS, NC, T, A, @, NF,
NG, DCX, DCY, NX@, XL, XU, NY@, YL, YU} *

c. This routine should not be used to plot a point at a time,

4 Input Data Description

The inputs for this program are the arguments of the calling sequence in
Section 5, They are as follows:*

KX 0 for linear display mn X
1 for log display in X

KY 0 for linear display in Y
1 for log display in Y

X First location of storage for values of X
Y First location of storage for values of Y
NP Number of points 1n X and Y array to be plotted
ND Interval at which points will be displayed, e.g.,

every point = 1, every 10th point = 10

NV 2 1f one wishes to join points plotted with a straight line
1 if not

* The arguments for this calling sequence will be explamed m the next section

675<
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NS

NG

DCX, DCY

NXQ

XL
XU

NYQ

YL

YU

2 1f the data 1s to be sorted as a function of X
1 if the data 1s not to be sorted (This is to enable the
connecting of points by vectors.}

Character representation of point to be plotted

A nine word title to be displayed at the top of the graph
A nine word abscissa tifle

A mine word ordinate title

1 1f new frame 1s required
2 1if overlay 1s required

1 non-log labeling determined by code
If any X meets the following condition,

1X] 2 108
or if all X are in the range -105 < X < 105 the
labeling would automatically be E-label notation.
-2 non-log labeling always E~label notation

Governs the coarseness of the X and Y linear meshes.
(See Section V ~ Special Features.)

2 override search for X~upper and X-lower.
1 let routine determine-X~upper and X~lower (See section
E - Special Features.)

X-lower, if needed (NXG = 2)

X-upper, if needed (NX@ = 2)

2 override search for Y-upper and Y-lower
1 let routine determine Y-upper and Y-lower

Y-lower, if needed (NYQ = 2)

Y~-upper, if needed (NYQ

2).

**Must be stored in FORTRAN order {(backwards in core) or read 1nto core using the A conversion
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5. Special Features

It should be noted that 16.0 is the recommended value for DCX and DCY,
If it is necessary to have more grid lines, all one has to do is decrease
the value of DCX and DCY. I one wants fewer lines, increase the value
of DCX and DCY, Another note of special interest is that the entire array
of X and Y that are being plotted must be in core at the time of execution
of this routine.

The feature of sorting the functions before plotting has one drawback; viz,,
after the functions have been sorted, the original order 1s totally destroyed.
This feature should not be used unless the plotting of the data is the last
function of the code or order of the data is of no importance.

If (XU/ XL -1) < 0.0001, or if XU = XL = 0, no graph will be drawn as the
function is or is almost constant {(similarily for YU and YL).

The titles used should be centered in the 48-character array to ensure
centering of the titles on the graph, The abscissa and ordinate title can
be as large as 54 characters,

If one uses the upper and lower limit search provided by AICRT3, care
should be exercised in the definition of the variable or constant used for
XL, XU, YL, or YU as they will be changed by the subroutine,

NG 1s used to permit a floafing point notation labeling of linear plots.
This is provided because the maximum fixed point number that can be
used is 999999, and the smallest greater than zero 0.000001, similarly
for negaiive values. To provide meaningful labeling of data outside this
range, the floating point notation has been made available.

A very important factor 1s assigning X and Y arguments is to make sure
you only have a singly subscripted array for each.

The limit of the number of cycles in log plotting is 10. Do not try to plot
more than a 10 x 10 log x log plot.

-14-
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