


1. Report No. 2. Government Accession No. 3. Recipient’s Catalog No.
NASA TM X-2375
4. Title and Subtitie 5. Report Date
COMPUTER PROGRAM FOR THE TRANSIENT RESPONSE October 1971
OF ABLATING AXISYMMETRIC BODIES INCLUDING THE 6. Performing Organization Code
EFFECTS OF SHAPE CHANGE
7. Author(s) 8. Performing Organization Report No.
Lona M, Howser and Stephen S. Tompkins L-7900
10. Work Unit No.
9. Performing Organization Name and Address 136-13-05-04
NASA Langley Research Center 11. Contract or Grant No.
Hampton, Va, 23365
13. Type of Report and Period Covered
12. Sponsoring Agency Name and Address Technical Memorandum
National Aeronautics and Space Administration 14, Sponsoring Agency Code

Washington, D.C. 20546

15.

Supplementary Notes

. Abstract

A computer program to analyze the transient response of an ablating axisymmetric

body including the effects of shape change is presented in detail.

The program, its sub-
routines, and their variables are listed and defined. The computer input and output, in
printed and plotted form, for three sample problems are presented to aid the user in
setting up and running a problem with the program. The governing differential equation,
the boundary conditions for the analysis on which the computer program is based, and the
method of solution of the resulting finite-difference equations are discussed.

17.

Key Words (Suggested by Author(s))
Ablation
Heat transfer
Computer program

18. Distribution Statement

Unclassified — Unlimited

19.

Security Classif. {of this report)
Unclassified

20. Security Classif. {of this page)
Unclassified

21. No. of Pages

22. Price™
81 $3.00

4|PFor sale by the National Technical Information Service, Springfield, Virginia 22151







SYMBOLS . .............

DESCRIPTION OF MODEL , . ...

Physical Model . . .. ... ...

Mathematical Model and Solution .

OPERATION OF PROGRAM ., . ..

CONTENTS

ooooooooooooooooooooooooo

ooooooooooooooooooooooooo

ooooooooooooooooooooooooo

ooooooooooooooooooooooooo

-------------------------

Boundary Conditions Along Front Surface . . . .. . . . . . ¢ ¢ v v v v e
Boundary Conditions Along Back Surfaceand Edgeof Body . . ... ... .. ..

Output Plotting Routine . . . . . .
Computing Interval . . ... ...

PROGRAM DESCRIPTION . ....
Labeled COMMON ... .....

-------------------------

ooooooooooooooooooooooooo

ooooooooooooooooooooooooo

ooooooooooooooooooooooooo

Descriptions, Flow Charts, and Listings . . . . . . . . v 0 o v v v o v v v 0 v

Program D2430 .. ... ...
Subroutine COLUMN , . ... .
Subroutine ROW . . ... ...
Subroutine COLXO . .. ... .
Subroutine COLMN , ... ...
Subroutine COLXL, , ... ...
Subroutine SQAERO . ... ..
Subroutine ADJUST , . . ... .
Subroutine ZPRINT ... ...
Subroutine SOLMAT . ... ..

ooooooooooooooooooooooooo

ooooooooooooooooooooooooo

-------------------------

-------------------------

.........................

ooooooooooooooooooooooooo

.........................

-------------------------

ooooooooooooooooooooooooo

-------------------------

-------------------------

ooooooooooooooooooooooooo

APPENDIX A — LANGLEY LIBRARY SUBROUTINES . . . . . . . ¢ . ¢ ¢ v+ oo

Subroutine FTLUP ., , ... ...
Subroutine DISCOT .. .. .. ..

-------------------------

ooooooooooooooooooooooooo

-------------------------

iii

W W O o N

11
11
11

12
12
16
16
24
26
28
31
35
39
43

47
48

55
56

57

59
59
60

64



REFERENCES
FIGURES ..

ooooooooooooooooooooooooooooooooooooo

iv



COMPUTER PROGRAM FOR THE TRANSIENT RESPONSE OF
ABLATING AXISYMMETRIC BODIES INCLUDING THE
EFFECTS OF SHAPE CHANGE

By Lona M. Howser and Stephen S. Tompkins
Langley Research Center

SUMMARY

A computer program to analyze the transient response of an ablating axisymmetric
body including the effects of shape change is presented in detail. The program, its sub-
routines, and their variables are listed and defined, The computer input and output, in
printed and plotted form, for three sample problems are presented to aid the user in
setting up and running a problem with the program., The governing differential equation,
the boundary conditions for the analysis on which the computer program is based, and the
method of solution of the resulting finite-difference equations are discussed.

INTRODUCTION

A numerical analysis of the transient response of an ablating axisymmetric body
including the effects of shape change is presented in reference 1. The present paper
briefly describes the analysis in reference 1 and presents in detail the associated com-
puter program (program D2430) developed at the Langley Research Center. This paper
also provides the user with an operating manual for the program.

Some of the features of the analysis and the associated program are (1) the ablation
material is considered to be orthotropic with temperature-dependent thermal properties;
(2) the thermal response of the entire body is considered simultaneously; (3) the heat
transfer and pressure distribution over the body are adjusted to the new geometry as
ablation occurs; (4) the governing equations and several boundary-condition options are
formulated in terms of generalized orthogonal coordinates for fixed points in a moving
coordinate system; (5) the finite-difference equations are solved implicitly; and
(6) other instantaneous body shapes can be displayed with a plotting routine.

The computer program is written in the FORTRAN IV language for the Control
Data 6000 series digital computer with the SCOPE 3.0 operating system. The equations
have been programed so that either the International System of Units or the U.S. Custo-
mary Units may be used,



SYMBOLS

A= ’%E -g-g

Ae constant in oxidation equation corresponding to specific reaction rate

Aﬁ,Bj,C j’Dj coefficients in equations (6)

Ag constant in sublimation equation

B, constant in exponential of oxidation equation corresponding to activation
energy

Bg constant in exponential of sublimation equation

C oxygen concentration by mass

Cp specific heat

H total enthalpy

AH; heat of combustion

AHg heat of sublimation

hy,hy,hg  coordinate scale factors (egs. (2))

K reaction-rate constant for oxidation (eq. (10))
k thermal conductivity

L number of stations in x-direction

M molecular weight of gas

M02 molecular weight of oxygen

m,n integers



m mass loss rate

m, mass loss rate due to combustion

mg mass loss rate due to sublimation

p exponent of pressure in sublimation equation (eq. (12))

Py wall pressure

do convective heating rate to nonablating cold wall

aC net hot-wall convective heating rate corrected for transpiration (eq. (9))
dp radiant heating rate

R radius of curvature of base curve

Rcyl cylindrical radius from axis of symmetry to base curve

Rstag stagnation-point radius of curvature

r exponent of radius in sublimation equation (eq. (12)); spherical coordinate
S number of stations in y-direction

T temperature

t thickness of heat sink

W,z Cartesian coordinates (sketch 2)

X,y curvilinear coordinates (sketch 1)

Xy length of base curve

a absorptance

a, weighting factor for transpiration effectiveness of mass loss due to

combustion



ag weighting factor for transpiration effectiveness of mass loss due to
sublimation

B either 0 or 1 depending on whether transpiration or ablation theory is used

) material thickness

€ emittance

£, dimensionless curvilinear coordinates (eqs. (3))

6 angle between R and R eyl ‘(sketch 1); spherical coordinate

A mass of char removed per unit mass of oxygen

P density of material

o Stefan-Boltzmann constant

T time

Y angle between axis of symmetry and normal to surface (sketch 1)

Subscripts:

e edge of boundary layer

w wall condition

X,y coordinates

&n dimensionless coordinates

Superscripts:

14
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condition along y =0



DESCRIPTION OF MODEL

Physical Model

The analysis considers an axisymmetric ablating body exposed to aerodynamic
heating; this body is composed of a single orthotropic material of varying thickness with .
temperature-dependent thermal properties. (See sketch 1.) The back surface of the body
may be considered as a thin heat sink and/or radiator. Two coordinate systems are used
to study the thermal and ablative response of the body. One is a curvilinear coordinate
system, with x,y coordinates (sketch 1), which is used to determine internal temperature
distributions. A stationary base curve located at the back surface of the body establishes
the x-axis,

surface:normal Thin heat sink

and/or radiator
e

Orthotropic material

ED: Cp> k(X:YSJ

Thin heat sink
and/or radiator
(p"’ CP’ e”’ t")

Body axis of symmetry:

Sketch 1

The second coordinate system (sketch 2) is used to define the exterior geometry of
the body which changes with time as a result of ablation. This coordinate system, with
w,z coordinates, is a Cartesian system with the origin fixed at the original stagnation
point of the body. All the geometric parameters needed to compute changes in the stag-
nation heating rates and the heating-rate and pressure distributions over the surface are
defined in this system,

The governing time-dependent heat-conduction equation with variable coefficients
for an axisymmetric body is, in fixed coordinates,

hyh h,h
f(zs i OT) 4 2 (103 BT\|_ o 2T



where the coordinate scale factors are

hy =1+ :Yﬁ (2a)
hg = Rcyl +ycoso (2¢)

The transient temperature response of an ablating axisymmetric body is obtained
from the solution of equation (1) with the appropriate boundary conditions, which are pre-
sented in reference 1, The method of_splution is discussed in the following section,

Initial surface

w A
Surface at time T
/
/
P
Normal to surface /
/
e
¥ -
Bage curve
Z
W » \
/ 8y
/ i
R
n
Rcyl Pyal
i - \ Z
Sketch 2

Mathematical Model and Solution

The finite-difference method was used to obtain the solution to equation (1). How-
ever, if equation (1) were expressed in finite-difference form, it would describe the tem-
perature variation at fixed stations in a fixed coordinate system, To maintain a fixed
number of stations in a layer which changes thickness with time, it is necessary to change

6



the location of the stations and to interpolate to determine the temperatures at the new
location after each time step. This procedure is time consuming and introduces a small
error in each step of the calculation. This difficulty can be eliminated by transforming
the equation to a coordinate system in which the stations remain fixed and the coordinates
themselves move to accommodate changes in the surface location.

This transformation can be made by introducing a moving coordinate system §&,7,
where

2y
I

and 7 =% (3

& |

In this system, the outer surface remains fixed at 7 =1 and all other stations remain
at fixed values of 7.

The governing time-dependent heat-conduction equation (eq. (1)) in this transformed
moving coordinate system is (eq. (9) in ref. 1):

110 fyy .a_T_>+¢a b3y, T\ 1 ("3, naoT) "% a (M3t
hihg|s2 o\ 13 Man ) " x 2 06\h; 05 Xpot\h; 6 on/ 8, o\hy ot

h .
1Ay (13 4 8T\| _ . [oT oy oT 4
¥ 52 §an<h1 7 on Peplar * oo on )
where
1 95
A== 5
T (5)

The unknown temperature field defined by the solution to equation (4) and its bound-
ary condition was obtained by first approximating these equations by finite-difference
equations with the use of the node pattern shown in sketch 3. Then the solution to these
finite -difference equations is obtained with the method used in reference 2.

This method is classed as an alternating-direction implicit method which has the
advantages of being implicit, stable, and amenable to rapid solution. This method involves
the alternate use of two finite-difference analogs to equation (1). In the first finite-

difference equation at time 7 the analog to one of the second derivatives ——’—21‘—, for
X4
2
example, is written at the new time 7 + A7, and the analog to the other derivative 8—%‘-
_ 8y

is written at the old time 7. Therefore, this equation is implicit in the x-direction (row)
and explicit in the y-direction (column).



¥ (1,L)

(s,1) (m1) (2,1) (1,1)

Sketch 3
2
In the second finite-difference equation, at time 7 + 2 AT, the analog T 45
oy
2
written at the new time 7 + 2A7 and the analog to 9——-'21—‘ is written at the old time
X

T+ AT, The second equation is implicit in the y-direction (column) and explicit in the
x-direction (row). Using the two equations alternately results in a stable solution for any
ratio of time increment to space increment as long as the same time increment is used
for the successive application of the two equations., The time increment may be changed
after the successive application of the equations.

Equation (4) and the boundary conditions, when approximated by finite differences,
leadto L setsof S simultaneous equations for a column solution and S sets of L
simultaneous equations for a row solution. These equations take the form

ByT, + C Ty =D, h
T. . +B,T. +C.T, .=D. 25i= (N -
ATy BTy + T = Dy } @=j=(N-1)  (®
An.1Tn-1 + BTN =Dy

where N isequalto 8 or 1 depending upon which finite-difference analog is applied.
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Since the coefficients of equations (6) form a tridiagonal matrix, this set of simul-

taneous equations can be quickly solved for temperatures. The method of solution based
on the Gauss elimination method is discussed in reference 3,

The coefficients of equations (6) are temperature dependent, Therefore, an itera-
tion on these coefficients is made to obtain a temperature solution,

OPERATION OF PROGRAM

The physical problem to be modeled with the analysis is described by the FORTRAN
input variables listed in a subsequent section., For example, the external body geometry
is described in the w,z coordinates (sketch 2) which correspond to the input variables RS
and ZS; material density corresponds to the input variable RO; and the stagnation cold-
wall heating rate corresponds to the input variable QCTAB, which is a time-dependent
array. Other input variables are required which control the solution, specify boundary
conditions, and determine output from the program. These variables are listed in a
subsequent section,

This section describes the various boundary conditions that are available and a
plotting routine that may be used with the output. The computation of the computing
interval is also discussed,

Boundary Conditions Along Front Surface

An energy balance at the surface is

2
Ty 1-(1 B)OGHear'n a_m 0()84:He a . +a_m 2
d¢c "I_f; -\ %(c ct ss)' . EE (cc ss)

- B(agi, + ms)( ) +0q, + meAH = ky % + ngAHg + 0Ty, (7

where the terms on the left of the equality sign represent energy input to the surface and
the terms on the right represent energy dissipation at the surface. The energy input may
be any combination of convective heating, radiant heating, and the heat resulting from
combustion,

This energy input is accommodated by the heat conducted away from the surface
and any combination of the heat radiated from the surface and the heat absorbed by sub-
limation, The quantity of energy involved in each process is specified by the values
assigned to the FORTRAN variables associated with that process. For example, the



FORTRAN variables associated with the radiant heating rate q, are QRTAB, ALPHAT,
and QRRAT, all of which define the radiant heating to the body with time,

The pressure and the convective and radiant heating rates are functions of the body
shape and also vary over the body surface. The changes in q¢ and 4. at the stagna-
tion point and the changes in pressure, de» and q, around the body are computed within
the program by setting IADJUST to a value greater than zero and specifying values for the
variables defining the flow field and the body geometry. If IADJUST equals zero, then the
variation of Ao Yps and the pressure over the body are tabulated as QRAT, QRRAT,
and PRAT, respectively.

Equation (7) shows that the mass loss due to combﬁstion r'mc and mass loss due to
sublimation rhg affect the energy balance. This effect can be specified by either trans-
piration theory (B = 0) or linear ablation theory (8 = 1),

The rates of mass loss by both oxidation and sublimation are computed at each
time step. However, only the larger of the two is used.

The rate of mass loss by combustion may be specified by a half-order or a first-
order oxidation equation. The input XORDER specifies which equation is used. The
equation for a half-order oxidation reaction is (eq. (15) in ref. 1)

2
2 2
M_(H_ -H_)K“ M_(H  -H Kp-l
. _ w( e w) w o w( e w). w +4KZCeMw Dy, (8)

o, =1
2 Mo,4C,net Moac,net* | o

where

= T 1-@ B)O6Heozr'n fn 0084He2a1i1 +a_ i )2
et~ c\* "7 ST 'a"(c ctlg s)‘ e (c c” 7s s)

e C C
H
- . e
- B(acmc + asms)(%) (9)
and
-B./T
cf tw
K=A_.e / (10)

The equation for a first-order oxidation reaction is (eq. (16) in ref, 1)
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KpWC

fg = Z (11)
Oz, Kpy, (He - Hy )
My, qC,net>t

The rate of mass loss by sublimation is (eq. (17) in ref. 1)

p
fag = AS(p‘W) e'Bs/Tw

(12)
(Rstag)r

Boundary Conditions Along Back Surface and Edge of Body

Several boundary conditions may be specified along the surfaces at y=0 and
X = Xy,. These conditions are a constant-property heat sink, radiation from these surfaces
to a surface at a specified temperature, or any combination of these. A heat sink along
the back of the body is specified by the inputs CPDP, RODP, TDPRIME; along the edge of
the body, by CPP, ROP, and TPRIME. Radiation from these surfaces is specified by the
inputs EPSONPP, EPSONEP, and TBTAB.

Output Plotting Routine

The plotting routine for this program is convenient for studying the results of calcu-

lations. This routine is activated by setting IPLOT equal to an integer greater than zero,
The following plots are generated: (1) RSS versus ZS at times listed in the PLTIME
table (this plot shows the body geometry), (2) MDOT versus X at each PRFREQ time, and
(3) T(N) versus X at each PRFREQ time, where N is a specified row of temperatures.
For example, to plot the temperatures of rows 2, 6, and 8, set the input NTP = 3, 2, 6, 8,
where the 3 specifies the number of rows to be plotted. Other input quantities that must
be specified are MDMAX, RSSMAX, ZSMAX, PTMAX, and PTMIN. These inputs specify
maximum and minimum values which are used to get reasonable plotting scales. Sample
plots are shown with example problems discussed in a subsequent section,

The plotting routines used are from the CalComp software package. Plotter output
is routed to a tape during job execution and after job completion is plotted on a CalComp
digital incremental plotter.

Computing Interval

Although the alternating-direction implicit method used for solution of the finite-
difference equations has the advantage of being stable for any time increment, the choice

11



of a computing interval is important. An initial and a maximum computing interval
DELTAU and DTMAX are inputs for the program, After the application of a column and
a row solution, the program computes an interval for the next two successive time steps.
This is done by examining the number of iterations necessary for convergence at the pre-
vious time step. If this number was (a) equal to 1, the computing interval will be doubled,
but will not exceed DTMAX; (b) equal to 2, the interval will not be changed; or (c) equal

to 3, the interval will be halved.

This should not be confused with the input MAXITT. If the number of iterations
during a solution that is not a row solution exceeds MAXITT, the computing interval will
be halved and the solution restarted.

PROGRAM DESCRIPTION

The computer program D2430 was written in FORTRAN IV language for the Control
Data 6000 series digital computer under the SCOPE 3.0 operating system, The program
requires approximately 70 000 octal locations of core storage.

This section presents the program, its subroutines, and their variables. The vari-
ables are grouped in labeled COMMON blocks PICK, INPUTS, and HOLD., Input data are
loaded with FORTRAN IV NAMELIST. The variables in INPUTS (except the variable
DUMMY) and in HOLD are also in the NAMELIST statement which appears in another
section,

Labeled COMMON

’

The following list contains the FORTRAN variables appearing in labeled COMMON
and the dimensions of the array for each variable. The notation is in the form A(m,n).

COMMON FORTRAN

label variable Description
PICK
A(10,20) Elements in coefficient matrix for the column solution
ad
AA(2 —
(20) -
AB(10,20) Elements in coefficient matrix for the row solution
ALPHA(20) a
B(20) Major diagonal elements in coefficient matrix

12



COMMON FORTRAN
label variable
PICK
BS1(10,20)

BS1B(10,20)

C(10,20)
CB(10,20)
CK(10)

CKETA(10,20)

CKXI(10, 20)
COST(20)
CP(10,20)

D(10,20)

DC(20)
DELESQ
DELETA
DELTA(20)
DELXI
DELXISQ

E(10,20)

EIGHT3
ELAM(20)
ETA(10)

Description

Major diagonal elements in coefficient matrix for the

column solution minus T term

T

Major diagonal elements in coefficient matrix for the

row solution minus -g—'I—‘ term
T

Elements in coefficient matrix for the column solution
Elements in coefficient matrix for the row solution

Temporary storage used to define the thermal
conductivity at a half station

k,, at the station

n
k £ at the station

cos 0

Right-hand side of the matrix solution
(an)?
An
5
Af
(ag)?
hy
Constant, 8.0/3.0
A

n

13



COMMON
label

14

PICK

FORTRAN
variable

EXPG

F(10,20)
GG
GIMACH

H1(10,20)
H2(10,20)
H3(10,20)
HC(20)
HCOMB(20)
HE

HW(20)
IFIRST

IROCOL
ITC

ITR

ITT

ITTO

LM1

LM2
MCDOT (20)
MDOT(22)
MSDOT(20)

Description

Computed constant used in computing new heating
distribution

h2h3k gn 25
hlé ax

Computed constant used in computing new heating

distribution

Computed constant used in computing new pressure
distribution

Internal code; 0 for first time step in calculation, 1 for
any time after first time step

Internal code; 1 for column solution, 2 for row solution
Number of iterations during the column solution
Number of iterations during the row solution

Number of iterations during a solution

Total number of iterations from the initial time
Computed constant (L-1)

Computed constant (L-2)

me

m

Mg



COMMON
label

FORTRAN
variable

PICK

PID2

PRELOC(20)

QC(20)
QC1
QCNET
QCOMB(20)
QR(20)
QR1
Qs(20)
RNS
RODPC
ROPCPP
RSS(22)
RSTO2

SIG
SIGDP
SIGMA
SIGP
SIN'T(20)
SM1

SM2

TAU

TB
TT(10,20)
TWDELXI

Description

Constant 1.5707963268
Liocal wall pressure

Adjusted convective heating rate

qc

qC,net
Heat due to combustion for oxidation

Adjusted radiant heating rate
qp
Net heat input
Nose radius
t" p" cp" A T
1t 1
t'o'ey / AT

Coordinate used to define body geometry, w

Computed constant, ratio of molecular weight of free

stream to molecular weight of diatomic oxygen used

in oxidation equation
Computed constant oe
Computed constant oe"
o
Computed constant oe'
sin 0
Computed constant (S-1)
Computed constant (S-2)
Time at which calculation is being made
Temperature to which back surfaces radiate
Estimated temperatures at 7

Computed constant 2 A&
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COMMON

label

PICK

INPUTS

HOLD

FORTRAN

variable

TWOGI

V(20)
VB(10)
X(22)
XDXISQ
XODXI
Y(10,20)
7(20)

ZB(10)

DUMMY

Description

Computed constant used in computing new heating
distribution

Elements in coefficient matrix for column solution
Elements in coefficient matrix for row solution
Curvilinear coordinate

Computed constant (xb A‘g’)z

Computed constant xy A&

Curvilinear coordinate

Elements in coefficient matrix for the column solution

Elements in coefficient matrix for the row solution

Used in setting initial values of all inputs to zero

All the variables in NAMELIST except TMIN also appear in INPUTS

TMIN

A minimum temperature value

Descriptions, Flow Charts, and Listings

This section identifies the main program and each subroutine in the program D2430,

A brief discussion, a flow chart, and a listing for each are given. The numbers appearing
in the flow charts represent a FORTRAN statement number in the program, The interpo-
lation subroutines FTLUP and DISCOT are described in detail in appendix A.

Program D2430.- Program D2430 is the control program. It reads the inputs, calls

the subroutines to solve for the temperature profile, calls subroutines for plotting, and
controls the iteration scheme for the temperature solution. The flow chart for pro-
gram D2430 is given on the following pages:
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PROGRAM
Dk 30

Read, and
write
input

Initialize
conditions

Save
variables
on tape

25
Compute
scale factors

95
CALL FILUP

Obtain variables s
as function of T
temperature
Reget
Variables

Is
DELTAU <
1.B-6

Solve for

803
TTF

r—8s Halve
DELTAU

320
CALL ROW
Solve for

CALL ZFPRIN!
Print current!
values of
variables

this a row
solution

730

Increment temperature New guess=
iteration diverging temperature of
count previous iteration
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CALL SQAEROM
Compute

mass loss
rates

L

Compute
DELTA

Obtain DELTAU
for next
time step

543
Increment |

Save
variables
on tape

time

L6
Extrapolate to
get new TT

Reverse IROCOL
to solve by

opposite direction
of previous

time step
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C
C

The listing for program D2430 is as follows:

1

PROGRAM D243C (INPUT,0UTPUT,TAPZS5=INPUT,TAPES=CUTPUT ;TAPET=201,
TAPEB=271,TAPES=201]}

AXISYMMETRIC ABLATICN PROGRAM

THO-DIMENSIONAL ABLATICN ANALYSIS FOR AXTALLY SYMMETRIC BODIES OF REVOLUTION

AT HIGH HEATING RATES, CONSIDERING SHAPE CHANGE

THIS IS THE MAIN PRCGRAM = IT CONTROLS THE GENERAL FLOW CF PROGRAM

XK @OOmMOD>OO SN

NOOZZRL~OMOD>DODN PN

1

BARA==OMODOVIOCPN

CCMMON /PICK/ A(1C+20),AA120),A8(10,20) sALPRA(2D),B(20Q),
BS1(102:2C),BSIBLIC20)+CLL0,20),CBI10,20) CKII0},CKETA(10,20),
CKXI{10920)5COST(20),CP{10:+20),D(1C20),DCL20},
DELESQ,DELETAZDELTA(Z20) sLELXT4OELXISG,E(1C,20),EIGHT3,

ELAM{20) yETA(LC) +EXPGF {10520 3GGsGIMACH,HI{10,22),H2(10,20),
H3(10,20);HC(20),HCOMB(20) yHEsHW (201 ; TFIRSTHIROCOL ¢ ITCHyITR,ITT,
ITTG LMY o LM2, MCDOT(20) s MLOT(22) o MSDOT(20) s PIN2,PRELOCA(20),QC(20),
GCl,0CNET(20) ,GCCMB(2D),QR{20),QR1,Q5(2C) sRNS,RODPC ,ROPLPP,
RSS(22)sRSTO2 sSIGsSIGDP,SIGMAL,SIGPySINT(20),SM1,SM2,TAU,TB,
TTC12420), TTF {10423 s TWDELXT 4 TWOGI »V(20),VB(10),X(22),XDXISQ,
XCDXI o Y110,20),2(20),IB{30) ]

COMMON /INPUTS/ DUMMY (1) ,AEXP,ALCTABI(LD)},TTALC(10) s MALPHC;NALPHC,
ALPHAT(1C), TALPHALL1Q) yMALPHA,NALPHA,ALSTAB{10),TTALS(1C ) MALPHS,
NALPHS y ASEXP,BETABEXPsBSEXPyCELCKETATB(50),TTCKETA(10),
ETATAB(3) ,NCKETANETA,CKXITABA{S30) 3 TTCKXI{1C) o XITAB(5S) yNCKXI,
NXI2CORDSY CPDP,CPP,CPTAB(L10),TTABCP(10) MCPNCP,DELTAQ(ZC ),
DELTAU,DELTMIN; DTMAX,ELAMTB(28), TTELAM{ T}, PELAM( &) ;NELAM,
NPELAMJENDTAU,EPSCNE y EPSCONEP, EPSCNPPL,ERRORT GAMBARy GAMINF,
HCOMBTB(Z8) y TTHCOMB(7 ),y PHCOMB(4) yNHCCMB ¢NPHCCMB ,KCTAB(28),
TTABHC(7)PHC (4} sNHCyNPHC 4HETAB(L10), TTABHE(10) yMFE ,NHE (HWTAB( 15},
TTABHW(15) s MHWNHW, IADJUST, IPLOT y Lo MACHNDO , MAXITT, MDMAX,
MDCTO{201},

MWOZ2 s MWSTRGNTP(T) yPLTIME(15) 4 PRAT(20) ,PRFREQIPSEXP,PSTAGTB(10),
TTPSTAG(IC)yMPSTAGyNPSTAG,PTMAX,PTMIN,QCTAB(10) ,TTABQC(1() 4MQC,
NGC,QRAT{22),

GRRAT (20),QRTAB(10),TTABQR{1G),MQRNQR,R{ 20} yRIEXP ,RNSI ,R3,RCDP,
ROPyRS(2C) yRSSMAXS,STEBCLyT(13,20) TAUC,TBTAR(1Q0),TTABTR(10),
MTByNTBy TDPRIME s THETALZ20) s TPRIME 4 X0 XCRDERZS5(20) y ZSMAX

DIVMENSION DELTI(10,20),Z2(22),¥Y30L(2)

REAL MDOTC,MDOT,MCOOT,MSDOT ¢y MWk STR yMW02 y MACHNC » MDMAX
INTEGER S,SM1,SM2

DATA XLABEL,YLABEL »X2LYZL+Y3L/ 2HZBs3HRSS y1HX y4HMDOT, 1 2HTEMPERATY

RES/

NAMELIST /024307 AEXP, ALCTAB, TTALC sMALPHC ,NALPFC, ALPHAT,
TALPHA MALPHA yNALPHA  ALSTAB, TTALSyMALPHSyNALPHS,ASEXP
BETA,BEXP BSEXPCEWCKETATB,ETATAB,TTCKETA,NCKETA,NETA,

CKXITABs XITAB, TTCKXI ¢ NCKXTyNXI;CORDSY,CPDP,CPP,CPTAR,TTABCP MCP,
NCPyDZLTAQ, DELTAUIDELTMIN,DTMAX, CLAMTB, TTELAM ,PELAMNELAM,NPELAM,
ENDTAU,EFSCNE yEPSONEP JEPSCNPP yERRORTyGAMBAR GAMINF sHCCMBTB,
TTHCOMB, PHCOMBy NHCOMB s NPHCOMB yHC TAB s TTABHC s PHC y NHC ¢y NPHC yHETAB,
TTABHE yMEE NHE s HWTAB, TTABHW y MHW o NHW» TADJUST,, IPLOT, Ly MACHND,
MAXITTyMCMAX s MDOTOyMWO2 yMWSTR yNTP yPLTIME ,PRAT ,PRFREQ, PSEXP,
PSTAGTB, TTPSTAG MPSTAG, NPSTAG,PTMAX,,PTMIN;QCTAB, TTABQC,MQC,
ANQCyQRAT,QRRAT,QRTAB,TTABQR yMQRyNQRyRHyRIEXP yRNSIyRO,RCOP,RGP 4RSSy
RSSMAX, S STERCL,T,TAUO, TRTAB, TTABTB,MTB,NTB, TOPRIME,THETA,

TMIN, TPRIME s XCy XORDER yZS¢ZSMAX

CCMNMCN /HCLD/ TMIN

TMIN =0,

DC 10 [=1,924

10 DUMMY(1)=CeC

DTMAX=2,

1 READ (5,1CC)
100 FORMAT (8CF

1

IF (EQOFs5) 243

2 STOP
3 READ (5,D2430)

SET

WRITE [(5,02430)
WRITE (6,1CC)

INITIAL VALUES

1¢0000
200000
3€0000
4000¢C0
£00C00
600000 .
700000
8C01G0
Ehidivy
1CCenoo
1100000
12300¢C0
1300001
1420000
1502000
L6d0C09
17000090
1800002
190CCCo
200000
2130000
2250000
2200C00
240000¢C
2600601
26300C2
2700000
2800000
2900000
30300001
3100000
3280060
33200000
3400000
3500000
36600C0
3700900
3800000
3920000
400000
4180000
42L0000
4226000
4400000
4502005
4600000
47300C0
48L00200
4950302
5000001
53100200
52C000Q0
5300000
5440CCH
5500000
5600000
S73C600
5800001
59€0000
50000C0
61C€3002
6200000
5300000
5400000
5500000
6€000C0
70000060
71000C0
72C0C00
7300080
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C WILL PRINT ONLY AFTER A COL. AND RCW CCMPUTATICON HAS BEEN MADE

11

12

18

22

NNTP= NTP{(1}
PID2 = 1.57C79&3268

THO GI = 2,0 /{{GAMINF -~ 150} * MACHNG #*%2}

EXPG =(GAMBAR = 1,0}/ GAMBAR
GIMACH= | 1eo/{GAMINF * MACHNC *#2)

GG= SQRT{ EXPG * {ls0 + TWOGI} #* (1.0~ GIMACH))

GG= SQRT (GG) * 2,0

INCP=0
IRCH=)

I0T=1
DTAUO=1.0
DTAULl=DELTAU
IRGCOL =1

TAUQO= TAUO+ PRFREQ
ITT70=)

DC 11 M=1,S

DC 11 N=1,L
CELT(M,N)=1002,
TT{MyN)= T(VsN)
DELTAU=DELTAU/Z,
TAU=TAUO+CELTAU

IFIRST=0
ITT=1

LMl = L- 3§
ALM1 = L M}
tM2 = L= 2
SMl = 5§~ 1
SM2 = S~ 2

DELXI =l./ALMY

DELX =X0/ALML

RSTO2 = MWSTR/MKO2

X{1} =D,

DC 12 N=2,L

X{N) = X{AN-1) + DELX-

DELETA = 1,./5M1

DELXISQ = CELXT #%2

DELESQ= DELETA *%2

TRDELXT = 2,0% DELXI
EIGHT3=8.C/360

DO 18 M=1,S

Ab=M=]

ETA(M)=DELETAXAM

SIGMA=STEBCL

SIG = SIGMA%* EPSONE

SIGP = SIGMA #* EPSCNEP

SIGDP= SIGMA # EPSCNPP

XODXI = XC * DELXI

RODPC TOPRINME*RODP * CPDP / DELTAU
RQPCPP TPRIME * RGP * CPP/ DELTAU
RODT= RO/DELTAU

XDXISQ = xC*¥*2 * DELXISQ

DC 22 N=1,L

MDOT(N)=MCOTO(N)
MCOCT(N)=NMDCTO (N}
MSDOT(N)=MDOTO(IN)

DELTA(N)= DELTAC(N)
THETA(N)=.C174532925%THETA(N)
SINT(N) = SIN(THETA(N))
ZZIN)= IS (N)+CELTAOIN}*SINTIN)
COST{N}= CCS(THFETA(N))

IF (IPLOT.ECeD) GO TO 23

0o

C PLOY BASE CURVE IF PLCTTING IS CALLED FOR

20

REWIND 7
REWIND 3
REWIND 93

7430000
7500000
7630000
7700000
7800000
7900000
8000000
81€0000
8200000
83000C0
8400000
8500000
8600000
8700000
88L00C0
8500000
900000
9100000
9200000
9320000
9400000
9500000
9600000
9720000
98600C0
9500000

10000000

10100000

10200000

1020000

10400000

10500000

10600000

10700000

108C00C0

10900000

11000000

11100000

112006000

11300000

11400000

115000¢0

11600000

11700000

118000€0

11900000

12000000

12100000

12200000

123020000

124000600

12500000

12600000

12700000

128000C0

12900000

13€00C00

13100000

13200060

1330000C

134C0000

13550000

13600000 °

1370000C

13800000

13500000

14630000



CALL CALCCHP

IPLT=1

IPLTK=9

IF (CORDSY.NE.C) GO TOQ 22890
WRITE (7) (ZZUN)RSIN),N=1,L)
GO YO 23

2230 WRITE (7) (ZS(N),;DELTA(N}N=1,01)

C

C COMPUTE H-S

c

[} [aRaXel

o

i)

3 DC 25 M=1,S
DO 25 N=1,L
Y(NMsNY=ETA(M)*DELTA(N)
HL(MeN) = 1.0 + ETA(M)* DELTA(N)/R(N)
H2 {MyN)=1,
25 H3(MeN)= RSIN) + Y(M,N) %COSTI{N}
95 DO 101 M=1,S
DC 101 N=1,L
CALL FTLUP (TT{M, NI, CP(MN),MCP,NCP,TTABCP,CPTAB}
CALL DISCCT (TT(MyN)oX (N)yTTCKXI CKXITABXITAB,11,NCKXI,NXI,
1CKXTI{M,N))
171 CALL OISCCTOUTTIM NI Y{MyN)oTTCKETA sCKETATB,ETATAR,17,NCKFETA,NETA,
2CKETA(M NI
AAL1)=0.0
DO 103 N=2,LM1
193 AA(N)= (DELTA(N+1)-DELTA(N-1)}/(TWDELXI*XO)
AA(LY={3e CH+DELTA(L ) =4 O¥DELTALLMY)4DELTA(LM2) )/ ITWDELX I%X0)
0C 110 N=1,L
DO 113 M=1,S
DIMsN)= F2 UMy NYEH3I(MyNIE CKXT(MyN) ZHLIMsN)
E{MyN}= F1{MsN)* H3{(M,N) * CKETAIM,;N) / HZ{MyN)
110 F{M,NI=D(VM NI*ETA(M)*AA(N) /DELTA(N)
CALL SQAERC
GO TO (31C,323%), IROCOL
319 CALL COLUMN
ITC=ITT
IFIRST=]
GO TO 350
320 CALL RQOW
ITR=1TT
IF (IROW.EGeD) IROW=2
350 CONTINUE
IF ANY TEMPERATURES ARE NEGATIVE STOP CALCULATIONS
00 369 N=1,L
DO 262 M=1,S
IF (TTF{M,;N)sLE,O0} GO TO 411
350 CONTINUE
TEST TG SEE IF TEMPERATURES HAVE CCNVERGED

ITTO=1TT0+1

DO 400 N=71,L

DO 4060 M=1,S

ABSTT=ABS{TT(M,N})

ABSTTF=ABS(TTF(MyN})

TEST=ABS{ABSTTF-ABSTT)/ABSTT

IF (TEST - ERRCRT) 40C+40C,709
430 CCNTINUE

COMPUTE MDOT

CALL SQAEROM

COMPUTE DELTA

' DO 410 N=i,L
DELTA(NI=CELTACIN)-{MCOTC(N)+MDOT (N) ) *DELTAU/ (2, 0%R0O)

RESET DELTAO AND MDCTO

410 MDOTO(N)=MLOT(N)

IF DELTA BECOMES LESS THAN DELTMIN (SOME MINIMUM DELTA INPUT) STOP

14100000
14200000
14300000
14400000
14520000
14600900
147C0060
14860000
149C0000
15000900
15100000
152C0000
15200000
1540C000
15500000
15600000
157¢c000¢
158C0000
15900000
16C000C0
16100000
16200000
16300000
16400060
16500000
166000C0
156700600
168350000
169C0000
17030000
17100000
17220000
17200000
17400000
175000C0
17600000
177000CC
17859000
17900060
18000000
18100000
18230200
1820000¢C
184C0CCC
18529080
18600000
18730000
188000¢C0
18900000
19020600
19100600
19200000
193€06C0
19400000
195930006
196000CC
197000C0
19800000
1990006C
200000C0
201060C0
20200000
20200000
20400600
205000C0
20600000
20700500
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(e EeNe]

22

THE CALCULATICAS
DO 412 Nk=l,l
IF {(DELTA(NI«GT. DELTMIN} GO TQ 412
411 CALL ZPRINT
STGP
412 CCATINUE
IF (INOP.EQs1) GO T O 418
IF (TAU.LT.TAUGC) GO TO 420
IF (IRJCOL.EQ.1) GG TO 418
INCP=1
GO TO 420
418 INGP =0
TAUCO=TAUCC+ PRFREQ

CALL ZPRINT

IF (IPLOT.EQeD) GC TO 420

IPLTK= IPLTK + 1

WRITE(B)} MDOTIN}» N=1,L)

IF (NNTPoEGsG) GO TO 420

DC 419 M=1,NNTP

I= NTP(M+1)
419 WRITE (9) (TTFUI.N),N=1,1)
422 IF (IROW-1) 540,490,484
484 DELTAU=DELTAU*Z.0

IRCHW=1

KFRE=KFRE+1

OBTAIN DELTAU AS A FUNCTION OF ITERATION OF PREVIGUS TIME STEP
499 DTAULl = DFLTAU
IF (IROCOLeEQ.1) GO TG 540
IF (ITT-2) 495,54(,530
435 DELTAU=2,(#DTAUL _
IF (DELTAU.GT.DTMAX) DELTAU=DTMAX
GO TO 540
530 DELTAU=DTALL/Z.
IF (DELTAULLTs1eE-6) GO TO 9GO
540 TAUO = TAU
CHECK TO SEE IF IT 1S TIME TC PLOT
IF (IPLOT-EGed) GU TO 543
IF (TAUSLTSPLTIME(IPLT)) GO TO 543
IPLT=IPLT+1 :
IF (CORDSYaNE.0) GO TO 542
WRITE (7) LZSUN)4RSSIN)sN=L,L)
GG TO 543
542 WRITE (7) (ZS(N},DELTAIN) N=1,L)

INCREMENT TIME AND REPEAT CYCLE ALTERNATING ROW AND CCLUMN SCLUTION
543 TAU=TAU+DELTAU ' )
RODRC = TODPRIME*RODP * CPDP / DELTAU
ROPCPP = TPRIME * ROP % CPP/ DELTAU
RODT= RO/CELTAL
IF (TAU.GTL.ENDTAU) GO TC 950

EXTRAPCLATE TC GET NEW GUESS TEMPITT)

DG 445 M=1,S
DO 445 N=1,L
DELT (M N}=10CD.
DELTN=TTF (N ,N)=-T(M,yN)
TIMeNI=TTF(M,N)
446 TT{MyNI=TTE(M,N)+(DELTAU/DTAUL }*DELTN
GO TO (55(,6%9),IR0OCOL
IRCCOL = Z
1T7=1
GC TO 23

1]
iS1)
(&)

20800000
205000€0
21000000
21100000
21200000
21300000
21400000
21500000
21600000
21760000
21800000
21900000
22000000
22100000
22200000
22300000
224000C0
22530000
22600000
227€0000
22800000
22900000
23000000
23160000
23200000
23200000
23400000
23500000
23600000
23700000
23800000
23500000
24020000
24100000
24200000
24300000
24400000
24500000
24600000
24700000
24800000
24920000
25000000
25160000
25200000
253C0000
25400000
25500000
256000C0
2570000
25800000
25900000
26000000
26100000
262C0000
26300000
26400000
26500000
26600000
26730000
26800000
26900000
27060000
27100000
27200000
27300000
27400000



653

TEMP
NzZW
7

alaEeXel

o]

¥

<

705

718

7290

739

750

[aNgRal

752
758
159

155
15656

157

870

871

873

835

(6]
P
[#]

339
271

C

C PLOT

c

PROG

IROCOL = 1
17T7=1
GO 710 23

o DOES NJT MEET ERRDR CRITERIA, MUST ITERATE AGAIA
GUESS IS TEMP, CF PREVICUS ITERATION I7 =17TF

ITT =177 +1

IF (ITT - MAXITT) 705,7(5,800
G0 723 N=1,L ’

DC 722 M=1,S

DELTY = ABS{TTIF(M,N)= TT(M,N})
IF {DELT1.LT.10.) GO TO 718

IFf (DELT1 ~DELT{M,N)) T718,75C,750
DELT(MyN)=CELT1

CONTINUE

DC 733 M=1,S

DG 730 N=1,L

TT(MaN)= TTF(M,N)

GG 10 95

IF (ITTL-LT.31 GO TO 718

RAMED STOFS

WRITE (5+752)

FORMAT (*CTCMPERATURE IS DIVERGING ===-—- WHY %)
WRITE (6,756)

FORMAT (*CTT(M,N)*)

DC 765 M={,S

MM=§={M=1)

WRITE (5,76€&) ETA(MM) s {TTIMM4N)yN=1,11

FCRMAT (FE,3,5X15F8,1/(12X,15F8,11)

WRITE (6,7¢7) IROCOL

FORMAT (*CIROCCL=%13)

CALL ZPRINT

STCP

IF (IROCOL.EQs1l) GO TD 8C2

WRITE (6,8C1)

FORMAT (*CTHIS IS A RCW SCLUTION, DELTAU CANNOT CHANGE)
GO TO 758

DTAUL= DELTAU

DELTAU = [DELTAU/2.0

WRITE (5,EC5) DELTAU ,TAU

FOCRMAT (*CI DIC 1T-—- DELTAU=%C14054%TAU=%E1445)
IF (DELTAUe LT. leE-6} GC TC 929
TAU = TAU - DELTAU

DC 813 M=1,S§

DO 810 N=1,L

DELT(M,N1=1GCC,

TT{M,N)} = T{M,N}

ITT =1

GO 10 95

WRITE (6,901)

FORMAT (*CTEMPZIRATURE ITERATION DCES NOT CCNVERGE*)
GG TC 758

ZS VSs RSS X VS MROT » X VS BACK SURFACE TEMPERATURE

275000600
27€C00CC
277CH000
278000C0
27530009
28G00C00
2810GCGCD
28209¢CC0
283000C0C
28400002
28530000
286000CC
28700000
288G00C0
28°0000C
29CCC0CO
291005000
2925C000
293000C0
2940000
29500000
2960000C
297000¢0
29800000
2990000¢C
300C0000
30100600
20220000
30300000
304350040
230830000
30620009
307500CC
308300060
30900200
31C3000C0
311e00C0
212009¢0C
3132306¢C0
31400000
31500000

. 316060000

31700000
32180090C0
313840000
22000000
3219390000
2220002
22300000
32400000
32500000
2260C200
227C0000
32880000
32500000
23000000
23100000
3329390000
233000¢C0
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957 CALL ZPRINT 33400000

IF (IPLOTEC.T) GO TO 1 23530700

END FILE 7 33600000

END FILE 8 337090C

END FILE & 33800C00
REWIND 7 23530000
REWIND 8 34000060
REWIND 9 34100000

IEC = D 34200000

D0 960 M=1,IPLT 3430000C
READ (7) {ZZ(N)j, RSS(N)sN=1,L) 24400000

IF (MsZQe IPLT ) IEC =1 34500000

957 CALL INFOFLT (TECsLsZZ7+1 sRSS5140s sZSMAX;0s ¢RSSMAX;10 510, XLABEL 510, 346C0CCO
1 YLABEL,Q) 2473CCCO
1EC =0 348(00C0

DO 97) M=1,IPLTK 34900000
READ(8) MCOT(ND)yN=1,L) 35006000

IF (MoEQe IPLTK) IEC= 1 35120000

373 CALL INFOPLT UIECsLsXpleMOBOT9LlsJe 900 100 ¢MDMAX1s ¢10,X2L,2C,Y2L,0) 352¢00C0
IEC =) . 35350400

IF (NNTP,ECeC) GO TO 1 354C0C00C

DO S99 M=1,IPLTK 35500000
ISYM=10 35620000

DC G682 [I=1,NNTP 3570060C
READ (9) (ZZ(N)4+N=1,L) 358506C0

IF (Mo EQe IPLTK ,ANDa [.EQeNNTP)} IEC =1 25620000
ISYM= ISYVM + 1 36000000

330 CALL INFOFLT (IECsLsXs19ZZ91400900ePTMINIPTMAX 15,5 10+X2L,205Y3L, 36100C0N
1 IsYM) 36220060
330 CONTINUE 362C0CC0
GO TG 1 36400000

END 365507C0

Subroutine COLUMN, - Subroutine COLUMN calls the appropriate routines to com-
pute the coefficient for the matrix solution and to solve the tridiagonal matrix for each
column of temperatures, The flow chart for subroutine COLUMN is as follows:

COLUMN

CALL COLXOQ
Compute

coefficients
for column 1

CALL SOLMAT
Solve for

TTF for
column 1

24



CALL COLMN
Compute

coefficients
for column 2
thru L1

CALL SOIMAT
Solve for
TTF for
column 2
thru I-1

CALL COLXL
Compute
coefficients
for
colum L

CALL SOLMAT
Solve for
TTF for
column L

The program listing for subroutine COLUMN is as follows:

SUBROUTINE COLUMN

C

C SOLVES THEE MATRIX COLUMN BY COLUMN FOR ONE ITERATION

C SOLVES M (NQ., OF ROWS) SETS OF SIMULTANEOUS EQUATICNS N (NG OF COLUMNS)

C TIMES THEN RETURNS TO MAIN PROGRAM TO TEST FOR .CONVERGENCE "

C

CCMMON /PICK/ A{1C,;20),AA(201:AB{(10:,20),ALPHA(20),8(20),
BS1(10,2C),BS18(106:20),Cl10,20},CB{10,20) CK{10)},CKETA(10,20),
CKXTI(10,20),C0OST(20)},CP(10,20),D0(10,20},DC(20),
"DELESQDELETA,DELTA{20) ;DELXIDELXISQ,E(10:20),EIGHT3,
ELAMI20)},ETA(1ID),EXPG,F(10,20),GG,GIMACH,H1{10,2C),H2(10,20),
H3(10520) sHC(20) yHCOMB(2C ) s HEHW(20) s IFIRST, IROCOL,, ITC, ITR,ITT,
ITYO,LML,LM2,MCDOT(20),MDOT(22) ,MSDOT(20) ,PID2,PRELOC(20},QC(20},
QC1,QCNET(20) ,QCOMB(20) ,QR{20),QR1,Q5(20) s RNS,RODPC ,ROPCPP,
RSS(22),RSTO2,SIG,SIGDP,SIGMA,SIGP,SINT(20Q) ,5M1 ,SM2,TAU,T8B,
TT{10420) s TTF (10,200 s THDELXI, THOGI V(20),VB(10),X(22) ,XDXISQ,
XCDX1,Y¥(10,20),2(20),2B{10)

COMMON /INPUTS/ DUMMY (1) AEXP,ALCTAB(10),TTALC{10) ,MALPHC,NALPHC,
ALPHAT(1C),TALPHA(LC) sMALPHA NALPHA,ALSTAB(10) yTTALS(10) MALPHS,
NALPHSyASEXP, BETA;BEXP,BSEXP,CE;CKETATB(50), TTCKETA(10);
ETATAB{5) yNCKETA NETA,CKXITAB{SO0) TTCKXI{10),XITAB(5} 4NCKXI,
NXIsCORDSY CPDP,CPP,CPTAB(LO),TTABCP(10),MCP,NCP,DELTADC{20)
DELTAU,DELTMIN,DTMAX,ELAMTB(28) , TTELAMI(T) sPELAM(4),NELAM,

NPELAM, ENDTAU ¢ EPSONE; EPSONEP ; EPSONPPERRORT sGAMBAR 9 CAMINF 5

APROCHN RmIMO>00HN

366000C0
36700000
26800000
36500000
37600000
37100000
37200000
37200000
37400000
37500001
376230000
377000C0
37800000
37900000
38000000
38100000
38200000
383C0000
38400000
38500000
38600000
38800001
38800002
38900000
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HCOMBTB(Z28) s TTHCCMB{T) o PHCOMB(4) s NHCOMB, NPHCOMB,HCTAB (28},
TTABHC{ T} sPHC (&) ;NHCyNPHC ¢ HETAB{ 10} s TTABHE(10) yMFE ,NHE ,HUTAB(L5},
TTABHW{15) s MHY yNHW, TADJUST ; TPLOT oL MACHNO , MAXITT ; MDMAX 5
MDOTO(20),
MWO2, MHSTR NTP(T) PLTIME(L5),PRAT(20);PRFREQ,PSEXP,PSTAGTB{10),
TTPSTAG(10) ;MPSTAGyNPSTAG sPTMAX; PTMIN,QCTAB(10) TTABQC (10}, MQCy
NGC,QRAT (201},
QRRAT(20) sQRTAB{1D) ,TTABQR{10) ,MQR,NQR,R(20),RIEXP;RNSI RO,RO0DP,
ROPyRS{20C) ;RSSMAXySsSTEBOL,T(10,20), TAUO,TBTAB(10),TTABTB(10)
MTB sNTBy TDPRIVE,THETA(20)  TPRIME ; X0y XORDER,ZS (2C) , ZSMAX
REAL MDOTC,MDOT,MCDOT,MSDOT,MWSTR yMW0O2 s MACHNO, MDMAX
INTEGER S,SM1,SM2
C COMPUTE COLUMN 1
N1 =2
Nz =S5M1
CALL COLXC (N1i,N2)
CALL SOLMAT {A(141)4ByC(1513,2(1) V(1) sDC,TTF(1,511,$)
C COMPUTE COLUMK 2 THRU LML
D0 300 N=2,LM1
CALL COLMA (N1 ,N2.N)
CALL SOLMAT {A(14N)BoCULeN)4ZIN)o¥IN)DC,TTF({1,N)},S)
300 CONTINUE ]
C COMPUTE COLUMN L
CALL COLXL{(N1,N2)
CALL SOLMAT (A(l,L)sBsC{1lsL)Z{LY,VIL)DCyTTF{LsL)}+5)
620 RETURN :
END

NOoOOZETRGQ@mOM

39000000
39100000
39200001
39330000
39400C00
39500000
39600000
39700000
39800000
399C00C00
40000000
40100000
40200000
40300000
40400000
40500CCO
40600000
407C00C0
40800000
40900000
41000000
41100000
41200000
41300000
41400000
41500000
41600000

Subroutine ROW. - Subroutine ROW calls the appropriate routines to compute the
coefficients for the matrix solution and to solve the tridiagonal matrix for each row of

temperatures. The flow chart for subroutine ROW is as follows:

ROW

CALL COLXO,
COLMN, COLXL
Compute

coefficients
for row 1

CALL SOLMAT
Solve for
TTF for
row 1

CALL COLXOM,
COLMNMN, COL¥IM
Compute
coefficients
for row

2 thru S-1
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CALL SOLMAT
Solwve for
TTF for
row 2
thru S-1

CALL CQLX01,
COIMN, COLXL1
Compute

coefficients
for row 8

CALL SOLMAT
Solve for
TTF for
row S

RETURN

The program listing for subroutine ROW is as follows:

c
C S3Lv
C SoLv
C T
C

Rt MO > 0 0 H N

NODOZTXRLHOMOD>OOHN

SUBROUTINE ROW

ES THE MATRIX RCW BY ROW FOR GNE ITERATICN

ES N (NO, CF CCLUMNS) SETS OF SIMULTANEQUS EQSe MINC.CF ROWS) TIMES

HEN RETYRAS T7I MAIN PRAOGRAM TO CHECK FCR CONVERGENCE

CCMMON /PICK/ A{1C,20),AA(201,ABL10,20),ALPHA(20),B(20),
BS1(1052C1,B8S1IB(1IC+2C)1:CU10520),CB110,20) +CK(10) CKETA(LC,2D),
CKXI{1D520),L08T(22),CP(1C,20),D0(10,20),DC(201}, !
DELESQyDFLETA,DELTA(2D)4DELXI ,DELXISQ,E(10,20),,EIGHT3,

ELAM(20) 2ETAL10) EXPG,F{i0,20),GG6yGIMACH,H1(10,2C),H2(10,2C),
H3{17523),HC(20) yHCOMB(Z20) yHE JyHW(20) s IFTIRSTyIROCCL,ITC,ITR,ITT,
ITTCoLML,LM2,MCDOT(20),MDOT(22),MSDOT(20),PID2,PRELCC{2C),QC(20),
QC1,QCNET(203) »QCOMB(20) »QR{20},QR1,Q5(20) yRNS,RODPC,ROPCPP,
RSS(22)¢RSTC24SIG,SIGDP,SIGMA»SIGPsSINT(2G) s SM1,SM2,TAL,TB,
TT(12+20) s TTF(1G+23) s TWDELXI, THOGT 4VI20),VBI1C) ¢X(22),XEXISQy
XODXI,Y{1G422),2(20),2B(10) .

COMMCN /INPUTS/ DUMMY (1) ,AEXP,ALCTAB(10),TTALC(10),MALPHC,NALPHC,
ALPHAT(1(),TALPHA(10) ¢MALPHA,NALPRAZALSTAB(ID),TTALS{IC) MALPHS,
NALPHS ,ASEXP,BETA,BEXP,BSEXP,CE,CKETATB(50),TTCKETA(LD),
ETATAB(S) yMCKETASNETAZCKXITAB(S0) s TTCKXT(10) 4 XITAB( 5} 4NCKXI,
NXTsCORDSY,CPDP,CPP,CPTAB(10) yTTABCP(10Q),MCP,NCP,CELTAC(ZD),
DELTAU,DELTMIN,DTMAX,ELAMTB(28), TTELAM(T) ,PELAM{4),RELAM,
NPELAM,ENDTAU EPSCNE » EPSGNE P EPSONPP,ERRORT , GAMBAR, CAMINF,
HCOMATR(ZB8), TTHCOMB(T),PHCOMB(4%) NHCCMB ,NPHCOMB ,HCTAB(28),
TTABHCUT) yPHC (&) ¢NHC NPHC yHETAB(10) o TTABHE(10),MHE,NHE,HWTAB(15),
TTABHW(L15) 4MHW yNHW, TADJUST, IPLOT 4 Lo MACHND y MAXTTT , MDMAX,
¥DCTC(23),

MWD2s MWSTRGNTP(7) 4PLTIME(15),PRAT(20),PRFREQ,PSEXP,PSTAGTBI(LDO),
TTPSTAG(I2) yMPSTAG,NPSTAG,PTMAX, PTMIN,QCTAB(10),TTABQC(1C),MQC,
NQC ,ARATI2C)
QRRAT (20),GRTAB(10), TTABQR{1C) MQRyNQRyR(20),RIEXP,RNSI 4RO,RTDP,
RCP,RS{20 ) yRSSMAX ;S STEBOL,T{10,20) ,TAUC,TBTAB(12),TTABTB(1D),
MTByNTB, TDPRIME,TFETA(20) s TPRIME , XO9 XCRDER,ZS(2C ) 5 ZSMAX
REAL MDOTCMDOT,MCDOT s MSDCT s MWSTR y MWO2 s MACHNOy MDMAX

41700CC0H
4180CCCC
41630C00
42000000
42100000
422C00CC
4232CLL0
424300CC
42550CC0
42€2C001
427C0C 00
428C000C
429000CC
43C00LC0
433100CCO
43200C00
43330000
43430000
435(00CO
43¢600C0C
43700000
43600001
435Q0CC2
44050820
4410C3C0
442000C0
443000C1
444000C0
44200000
446020000
44700CCo
448000C0C0
44900C 0D
45000CCO
4531C0C00
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C CIMPUTE R 1 45200000

DINENSICN ANS(20), ATEMP(Z20), CTEMP{20C} 452300000
INTEGER SM1 S 454C0CCL

Nl =2 «550¢0CC

Ne =141 45€CC0CD
CALL COLXC (NI,N2) 45700000

DO 330 N=2,LM] 458C0CC0
CALL COLMN (N1¢N2,N} 45930000

323G CONTINUC 46CCHCCO
CALL COLXL(N14N2) 461CC0O00

DO 329 N =1,L 462C0CCC
ATEMP(N) = AB(1,N) 463L00C0

323 CTEMP(N) = CB(L,N) 464000C0
CALL SOLMAT (ATEMP,B,CTEMP,ZB(1},VB(1),DC,ANS{1),L) 465CCC0D

DC 407 N=1,L 46600000

470 TTF(1;N)=ANS(N) 4567CC000
C COMPUTE ROW 2 THRU SM1 468C0000
DC €23 =2,5M1 45G0C0C0

N1 =M 47000000

N2 =M 47100CCO
CALL COLXCM (N1,NZ} 47200000

DO 503 N=z,LM} . 4736000CC
CALL COLMMMNINZ NZ NI 47400000

5233 CCNTINUE : &78L0C00
CALL COLXLM (NI,yNz) 4766000C

DC 317 A=1,L 47700CC0
ATEMP(N) = AB(VM,N) 478C0CC0

512 CTEMP(N} = CB(¥,N) 47900200
CALL SOLMAT (ATEMP,B,CTEMP,ZB(M),VB(M},DC,ANS(1),L) 48C2CCQR0

DO 59D N=1,L 481000C0

594 TTF(M;N)=ANS(N) 48700CCO
53C CCNTINUZ 482000C0
C COMPUTE RIW S 48400CCC
CALL COULXCL(INI,NZ) 485CCCN0

DO 832 N=2,LMi 48€00C00
CALL CCLMNL (N14NZ2 N} 48700000

8)0 CCNTIANUE 488L00CH
CALL COLXLI{NL,N2) 485000C0

OC 810 N=i,L 49¢COCCO
ATEMP(N) = AB(S,N) 4910000

810 CTEMPIN) = UBISsN) 49200000
CALL SCLMAT (ATEMP,B,CTEMP,ZB{(S) ;VB(S}DCyANS{1},L) 4392(CCCOC

DO 863 N=1,L 49400200

830 TTF{S,NI=ANS{N) 495CCCCO
93¢ RETURN 496( CCCO
END 49700066

Subroutine COLXO. - Subroutine COLXO computes the coefficients of the tridiagonal
matrix where £=0 and 0=7n = 1. The flow chart for subroutine COLXO is as

follows:
( comxo )

Compute
coefficients
at ETA=0

ENTRY COLXOM
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[eNaNeRaNe]l

comp
1RGC
IrRGC

A= Mmoot e

NODODZZTRLrmOMOD>OO0 NN

!

Compute
coefficients
at O <ETA K 1

‘ENTRY COLXO01 )

A

Compute
coefficients
at ETA=1

{ RETURN >

The program listing for subroutine COLXO is as follows:

SUBROUTINE COLXC{NI,N2)

UTE CIEFe FCR X1=C, COLUMN IMPLICIT
aL =1 CCLUMN IMPLICIT
oL = 2 RCW IMPLICIT

CCMMON /PICK/ A(LG,2G) jAA(201,AB(10,20) sALPHA(2C)B(201,

BS1 (10,201 yBSIBIIC,2C),Cl1C920)+CBIL0,2C),CKILC) CKETALLL,20),
CKXI(13220) sCOSTL20) 4CP{10+20)¢DI10420)4DCI20),
DELESQyDELETA,DELTA(Z0) ,DELXI4DELXISQ E(10,20),EIGHT3,

ELAMI2D) yETACIG ) s EXPG,FI10,20):6G,GIMACH,H1{10,20),h2(1C,2C),
H3113,20) 4HC(2C )y HCOMR( 2€ ) o HE o 4W (200 s IFIRST y TROCCL, ITC, ITR,ITT,
ITTC,UM1,LMZ, NCOOT(2C ) yMEOT (220, MSDOT(20) s PID2,PRELOCIZC),GC L 20},
GCIyACNET(22) ,QCCMB(2)),0R(20),QR1,Q5(2C) sRNS,RODPC 4ROPCPP,
RSS(22)9RSTNH?,SIG,SIGDP ,SIGMA,SIGP,SINT(23),SM1,SMZ,TAU, T8,
TTC10922) 3 TTF(10,20) , TWDELX T, THOGI V{201 ,VE(LC) 4X 122} 2 XDXISQs
XCDXI Y{iC 23420200 ,2B(13)

COMMON /INPUTS/ DUMMY{1),AEXP,ALCTAB(10),TTALC{IC) 4 MALPHC,NALPHC,
ALPHAT(L1C) o TALPHA(10) yMALPHA, NALPHA s ALSTAB(10) , TTALS( L0} JMALPHS
NAULPHS,ASEXP,BETA,BEXP; BSEXP,CEy CKETATB(5C ), TTCKETA(LD),
ETATAB(5) JNCKETA¢NETA,CKXITAB(50) o TTCKXT(10) s XITAB(5) o NCKXI,
AXI,CIRDSY,CPCP,CPP,CPTAB(LO),TFABCP{10},MCP,NCP,DELTAD(27),
DELTAU,DELTMIN,DTMAX , ELAMTB(28)., TTELAM{T) PELAM(4)  NELAM,
NPELAM, ENDCTAU ; EPSGNE , EPSCNEP EPSONPP s ERRORT , GAMBAR , GAMINF,
HCOMBTB{28) , TTHCCMB (7}, PHCOMB (4) y NHCCMB,NPHFCONMB FCTAB(28),
TTABHC{T) 4 PHC {43 s NHC, NPHC , HETAB(10) s TTABHE( 1G ) yMHE o NHE ,HWTAB( 151,
TTABHW(15) , MHW NHW, TADJUST, IPLOT 4L s MACHNO , MAXITT, MOMAX,
NDOTO(20),

MWO2, MaSTRyNTP(7) yPLTIME(L5) 4 PRAT(20),PRFREQ, PSEXP,PSTAGTBI10),
TTPSTAGLIC) yMPSTAG,NPSTAG s PTMAX, PTMIN,QCTAB(1C) , TTABGC(LC) yMQAC,
NCC,QRAT (291,

QRRAT{20),GRTAB(1G), TTABGR(10),MQRsNQR,R{20) sRIEXP ,RNSI yR0,RODP,
RGP RS(2C) yRSSMAX, S, STEBCL,T{1),20),TAUC,TBTAB(10),TTABTB(10),
MTB,NTBy TOPRIME s THETA(20) s TPRIME » X0y XCRDER 5 ZS (20 )y ZSMAX

REAL MDOTC,MDOT,MCDOT, MSOCT, M STR ,MHO2 , MACHND , MOMAX

INTEGER §,SM1,SM2

438C0OCGN
498( 000
5JLC0CO0
501 C0CCe
s0zc0cCn
£02C0000
5040CCCO
505C3Co0
50600000
5G7CC00L
5C8LENTGD
56906000
S10CCLGO
511CC0G0
1200000
513206000
531.4C0000
515C0C0C
51600C00
517CCCCD
518(0CC0
520C00C1
52000002
52310000C
522cC0¢¢c0
g23C0C0C
52400001
52500000
5260CC00
E27400C0
£28CCOGO
52930000
535562 0C
£31000ce
£32300C0
£33¢¢eCen
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C

C STATION (1,1} XI=C » ETA=2

C

C

50

70

78

30

36

93

0O 60 I=1,5M1

CK{TY= (CKETA({I,1}+ CKETA(I+1,1))/2,0

DELDE = DELTA(%)% DELETA

PART2= H1(1,1) *%2 * XDXISQ

PART1=RADPC

HIR = HI(1,1) * R(1)
FF=CKXI{1,1)*{2,0-CORDSY )}/ (2sC*PART2)
G=RO%CP(L,1)/DELTAU=2, U¥PARTI/HLR+8, 0%PARTL/ (3, 0%CELLE)
H = 13/( H2{1l31)%%2 * DELTA(1)#*%2)

SC= H /{3,0% DELESQ)

EPT4=SICDP* {20/ (HIR*H2(1,11%%2) - EIGHT3/DELDE)
EPTB= EPT4 *TB

EPT&4= EPT4 #T(1,1)%%3

BSAVE = €

G8 TO (7:, 82), IROCCL

CONTINUE

Al1,1) = CeC

BSi{1y1) = ~SC*%9,C *CK({1l)

C(l,1)= SC * (SeCG *CKI(1) + CK(2) )

Z(1) = =SC * CK{(2)

B{1)= 8S1(1,1) -~ BSAVE + EPT4

IF (IFIRSTLEQ.C ) GO TO 8¢

DC{1) =(-RSAVE-BSIB(1,1))*T(1,1) - CB(1,1)%T(1,2)~ ZE(1)% T(1,3)
1 + EPTB

GO TQ ©3

FP=FF

BS1B{1,1)= ~7.,3% FP

CB{141)= €40 *FP

I8(1) = -FP

IF (IFIRST.EQsO ) GO TO 78

B8(1) = BSiB(1,1)- BSAVE + EPT4

OC{1) =(=-BSAVE -8BS1{1,1))%T{1,1) ~C(1,1)%T{2,1) - Z(1)*T(2,1)
1 + EPTB

GO TO (101,600}, IROCOL

C STATION{M,1) y XI=0 y ETA LESS THAN 1 , GREATER ThAMN 2

C

30

131

130

279

ENTRY COLXCM

DU 200 M=N1,N2

DELDE=DELTA{1Y*CELETA

MP1=M+]

MM1 =M-1

Pe17 = »0% DELTA(2) - DELTA(3) - 7.0% DELTA(})
PART2 = HI(M;]l)*%2 * XDXISQ

CORD= (2 (~CORDSY) /2.0

FF= CKXI(VN,1)*CORD/PART2

G = RO #CF(M,1)/DELTAU

SC = 1.0 /7(H2(M,1)% DELDE *%21)

H = FF%* PE1T7/(2.0% DELDE} *ETA(M)

P = CKETA(M,L)/(H2(M,1)%%2 *H1{M,1)% R(1) * DELDE)
BSAVE =G

GC TO {17C,183), IROCOL

CENTINUE

U= ETA(M)2MDOT(L) * CP{M,1)/(2,J%DELTA(Y) * DELETA):
A(Myl)= F =~P + SC* CK(MM1) +U '
BS1{M,1) = SC * (~CK(¥M1) -~ CK(M})

C{My,1)= =+ 4+ P + SCk CK(M) =U

B(M) = BS1{M,1) -~ BSAVE

IF (IFIRST.EQ:+S ) GO TO 18¢C

OCIM) = {(~BSAVE ~BSI1BI{My1))% T(My1)-ZB(M)*T(M,s2)=CB(M,1)*T(M,2)
GO TO 230
IB(M) = -FF

CB{My1)= E¢Q * FF

BS1B(Myl)= =7 3*FF

IF LIFIRSTLEQ.C ) GC TO 178

B(l) = B8S1B(M,;1) - BSAVE

DC(11= (~BSAVE = BSL(M,1))*T(Me1)=A(M,1)%T(MM1,1)=C(M,1)%T(MPL,Y)
CONTINUE

GC TO {202,603 ), IROCOL

5343CC00

535C00CC

536L£000C
837C000C
5380CCCY
52903000
S4CLOCCO
S41CCOCC
542¢00CG
£43(NQCO
544CL00C
£4520000
s4600002
£4700000
548CL£C00
£49000CC
E50C002G60
55100000
£52CCCO0
55306000
5540000C
58556000
556L 0000
E57CCOGE
55800000
559C 0000
56000000
561CCC0C
E6200500
563L00C0
56400020
565(020C
566C 0000
S67C2000
5680C00C
£6SLA0CN
£7600C00
5710000

57200C00
57320QC0
874CCC00
57500000
5760C000
STTLCC00
ST800000
57300000
S800003C
58120000
58200000
583CCCCO
58400400
58300000
58600000
387CCL0O0
58800000
58900000
59CL 0000
59100300
£G25000C
59350000
594000C0
59500000
59630000
59720000
59800700
£990Canc
60000000
601C0C00
602C000C
6030C200
£0400000
60500000



C 606C000NC

C STATICN {541} ¢ XI=0 y ETA=1 60720000
C. 608CC000
ENTRY COLXC1 63930000

232 CORD=(2,3-CORDSY /72,0 610000800
FF=CKXT(Ss11*CORD/HL(S,1)%x%2 61100000
DELDE=DELTA{1) *DELETA £12€0000

P =FF/XDXISQ 612000090

H = 1,0/{H2{S, 1)1 %%2 *3,0% DELDE**2) 61400009

G = RO* CP(S,;1)/ DELTAU £1500000 -

SC = =9,0 % CK(SM1) * H 616C0000
BSAVE = 6 61700000

GQ TO 1270,282) ,IROCOL 61800000

27C CONTINUE £1900030
XX=CP(S,1)#MDOT(1)/(2.0*DELTA( 1) *DELETA) 62C00000
V(1)= ~CK{SM2)*H -~ XX 621C0000
A{Ss1) = ~SC + CK{SM2)%H + 4,0%XX 622C06C00
DR=P*PBLT/CKETA(S,1) *H2(S,1) £€2300000

DD = DR = 20/{(HL{S,1)*R{1)*H2(S,1))=-EIGHT3/ 62400000
1(H2(Sy1} #*DELDE) 62500000
DBOS=DD*QS(1)}) £2600000
BS1{S,1)=DD*SIGXT{Sy1)%%*3 +SC~3.0%XX 627C0000
B{S) = BS1(S,1) —-BSAVE £2800000

IF (IFIRST.EQ.0 ) GO TO 280 62900000

278 DC(S) = DCQS +{=BSAVE - BS1B(S,1})*T(S,1i- CB(S,1)%T(S,2) 63000000
1 = ZB(S) *T{(S5,3) £€3100000

GO TO 600 £63200G00

233 CB{Ss1)=8.0%P €3300000
ZB{(S) = ~F €340C002
BS1B(Ssl) = ~T7.0%p 63500000

IF (IFIRST.EQ.C ) GO TO 278 €36C0000

290 R{1) = BS1B(S,1) - BSAVE 63700C0O0
DC(1) = (-BSAVE ~ BS1(S,;1))*T(S,1) - V(l1)#* €38C0000

1 T(SM2,1) - A(S,1) *T{SM1,1) +DDQS 63950000
670 RETURN £4C00C00
2°1 FORMAT (7E18.7) 641C29C0
END £4200000

Subroutine COLMN. - Subroutine COLMN computes the coefficients of the tridiagonal
matrix where 0<££<1 and 0=7n =1, The flow chart for subroutine COLMN is as

follows:
( conm )

Compute
coefficients
at ETA=0

<ENTRY COLMNMN)

B

Compute
coefficients
at O<ETA<1

l
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C

C IROCOL
C TROCOL

C

C

ENTRY COIMN1

%

Compute
coefficients
at ETA=1

( RETURN ).

The program listing for subroutine COLMN is as follows:

A OMODPPOGPN

MO Z2 TR w OIMO RO HN

SUBROUTINE CCLMN (N1,N2,N)

1 CCLUMN IMPLICIT
2 ROW IMPLICIT

COMMCN /PICK/ A(1C520)5AAL020),A3(10,2C)ALPHALZC)B(20),
BS1(105201sBS1B(10420),C{12,20),CB(1052C),CK{10),CKETALL1C,201),
CKXI(33520),CCST(20),CP(12,20),D(10+20),DC(20),
DELESQ.DELETA,DELTA(2D) yDELXIDELXISC,E(10,20),E1GHT3,

ELAMU2D) sETA(10) yEXPGsFL1C,20)sGGsGIMACH H1{L1C200,H2(10,23),
H3(10,20),HC{20) yBCOMBI2C) s FE,HW (20 )y IFIRST, IROCCL,ITC, ITRLITT,
ITTC,LM1,LM2,MCOCT(20),MDOT(22) 4 MSDOT(2C) ,PIDZ,PRELOC(20),QC (201},
QCL,QCNET(20),QCCMB(20) ,QR(20),QR1,QS(20) yRNS,RCDPC,ROPCPP,
RSS(22) 4RSTO2,SIG,SIGDP,SIGMA,STIGP,SINT(20),SM1,SM2,TAU,T8B,
TTULD,20) o TTF(LG20) , TWDELXT, TWOGI ,V(201,VBIL1C),X(22) ,XDXISQ,
XODXI,Y(10+23),2(20),ZB{10)

COMMON /INPUTS/ DUMMY{1),AEXP,ALCTAB{10) ,TTALC{1G) MALPHC,NALPHC,
ALPHAT(LC) s TALPHA(LC) s MALPHA, NALPHA; ALSTAB{L10) o TTALSC1C ) ¢MALPHS,
NALPHS,ASEXP,BETA,BEXPBSEXP,CZyCKETATB(50),TTCKETA(10)
ETATAB{5) NCKETASNETA,CKXITAB(50), TTCKXI(10),XITAB(5}) 4NCKXI,
NXIoCORDSYsCPOPCPP,CPTAB(10} s TTABCP(1G) yMCP,;NCP,DELTAC(27),
DELTAU,DELTMIN, DTMAX, ELAMTBI2B) s TTELAM(T) , PELAM(4) (NELAM,
NPELAM,ENDTAU ;EPSCNE s EPSONEP s EPSCNPP »ERRORT y GAMBAR, CAMINF,
HCOMBTB(ZB8) s TTHCCMB(T ), PHCOMB(4) s NHCOMB ¢ NPHCOMB yHLTAB{28) 4
TTABHC(7) sPHC (%) NHCyNPHC 4 HETABL1CG) , TTABHE(LD ) o MHE,NHE,HWTAB(15),
TTYABHW(15) ¢ MHW , NHW, JADSUST,, IPLOT ;L y MACHNO ,MAXTITT s MDMAX
MDCTO(223),

MWO2, MWSTRINTP(7) +PLTIME(15);PRAT(20) PRFREQ,PSEXP,PSTAGTBI1C),
TTPSTAG(I0) ¢y MPSTAGyNPSTAG,PTMAX, PTMIN,QCTABL10), TTABQC(10)MQC,
NQC,QRAT (2010, )

GRRAT(20) 4CRYAB(I0) ,TTABQR(ID )y MQRyNQR,R(20),RTEXP ,RNSIR0,R0ODP,
ROP,RS(20)yRSSMAX, Sy STEBOLT(12,20) ,TAUC,TBTAB(10},TTABTB(10},
MTB+NTBy TDPRIME,THETA(20) s TPRIME ;X0 XORDER,ZS(2C ), ZSMAX

REAL MDOTCMDOT,MCDOT s MSDOT s MkSTR ;MW02 4 MACHNG, MDMAX

DIMENSIGN DDGS(20),DDQSR(22)

INTEGER S,8M1,SM2

C STATION (1,N) XI GREATER THAN 0O,LESS THAN 1 ETA=C

C

32

1

1

231 FORMAT (7TE18,7)

NM] = N-1

NP1 = N#l1

E3ZN=(HL{Z2oN) #HICL NI IX(HZ (2 9NI+H3 (1 N) )R (CKETA({2N)+CKETALL 4N} Y/
(4a*{HZ(2,NY+H2(1,N) 1) ' .

ESEN=(HL{3 N} +HI(ZN)IX(HZ {3 sNI+H3 (2, N} )2 (CKETA(3N)+CKETAL{Z N) )/
(Ge®*(H2(3,N)+H2(2,N) )}

VV=1e3/ (2,0% DELTAIN)*%2 * DELESQ )
PINPL=(H3(1,NP1)+H2(1,N))}/(HIC(I,NPL}+HIL{1,N))
PINMI=(H3(1,NM1)4H3{L N}/ (HI{I,NML)+HLI (1 N})

6430000
64420065
€45000600
64650000
£47000C0
64800000
54923093C0
65000700
£5100C01
65200000
65300200
65430G60C
£55C0000
£56306000
65700500
£58C0000
65500006
66000000
66100000
£62C0000
66400001
£6420002
£65009C0
6660000C
56700000
568350061
669C0000
E£TC000C0
€71000CH
67200000
67300000
67400000
675000C0
6762C000C
67700000
67800000
675C0000
680000C0
68150060
£82C00C0
68230000
£8400000
£85000600
£86CC00C
£8700000
68800000
68900060
59GC00CD
6£91COCTLT



OO0

W= HLOLyNI#H3(1,N)% CELETA #DELTA(N| %85C
GIN = HI(L,N} % H2(1,N) * HI{1,N) % RO *CP(1,N)
YY=(~YVEWY*RODPC-GIN/DELTAU)
EPT4= -4V *W *SICDP
EPTB= EPT4 * T8
EPT4 = EPT4 % T{1l,N}%%3
BSAVE = YY
GC TO (17C,+187), [FCCOL
170 CCNTINUE

BSL{1,N) = =YV% 9,0% EI2N
CL1sN)= VV *(3:.0% EZ2N + ES2M)
Z{N) = -VV * EE2N

B{2)= BSL({1,N) + PBSAVE &+ EPT4
IF {IFIRST<EQaC ) GO TO 180
178 DC(Y) = (BSAVE =~ BSIB(lyNIIRT(1,N) ~AB(1 NI*T(]1,AMI)-CB{1,N)*%
1 TL1sNPL} + EPTR
GC TOQ 230
130 DINPI=(HZ(INPL)I+H2{I 4 NI IR(HI (L, NPL)+HI (T N} I HLCKXT {1, NPL)+CKX (1,
INYI/Z LG *XDXTSQ¥(FLIUIoNPL)+HLI(I o N) D))
DINMLI=(H2(I,ANMIY#H2{1 N ) H{H2 (L, NMI) #H3 (1o NI IR (CRXT (1, NMIY+CKXI(],
INBY/ (4 #XEXTSQA®(HI (L NMLII+HI(L1,N) })
AB(1yN)=DihM]
BSiB(1,¥)==-CINPl= DINM]
CBLisN}=D:NPL
IF (IFIRSTLEQ.D } GO TO 178
430 BUIN)= BSLE(I,N) + RSAVE + EPT4
DCIN) = (PBSAVE =BSLI{1sN))*T{1,N} ~CeLsNI®T{2,N} ~ Z(N}XT(2Z,N)
1 + EPTS :
299 CONTINYE
GC TO (232,8C)), 1RIOCOL

STATION {(M,N) X1 CGREATFR THAN C, LESS THAN 1
ETA GREATER THAN €, LESS THAN 1
ENTRY COLNMAMN
NP1l=N+1
A i=N-1
212 DG 400D M=N1,N2
MML M-1
MP1 M+l
VV= 1,3 /(DFELTA(N}*%2 % DELESQ)

XX ETA(MIKAA(N)/{DELTAIN)*® DELESQ)

G HL{My N} % HZ(MyN) % MH3(M,N) #R0O * CP(M,N) ‘
EMMLIZN={HI{MME yNI+HL{MN) ) =(H3{MML N)+H3 (M, N) )R (CHKETA(MMI,N)+CKETA
TAMeNYY /(4 2(HZ (VML NI+ HZ(MyNY ) ) RVY

EMPLON=(HI{VMPL NI +HLIM NI X (H3{MP1 N} +E3 (M, N} }*(CKETAIMP1,N)+CKETA
LIMeNY) 7 (42 ¥ (H2Z(MPL1,NI+H2(M NI ) &VY

DMMIZN=(HZ (VML pN)+H2AM N} T E{H3{MML NI +H3 (Mo N) IR (CKXTIMML,N)I+CKXI M
IMLGNDY /(6 2 (HL (MM NI +HI(M,ND D)

DMPL2N=(HZ(MPL (N)+HZ (M, N))*(HB(WplvN)fHB(MyN))*(CKXI(MF’,N)+CKXI(M
IPL NI/ (4 % (HL(MPL JNI+HI(M NI}
FMVI2N=XX*DVML2N*AA{N) = (ETA(MMI)+ETA(M) ) /{DELTA(N)*2,)
EMPYZN=XX*DMPL2N*AAINI *(ETA(MPLI+ETA(M) ) /(DELTA{N)I*2,.)

W = 4,3 % XC * DELXI * DELETA

DENGM= 4,({% (DELTA{ NMI1) + DELTA ( N)) *( HL(M,8MY) + HI (M,N})
FMNM12= (H3(MyNML)+H3(MyN) ). #(H2(MyNMIJ+HZ(M,N) )% (CKXI{MyNM]1)

1+ CKXI{MyA) Y% (AAL NM1) + AAL N)I* ETA(M}/DENONV

CENGM= 4oC% (DELTA( NPL)}+DELTA(L NIIE(HI{M,NPY)+RBI(M,N)})

FMNP12= (H3(M,NP1)+HI (M, N) )R (H2(M,NPL1) 4H2{(M,N)}I*{CKXI(M,NPL)

1 +CKXT (M NI I*H(AAL NPLI+AA( NIIXETA(M)/DENOM

DI = (FANPIZE(T(MPL,NPLI=T(MNML NPLI+T{MPL N)I=-T{MNL,N)}=FMNMI2

1 (T(MPIyN)=T(HUML ,NI+T(MPL1,NMYI)=T(MMLI,NM1)) )} /W

D2 = ETA(N) *AA(NI* CKXI(M NIE (H2IMPL,N}% F3(MPL,N}* (T(MP1,NP1)
1 = T{MPL,AMI))/HLI(MP1,N)} - H2{MM1,N) * H3I{MMI,N)* (T{(MNL,NP1)

2 = T(MML,AML))/ZHL(MMLN) ) Z(DELTA(N) * W)

DS = D1 + D2 - G *T(M,N )/ DELTAU

BSAVE = G/DELTAU

GU TO (37C,380),IRP0OCCL

LU (Al I 1}

692000€0
693€07C0
694000CC
69500000
£960006C0
697C00CO
698C00CC
69500000
70CC0C00
701C00CC
7¢2C00¢0
703300C0
7040000
70500000
7060C0CO
767006€0
70800000
709C06CC
71600000
71100000
71230200
713005900
71420000
71500000
71600660
717C30C0
71800000
719000C0
72636000
72100000
72200000
72300000
72400000
72500000
72670000
127000600
72800300
72520000
73C0C0C0
73160000
73200060
73200009
73400000
73500200
73620000
73720C00
73820060
73900206
74000000
741CCCG0
74200000
74300000
74630000
74530000
74£C000C
747C2C00
748000C0
749200C0
75C00000
75100000
75206000
15700002
75400000
7550030
75600000
75700600
75800000
75500000

33
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370 CCONTINUZ
HMN = ETA(M) * MDOT(N)/(DELTA(N) * RO)
YY= G % FMN/(2.,0% DELETA)
A(MyN) = EMMI2N + FMMIZ2N + YY
BS1(M;N) = ~EMMIZ2N - EMPLZN ~FMP12N -~ FMMIZN
C{M¢N) = EMPIZN + FMPI2N - YY
B(M) = BS1{M,N) —= BSAVE
IF (IFIRST.EQsQ )} GO TO 230
378 DC(M) = DS= BSLEB(MyNI® T {MyN) -AB{MyN)I*¥T{M,NML)-CB(M, N}*T(M,NP1)
GC TG 430
380 DMNMI2={HZ{(MyNML)+HZ2(MsN) ) X {H2 (M, NMI)+H3 (M, N))*(CKXI(M,NM1)+CKXI(M
1oN) /(A ¥ {HIAM,NMLI+HI(M,N)))
AB(M N)=DNMNMI2/XDXISQ
DMNPL2=(H2{(F NPL)+F2 (MyNI )X L{H3 (M, NPLI+HI (M N} ) *(CKXT (M NPT I4CKXE(M
1N /(4o (HL(MNPIY+HI(M,N)))
CB{M,N)=DVMNP12/XDXISQ
BSIB{(MyN)= ~AB(MyN) ~ CB{M,yN)
IF (IFIRSTL.EQsD ) GO TO 378
320 B(N) = BSIB(M,N) - BSAVE
DCAN) = DS ~ BSL(MyNIXT(MoN) = A(M{N)XT(MMLN)= CAVM,N}RT{MPL,N)
430 CONTINUE
GC 7O (431,829), IROCOL

STATIDN {(S,yN) XI GREATER THAN C, LESS THAN 1 ETA =1
ENTRY COLMN1
NP1=N+1
NM1l=N-1

431 ELIH3 = HI{S,N)* H3(S,N)}
XX= 3,0 % DELTA(N)*%2 * DELESQ

U = AA(N)/ (2,0 *DELESQ* DELTA(N) )
G = HiHZ  #H2(S,N) * RO *CP{S,N)
PART=AA{N)/{DZLTA(N)*4, O¥DELETA*DELXI%*XC}
SST= F3(SyNI*CKXI(SyN) *¥3o/HIIS,N}
DS=PART* [ SST*T(SyNPL)~SSTHT{S,NM1)

1 =45 J¥HE2{SMIyNI*H3 (SMI g N} *CKXT(SMI NI T{SML,NPLI-TISMI ,NM]1))/

ZHL(SML o N} +H2 (SM2 ) N)RH3 (SMZ yNIXCKX T (SMZ2 4N) * (T(SN(ykPl)-T(SNZ'NMI))
3/7H1(SM24N))

ESM32N=(HI(SML JN)+HLISMZ yN} I *(HI(SML N} +H3(SM2,N)}*(CKETA(SML,N)+
1CKETA(SHAZ 4N )/ (4e*(H2(SML ¢ N} +H2(SM2,N) ) %XX)

ESMI2N=(HI (SM1 yN}+HLUS NI ) *(H3(SMLI,NI+H3I(S,N) ) *(CKETA{SML,N)+CKETA
OSSN ) /{4 % (H2(SMZ yN)+H2{SyN) I %XX) *9,

DSMIZN={H2 {SMI yN}+H2{S,N) ) *(H3(SM1,N)+H3(S, Nl)*(CKXI(SM},N)+CKXI(S
1 oNIV/ (4. CR(HLI(SMIsNI+ HY(S,N)}) )
FSMI2N=DSVMIZN*AA(NI*(ETA(SMIJ4ETA(S))/{DELTAIN}*Z,) %G, *U)
DSM32N=(HZ(SM2 4N +H2 (SML 4y N) ) % (H3 { SM2,N) +H3 (SM1,N) IX(CKXT(SMZ,N)+
I CKXT{SMLIoNII/ (4% (HLIISMZyN)+HI(SML,;N}})
FSM32N=DSNMIZN*AA(NI®(ETA{SM2 }+ETA(SML) )/ (DELTA(N)*2, )%V

BSAVE = G/DELTAU :

GG TO (57C,53C),IROCOL

570 CONTINUE
YY=G*MDOT(N}/ (RO*Z. O%DELTA{N)*DELFTA}
VIN)= -ZSM3ZN - FSMZI2N -YY

A(S,N) = ESMI2N + ESMZ2N + FSMIZN .+ FSMIZN + 4,0%YY
DD=84¥HIHZ*DEL TA(N)*DELETA/XX ¢ B8a%U%
THZ (S N)*DELTAINI*F(S,N)*DELETA/CKETA(S N}
DDQS(N)1=DC#GS(N)
BS1(SsN)=—DO*SIGHT (S 4N )#%Z~FESMI2N=FSM12N~3,0%YY
B(S) = BSI(S,N) = BSAVE
IF (IFIRSTLEQ.0 ) GO TO 586
578 DC(S) ==DC GSIN}+ DS+{~BSAVE=BSIBIS,N)I*T(S,N)=AB(S,NI*¥T(S,NM1)
1 =CB(S,N)*T{S,NP1)+ DDQSRIN)
GO TO 530 ,
537 DSNMI2=(HZ(S,NN1)+H2(S,NIIH(H3(S,NMI)+H3(S,N))*{CKXT(S,NML)+CKXI(S
1N ) /(6a%(HE(S,KMI)+HI{S,N)) *XDXISQ)
DSNP12=(HZ (S NP1 ¢H2(S,N) )= (HI (S, NPLII+H3 (SN} I #(CKXI (S NP2 I+CKXI(S
TyN) )/ (FT{S,NPLI+H1(S,N}} #XDXISQ)
DENOM=4,C* {DELTA( NMLI+DELTAC N)II#(H2(S,AML)+H1(S,N))
FSNM12= (F2(S,NMI)+H2(S,N) IR{H2 (S NM1) +H2(S,N) )% (CKXI{S,NM1)

76C00000
76120009
762C00C0
7630C00C
76400000
T165CN200
76600000
767CB0CN
7568000CC
759202300
77020007
771000C0
172249000
77300000
774000C0
775300¢C0
T7€500C0
77700000
1780CIC0
775500€9
78C300€0
7813000¢
78220000
78300000
78430000

7855000C
78620000
78700000
78800000
789003006¢
79000000
79100C00
792L0C00
T92C00CL
T9450CCD
19520000
19600000
T97000CT
758{0GCO
73630000
80020400
821(000s
8U200CGE
802C0CCO
804C00CC
805C00CH
8G€£COOCN
807LQC00
80&G00C0

asLenee
81LCCECO
811300CC0
81200CCC
813C00CC
814300C2
815C0c00
81600CC0
8i7c00Cn
818CC2CO
8150Cco00
8273C00CO
821400G0CC
82700000
823C0C00
82400000
g25ac000
826L{0CCC
82700¢C0
828C00CC



1 +CKXI(SeN)IEH(AA( NML)+AA( N} ) /DENCH 82%000G0

DENCM=4o0%{DELTA( NPL)I4DELTAL NIIE(HL{S:NPLY+HI(S,:N} ]} 830000
FSNP12= (HI(S,NPL)I4HI(SsNI)#{H2(SNPLI4+H2{S,N) I =(CKXI(S,NPL} 83138000

1 +CKXI{SsN))%(AA{ NP1)+AA( N)J)/DENOM 832600€9
DENOM=2, D#XC#DELXI 82300000
CSN= DELTAINI#H2(S,N)/(CKETA{SN)*DENCM) 834C0LCE
QSNPL= OELTA(NPL)* HZ(S,NP1)/{CKETA(S,NPL)* DENCM) 835000CH
QSNM1= DELTA(NMI}* H2¢(S,NM1)/(CKETA(S,NM1)* DENOM) 82650000
DDQSR(N}= FSNP12% (QSNPL*QS(NPLI+ QSN*QS{N))-FSNM1Zx* €27CCHC0

1 {QSN*QS(N)+ QSNMEI=CS{NML)) ] 838300C0
AB{S yN)=DSNML2-FSNML2%STIG*QSNMLI®T (SoNML) *%3 839009C0
CB(SyN)=DSNP12+FSNPL2*QSNPL*SIGHT(S,NPL) *%3 84CJ302CH
BS1B(S,N)==DSNPL2=DSNML2+SIG*T (S, N)**34QSN *{FSNP12~FSANM12) 84100000

IF (IFIRST.EQ.0 ) GO TO 578 84200000

590 BIN)=BS1B(S,N)~-BSAVE 84220000
DCI{NY = -CD QS(N) +(-BSAVE-BSI{S,N))*T(S,N)+DS 844000C0
1=A(S,NIXT(SM1,N)=VINIETISMZ,N}+ DDQSR(N) 84530NC0
670 CONTINUZ B463COCO
830 RETURN 247CCGOD
T END £482C0000

Subroutine COLXL. - Subroutine COLXL computes the coefficients of the tridiagonal
matrix where £=1 and 0=7=1. The flow chart for subroutine COLXL is as follows:

( COLXL )

Compute
coefficients
at ETA=0

{ ENTRY COLXM )

Compute
coefficients
at O<ETA<L1

\
( ENTRY COLXL1)

Compute
coefficients
at ETA=1

35
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The program listing for subroutine COLXL is as follows:

AR=OMOD>DOOPN

VOONZZARAmODMOOOCHN

SUBROUTINE COLXLIN1I,N2}

COMPUTES COcF. FOR XI=1 ( X=L} COLUMN IMPLICIT
I[RQCCL = |} CCLUMN INMPLICIT
IrROoCOL = 2 ROW IMPLICIT

COMMON /PICK/ Al10420),AA{20),AB{10,20) ¢ALPHA(20},B8(20),
BS1(13,2C0),BS518(10,20),C(1C,20),CB(10,20),CK{10),CKETA(1C,20),
CKXI(12520),CCST(20)4CP(10,20},D(10,20),0C(20),
CELESQ,DELETA,DELTA(20) sDELXI DELXISQ,E(10,20),EIGHT3,

ELAM(2D) 5ETAL10)sEXPGyF (10,200 G6,GIMACHH1(10,20),H2(10,20),
F3(10;20) yHC(20) yHCOMBI2C )y HEsHW(20) s IFIRST o IROCCL 2 ITC,ITRLITT,
ITTC, LML, LM2,MCDCT(2C) ,MDOT(22) 4MSDOT(20),PID2,PRELCC(20),0C(2C),
QC1,QCNET(20) ,QCCMBL2D) sQR(2C),QR1,Q5(20) RNS,RODPC ;ROPCPP,
RSS(22) yRSTO2 ySIG,SIGDPsSIGMA,STIGP,SINT(20),5M1,SM2,TAU,TB,
TTL{10:20) o TTF(1G520) s TWDELXI»THOGI ,V(20),VB(1C) ,X(22) (XDXISQy
XCOXI,¥(10,20),2(20),7B(10} .

COMMON /INPUTS/ DUMMY(1) sAEXP,ALCTAB{12),TTALC(10) MALPHC,NALPHC,
ALPHAT(1C) s TALPHA(10) yMALPHA;NALPHA, ALSTAB(10),TTALS(10)sMALPHS,
NALPHS, ASEXP,BETABEXP,BSEXP,CE,CKETATB(50),TTCKETA(10),
ETATAB(5) yNCKETAJNETAZCKXITAB(SO0 o TTCKXI(10) y XITAB(5) sNCKXI,
NXIyCORDSY,CPDP,CPP,CPTABR(10) ,TTABCP(10),NCPNCP,DELTACQ(20),
DELTAU,DELTMIN,DTMAX, ELAMTB(28), TTELAMAT) s PELAM(Z),NELAM,
NPELAMyENDTAUEPSONE ¢ EPSCNEPy EPSCNPP,ERRORT  GAMBAR; CAMINF,
HCCMBTB(28) y TTHCOMB(7 ), PHCOMB( 4) 4 NHCOMB ,NPHCOMB ,HCTAB (28},
TTABHCUT7) sPHC(4) s NHCoNPHC yHETAB(10) , TTABHE(10) s MFEZ;NHE,HWTAB{15),
TTABHW(15}) s MHW¢NHW, TADJUST, IPLOT 4L ; MACHNO y MAXTITT 4 MDMA X,
MDOTA{221),

MWODZ2y MWSTRyNTPLT) oPLTIME(15),PRAT(20) +PRFREQ,PSEXP,PSTAGTR(1D),
TTPSTAG{1I0) s MPSTAGyNPSTAG,PTMAX, PTMIN, QCTAB(LC) , TTABQC(1C),MQC,
AQC,QRAT(20),

CRRAT (20} ,QRTAB(1G),TTABQR(10 ), MQR,NQRR{ 20} ,RIEXP+RNSI,RO,RODP,
ROP,RS{2C) yRSSMAX,yS,STEBOL,T(13,20),TAUC,TBTAB(1IC),TTABTB(10),
MTB,NTB, TDPRIME,THETA(20) » TPRIME, X0, XORDER,ZS(2C),Z5MAX

REAL MDCTC,MDOT,MCDOT,MSDOTy MhSTR ¢y MWO2 sMACHNG, FDMAX

DIMENSION AL{10}

INTEGER §,SM1,S5M2

271 FORMAT (TE18,7)

c

C STATION (1,L) X= L ETA =G,

C

36

1

1
i
1
1

W= 3g0% XC*%2 % DELXI

U= 8e0%H2(1,L1%H3(1,L) *XO

XX = 3,0 * HI(1,L) % H3(1,L)* DELTA{L)

SC= 3,0% OELTA(L)**Z * DELETA

6= —U*ROPCPP/W=XX¥RUDPC/SC = h1(1,L)*H2(1,L1%H3(1,L)*RO%CP(1,L)
/DELTAU

PARTL =  SC * DELETA

E32L=(HL(ZsL1+HL(1sL) )F(H2(2,L)+H3(1,L) ) *(CKETA(2,L)+CKETALL,L} )}/
(42 % (H2(2,LY+HZ(1,L1) 1 %3, '

ES2L=(HL(3,L)+H1(2,L) )*(H3{3,L)+H3(2,L) ) *(CKETA(3,L)+CKETA(2,L1)/
(4% (H2(3,L1+H2(2,L))) .

DILM32=(H2(1, LML) $H2(1,LMZ) ) *(H3 (1, LML) +H3 (1,LM2) 1#(CKXT(L,LM1)+

CKXT(LoLMZ))/ (4o (HLIL,LMI)+101,LM2)))

DILMI2=(HZ(1,LMI)+H2 (1, L) #(H3 (1, LML) #H3 (1, L) V¥ (CKXT(1,LM1)+CKXI (1
L)1/ (s (HLOL LML) 4HI(1,L)))

EPT4= (-UXSIGP/W =-XX *SIGDP/SC)

EPTB= EPT4* T8

EPT4= EPT4¥ T(1,L) *%2

RSAVE = G

GC TO ( 15G,13L),IROCOL
CONTINUE .

8S1i{l,L)= -E32L/PARTI

C{l,L)= {ES2L + E32L)1/PART1
Z(L)= -E5ZL/PARTL

B{l1)= BS1{1,L) + BSAVE + EPT4
IF {IFIRSTsEQ." ) GO TO 13C

84900CCO
8500C0C0O
8510C0C0
852CC0C0
85300600
g54000CC

.855G00CO

25600000
£576C000
858000¢1
85900000
86020000
26100000
86200000
86300000
86430000
£6500006
86600000
8670C0C0
86830000
86900000
87100001
87100002
872000C0
87300000
E74000C0
87500001
87660000
8770000C
87803000
87500000
880C000C
288100000
882000CH
88300000
88420000
88500C00
886000C0
887C00C0
888000C0
889360C0
85000000
89100000
89200000
89200060
89400000
8952000¢
89600000
89730000
898C0000
89900000
90GCOLCN
$01000C0
$N20000C
9G3000CH
S04006CD
905C2000
90630000
S07CCCE0
908000C0
S09C0C00
910C0C60
91300000
312000C0
3130C006
$14CC0C0
915000 0D
§16£00C0



178 DC(I) = (BSAVE - BSIB(1,L)t* T(l,L) ~VB(LIRT(L ,LMZ)~ AB(l,L}%
1 T(l,LMLl) + EPTHB
GO TO 1938
130 CCNTINUE
VB(11=- DILM32/(WDcLX])
AB{lsL)= (DILM32+ GoC%DILMIZV/{d%DELXI)
BSIB(1l,;L)==9,2%D1LML2/ (WHDELXI)
IF (IFIRSTLEQ.Z ) GO TO 178
13C B(L) = BS;B(l,L) + BSAVE =+ EPT%
DCIL) = (BSAVE ~BSL(1,L))%T(1,L)= CUL,L)*T(25L) -Z{LI%T(3,L)
1 +EPTH
128 CCNTINUZ
GC TO (2C2,803), IR0OCOL

STATICN (M,L) X=L ETA GREATSR THAN Cs LESS THAN 1

ENTRY CCLXLM
2352 DO 219 M=1,%
213 AL(M) = F2{M, LI*HI(M,L}Y/HI(M,L)
W= 3,3 * XU * DELXI
YY = DELTA(L) **2 % DELESQ
DG 303 M=N1,N2

MM1 = M-}
MP1 = ¥+l
XX = ZTA(M) *{AA(L)I+ AA(LMI))I/(4s0% (DELTA{L)+ DELTA(LMI))%DELETA)

XX1= ZTA(NM) * (AA{LMI)}+AA(LM2) )/ ({4 *%(DELTA{LML)+DELTA(L42)) *
1DELETA)

XY = 8.03% C(M,L) % HI(MsL)/ CKXI{M4L}
AN = ETA(NM) *AA{L) % CKXI(M,L)/ DELTA(L)
AM = AN/(DELTAIL)} * DELESQ)

G = HI(MyL)% HZ{MeL)%* H3(M,L) * RO * CP(M,L}

Ad = AN /(4.0% DELETA * X0 * DELXI ) .

Ul= (HZ(MPI,L)+HZIM,L) )% (H3(MPL,L)+H3(M,L)) *(ETA{MPLI+ETA(M})
1 704s2% (HI{MPL1,L)I+HI(M,L}) ) *AA(L)

U2= (H2(MML, L) +H2{M,L)}) #* (H3(MM1,L)+H3(M,L)) *(ETA(MM])+ETA(M)])
1/ (4e0% (HI{MMI,L) +HL(M,L) ) )%AA(LY

DMLM32=(HZ (VMo LML) +H2 (MpLMZ) P (HI(MyL4L) +H3 (Mo LM2) I F(CKXT (ML M1}
LOKXTAMLMZ) )/ (4o ¥ (HL(MyLML ) +HI(M,LM2)))

DMLMLIZ=(HZ{Ms LMI)4H2AMoL I I R(HI(My LMIV+H3(M, L) )% (CKXT (Mo LMIJ+CKXTI(M
1ol )} /04 e (HI(M, LML) +HL (ML) })

Dl= =3,3%CMLMIZ2% XX% (T(MPLl,L)-=TI{MM1l,L)+

1 T(MPL,LMI) - T{MMLl,LM1})

D2 = DMLM22 *({=XX1)#% (T{MPL,LML)=-TI{MNM],L¥])
1 + T{MPL,LN2)~ TIMML,LM2))

DN == (D1 +D2} /W .
DNL = AJ *( AL{MPL)* (3,0%T{MPLoL)~4oCkT{MPL,LML)+T(MPL,LM2))
1= AL(MML ) *(3,0%T{MMl,L)= 4o 0%TIMML,LML) + T(MML,LM2})} )

BSAVE = =RCPCPP * XY/ W - G/DELTAU

EPT4= -SIGP * XY /W

EPTB= EPT4 #* TB

EPT4= EPT4 * T(M,L) **%3

GO TO ( 240, 28C),IR0OCOL
240 CONTINUE
EMM12 = {(FL{M,LI+HI(MML1oL)} %(H3(MsL)+H3(MML,L)) #{CKETAIM,L)
1 +CKETA(MMIZL) )/ (4e0% (H2{M,L)4H2(MM1,L)})
EMP12= (HL(M,L)+HI(MP1,L)) *(H3{MsL)+H3(MPL, L)) *( CKETA(M,L)
1+ CKETA(MPL,L))/ (4,0% (HZ(M,L) +HZ(MP1l,L))) ‘
GH =G * ETA(M)* MDOT(L}/(DELTA{L)*RO *2,0% DELETA)
A{MyL)= ANMXU2 + EMM12/YY +GH
C(M,L)}= AVXUl + EMP12/YY ~GH
BS1 (M,yL)= AM%x (-U1-UZ) + (-EMM12 —-EMP12)/YY
B({M) = BS1(M,L) + BSAVE + EPT4
IF (IFIRSTLEQ.QO } GO TO z8¢C
278 DC(M) = DN + DNl + BSAVEXT(M,L) = VB(M P*T(M,1M2) —AB(M,L)*
1 T(MsLMI)= BSIB(M,L)* T({M,L) + EPTB
GO TO 399

917600C0
518C0C20
$19¢2060
92000C00C
92100000
92200000
522000C0
524CH000
$25000C0
92600000
92700000
$280600C0
9260000¢C
93050000
93100000
§3230GCD
$33000C0
§3400000
935000C0
$36C0C00
$37C0CCO
93800CCC
$39000C0
940060C0
541600€0
94200000
94300000
$4400000
94500CC0
$46CN0C0
947C0GCO
94820060
949C0CCO
950600000
S51C00C0
95269000
$5360000
$54C0000
$55000€0
$5600000
95700000
$58000€0
959C00C0
S60COC00
96100000
$6200000
96300000
$64CC000
96500000
$6630C00
96700000
$68000C0
969C0000
S7000CCO
$7100000
$7200000
$7300000
974000C0
S75C00C0
97600000
97700000
57800000
§7900000
98£C0CCO
$8100000
$8200006
$82000CC
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230 CONTIMUE
PARY =W % XC * CELXI
PART2=DOMLNM22/PART
PART1= 3¢ * DMLM1Z2/PART

VB (M) = — PARTZ
AB{M;L} = PART1l + PART:Z
BS1B(M,L) =- PART]

IF (IFIRST.EQ.C ) GO TO 278

230 B{L)= BSIB(M,L) + BSAVE + EPT4

OO

38

DC(LI=DON+UNI+(BSAVE-BSI{MeL)i%x T(MyL)— A(MyLI*T(MML L)~ C{M,yL)
1 % T(MPL,L) + EPTB
320 CONTINUE
GO TO (371,820, IROCGL

STATION {S,L) X1 =1, (X=L) , ETA=1,

ENTRY COLxL1

371 CONTINUE
W = 3,7 % XCDXI
WSQ = 3,0% XDXISQ
DEDETA = DELTA(L) * DELETA
TWDEL = Z.0% DELTA(L)
Ul={AA(LI4AA(LML) ) /(2 *{DELTA(L)+DELTA{ILM])}})
U2=(AA(LMII+AA(LM2)) /(2 *{DELTA(LML}+DELTA(LM2)))
SP={HL{S,L)% XODXI+ 2o 2%TPRIME}/(HL(S,L)*XCDXI)
DHK = DELTA(L) # HZ(S4L)/ CKETA(S,L) *SPp
DHK1= DELTA{LMYL)}* H2(S,LM1)/ CKETA(S,LM1)
DHK2= DELTA(LM2)% H2(S5,LM2)/ CKETA(S,LM2)
222 =3,2% CELETA % E(S.L)%* DELTA(L) * H2(S,L)* SP/CKETA(S,;L)
FF=163/(3-CXDEDETA%%2)
H = 8,0 % Hi{(S,L) * D(SsL)/CKXI(S,:L)
PART = AA(L) /DEDETA
ADD = PART/3.3

ADDY = (1.C + ETA(SM1)} * PART/2
ADD2 = (z TA(SMI) + ETA(SM2)) *PART/Z-
PART = 2 0% T(SML,4L)-4eO*T(SM1,LML1)+ T(SWl,LMZ)

DSM32L={HZ (SMZ;L)+H2(SML,L))*(HB(SMZ'L)+H3(SM1,L))*(CKXI(SM&:L)+

1 CKXI{SYM1,L))/ (4a®(HL(SM2,L)+HLISMI,L)))

PART2=DSMZZL*( 2o %T(SMZ,L ) =4a *T{SM2, LML)+ T(SV2,LM2)+PART)
DSMI2L= (F2(SHML1,L)+#H2(S,L) )% (H3(SML,LI+H3(S,L))%* (CKXI(SML,L)
1 +CKXI(S L))/ (4,0% (HL{SMISLI+HI{S,L)))

PART1= =G CADSMI2L*¥(3.0%T(S,L)=5¢ O*T{S, LML)+ T(S,LM2) +PART)
GSL = HL(S,L)% HZ(S,L)*H2(S,L}%* RO *CP(S,L)

PARTW = =1.0/W + ACD

EPT4= SIGP * HXPARTW

EPTB = EPT4 % TB

EPT4 = EPT4 % T{S,L) %%3

DN = ADD * {PARTL + PART2)/(4.0% XODXI)} + EPTB
BSAVE=H®RCPCPP*{ PARTW)-GSL/DELTAU

GC TO (557,650}, IROCOL

550 CCNTINUE

AJ=GSL *MDCT(L)/ (RD*Z,0%CELTA(L)*DELETA)

DDSL= ~FF#772

QSAVE= DDSL* QS(L)

ESM2L={HI(SMZ,,LI+bI1{SML,L) )% (HI(SM2,L)+H3(SMI,L})* (CKETA(SMZ,L)

1+ CKETA(SNMI L))/ (4o CHk(H2(SM2,L)+H2{SM1,L}))
PARTEI=FF*ESM32L

PARTD3= ACC#ADD2%*DSM3zL

V(L)= ~PAKTD3- PARTE3~ AJ

ESMLI2L= (HI(SMILL)+HI(S, L) P X{H3(SMIZLI+H3(S,L)I*(CKETA(SHMI,L)
1 4CKETA(S L1}/ (460% (H2{SM1,L)+H2(S,L)))

PARTEL = FF*¥9,C*ESMI2L

PARTDL= ACC*ADC1%*S.0%DSM1zL

A{S,L)= PARTD1 + PARTD3 + PARTE3 + PARTEL +. 4,0%AJ
BS1(SyL)= CDSL%SIG*T(S,L)*%%3 — PARTD1 - PARTEl -3.C*AJ
A{S)= BS1(S,L) + BSAVE + EPT4

IF (IFIRSTWLEQsG } GO TO 630

648 DC{ S} = DN = VBI{S )} *T{S,LM2) -AB{(S,L}*T(S,LM1)- (BSI1B(S,L)
1 -BSAVE) * T(S,L}+ QSAVE + DDQSR
GO TO 330

98400000

S8£39000

S86C0CCO

$8700¢C0C0

S88LO0CH

§8920000

S90C00CD

991C0€00

$9200GCCC

993C00N0

$94L3G00

39500000

S9€309000

$87L0C00

S98O0CCC

$95C0CCO
100C2C000
1601C0CCO
100200600
100300000
100400026
100500CC0
100600000
1CO7C0C00
1CCRBLCLOD
180900000
101009C00
101i00000
ig012C0000
1013000CO
1C140000)
11830000
101600000
1C17COC00
1018800C0
161980000
1320050000
1careocen
152200000
102330C00
102400000
102£50CC0
1£2600000
1C27C0C00
1028000C0
1629000060
103065006C0
133100000
1032006CC0
153200000
10340CCC0
103530000
103630CCO
1¢37C0C0o0
103800000
1639200C0
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1041C0CCO
1042000C0
1043C0000
104400CG0
1345000C0
104€6C00C0
104700000
104800000
1049C0000
1065000C00
1C51C0620
185200000
1C5200C00
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650 CONTINUE 185400600
WXODXI = W% XJCXI 1¢550000C0
DSLM3=(H2(SsLMIVHHZ( S LM2) )R {H3{S LML) +HI(S,LM2) 1% (CKXI{(S,L M1} 1¢5e0CCO0

T+CKXT(S,LM2) I/ (4aC® (HI{Se LML) +HL(S,LM2))) 1C57000CC
DSLM1=9,04% (H2(S,L)+H2(S,LM1)) *(H3{S,LI+H3I{SsLML}} *(CKXI(S,L}+ 1058000C0
1 CKXT (SsLVMLI}/ (40%(HI(S,LI+HL(S,LM1))) 105900060
QSLML = (~DSLMI #Ul + DSLMZ* U2) *DHK1/W 1ceccooco
QSLM2 = DSLM3%*y2 #*DHK2/W 1061000¢CH
QSL=-Ul%* DHK* DSLM1/W 1C62C0CC0
DDQSR= QSLMI%* QS(LM1) +QSLM2 *QS(LM2) + QSL*QS(L) 1063{40000
VB{S)==DSLFZ/WXCOXI+QSLM24SIG*T{S L M2} %*3 1€64C00C0
AB(SsL)}={CSLMI+DSLM3) /WXODXE+QSLML#SIG*T (S, LML )*%3 10650C000
BSIBAS,L)==-DSLVI/WXOOXI+QSL%¥SIGET(S,L 1 #%3 1C6660G00
IF (IFIRSTLEQ.0Q } GO TO €48 1C6700000
63C B{L)Y = BSYB{S,L) + BSAVE + EPT4 1C680000C0
DC{L }=DN+QSAVE ¢ DDQSR ¢ 106500000
1 = Vv L) *TLISM2,L) - A(S.L) *TUSMI,L) - (BSL1(S,L)=BSAVE)*T(S,L) 1C70C06CC

870 RETURN 1C71C0C00
END 1C72C0000

Subroutine SQAERO. -

Subroutine SQAERO computes convective and radiant heating

rates and surface mass-loss rates and obtains variables which are functions of time,

temperature, and pressure,

®

The flow chart for subroutine SQAERO is as follows:

Obtain

variables as
functions of
temperature

iteration

Obtain
variables as
functions of
time

CALL ADJUST
Adjust heating
rates and

pressure to
shape change

Are
Cartesian
coordinates
used
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40

{

Obtain

variables as
functions of
temperature
and pressure

x

Compute
convective and
radiant heating

{

{ RETURN )

(ENTRY SQAEROM)

v

Compute mass

loss rate due
to sublimation

]

this
half-order
oxidatio:

Compute mass

loss rate due
to oxidation,
half order

Compute mass

first order

loss rate due
to oxidation,

4

RETURN




The program listing for subroutine SQAERQ is as follows:

SUBROUTINE SQAERO 1C72C0000

C 107400000
C THIS ROUTINE CCMPUTES THE HEATING RATES ANC T+E MASS LOSS RATES 107500000
c 107600000
COMMCN /PICK/ A{1GC,20) ,AA12001,AB(10,20),8LPHA(201,8(20}, 1C77C0000

2 BS1{12620),BS1B(10,20)5C(10,2C)5CB(L0520),CK{10)CKETA(1C,201, 107800000

4 CKXI(10+201,C057(20),CP(310,20}3,D(10,20),0C{20), 1C79C€0000

6 DELESQ,OELETADELTALZD) yDELXIDELXISQE(10,+20)EIGHT3, 1C86C0001

8 ELAMI2J),ETA(LC) sEXPG,F{10,201,GG,GIMACH,H1{10,2C),+2(1C,20), 1€8100000

A H3(12,20),HC(20)HCOMB(2C) sHEHW(20) s IFIRSTLIROCCL s ITC ITRLITT, 1082€0000

C ITTO-LML,LM2,MCDOT(2C) s MDOT(22),MSO0T(2C),PID2Z2,PRELCC{20),0C (20}, 108300000

E QC1,QCNET{20) ,QCCMB(20) ,QR(201},QR1,QS5(201 , KNS;RCDPC,ROPCPP, 1€8400000

G RSS{22),RSTO2+SI1G,SIGDP,SIGMA,SIGP,SINT(20),SML,SM2,TAU,TB, 18500000

1T TT(10,422)3TTF(10420) s TWOELXI, TWOGTV{20),VB{10)4X(22),XDXISQy 1086000C0

K XCOXT,Y(i0,20),2120),28(10) 1087C0000
COMMON /INPUTS/ DUMMY (1) ,AEXP,ALCTAB{10),TTALC(10) ;MALPHC,NALPHC, 108800000

2 ALPHAT(1G) s TALPHA(10) sMALPHA 4NALPHA, ALSTAB{10} s TTALS(10),MALPHS, 108960000

4 NALPHS,ASEXP,BETA,BEXP,BSEXP,CE,CKETATB(50}), TTICKETA(LO}, 109000000

6 ETATAB(5) yNCKETASNETA,CKXITAB(50) yTTCKXE(1O0) XITAB(5S) yNCKXI, 1€91C0000

8 NXI;CORDSYCPLP,CPP,CPTAB(10),TTABCP(10},MCP,NCP,DELTAO(20), 109300001

A DELTAU,DELTMIN,DTMAX,ELAMTB({28) , TTELAM{7) s PELAM{4 )} RELAM, 109300002

C NPELAM, ENDTAUEPSONE, EPSONEP,EPSONPP s ERRORT ;GAMBAR y GAMINF 109400000

E HCOMBTB(Z8), TTHCCMB(7)s PHCCMB{ 4} s NHCOMB ,NPHCCHMB ,HCTAB(28), 109500000

G TTABHC{7),PHC{4) sNHC;NPHC,HETAB(10) s TTABHE(10) s MHE ,NHE;HWTAB(15), 109600C00

I TTABHW(1Z) s MHW,NHW, IADJUSTY s IPLOT L o MACHNO , MAXITT , MDMAX, 109700001

J MDOTO(20) . 1098C0000C

K MWC2, MUSTRyNTP{T) ¢PLTIME(IS),PRAT(20)},PRFREQ,PSEXP,PSTAGTB{1C), 1€9900C0C

M TTPSTAG(10) yMPSTAG,NPSTAG PTMAX,PTMIN,QCTAB(10),TTABQC(10),MQC, 110000000

N NQC,QRAT(20), 1101C0000

0 QRRAT(2)) ,QRTAB{10),TTABQR(10} MQR,NERsR(20},RIEXP,RNSI,RO,ROCP, 110200000

Q RCPyRS{2C),RSSMAX,S,STEBCLsT{10,20),TAUO,TBTAB{10},TTABTB(20), 110360000

S MTBoNTByTOPRIME s THETA{20) yTPRIME ; X0y XCRDER$ZS(2C 15 ZSMAX 110400000

REAL MDOTC,MDOT,MCDOT s MSDOT 5 Mk STR ¢ MWO2 s MACHNO s MDMAX 11C65C00006
INTEGER S,8M1,SM2 1106C0000

C LJOK UP CPy, CPBAR, CKN ,ETCo AS FUNCTIGNS CF TEMFERATURE 110700000
DO 11 N=1,L 1108C0000

CALL FTLUP (TT(SsN)s ALPHAIN) s MALPHA, NALPHA s TALPHA, ALPHAT) 110930000

11 CALL FTLUP (TTUSyN)sHWIND) s MHW s NHW s TTABHW,HWTAB) . 11108060C

IF (ITT.NE.1) GO TO 1CO 111100000

C LOOK UP FUNCTICNS OF TIME 1112000C0
CALL FTLUP (TAU,ALPHAC ,MALPHC NALPHCsTTALC,ALCTAB) 111300000

CALL FTLUP (TAU,ALPHAS ,MALPHS, NALPHS,TTALS,ALSTAB} 111430000

CALL FTLUP (TAUHE ¢MFE NHE , TTABHE,RETAB]) 1115C0C¢C0

CALL FTLUP (TAU,PSTAG,MPSTAGsNPSTAG, TTPSTAG,PSTAGTB) 1116000C0

CALL FTLUP (TAL,QC1 sMQCyNQC,TTABQC,QCTAB) . ' 111700C00C

CALL FTLUP {TAU,QR1,MLR,NOR,TTABQR,QRTAB)’ 111800000

CALL FTLUP (TAU,TBsMTB,NTB,TTABTB,TBTAB} 111900000

T8 =T8%%4 112000000

C 112100000
C ADJUST CONVECTIVE AND RADIANT HEATING RATES AND THE PRESSURE AND 11220000C
C HEATING.DISTRIBUTICN TO SHAPE CHANGE {ADJUST QCLQRI.PRAT,QRAT ) 1123C0000
C 1124C46000
IF (CORDSYsNE+O) GO TO 20 1125¢c0000

CALL ADJLST 112600000

23 00 30 N=i,L 112700000
DELTAOQ(N) =DELTA(N) 1128C00C0

QR(N} = QR1 * QRRAT(N} 112900000
QCIN)= QCI *QRAT (N} 113000000
PRELOC(N) = PSTAG * PRAT(N) 1131c¢0000

CALL DISCCT( TT(S,N),PRELOCIN);TTABHC ,HCTAB,PHC;11,28,54,HC(N}) 113200000

CALL DISCCT{TTU(SN),PRELOCIN) ;TTELAM,ELANTB,PELAM,11,28,4,ELAM(N)} 113360000

1} E 1134000C0

329 CALL DISCCT {TT{S,N} ;PRELOCI{N),TTHCCMB,HCOMBTB,PHCCMB,11,28,4%, 113500000

1 HCOMB(IN)) 113600000
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COMPUTE QS ACRCSS FRCNTY SURFACE
BAT = 1,0 - BETA
133 DO 200 N=YeL
CELL =HE /QC(N)
CAT = QCIN) * (1,C = HW{N)/HE}
BLOCK=(ALPHAC *MCDOT(N) + ALPHAS *MSDOT(N))* CELL
QCNET(N) = CAT #*(1,0 - BAT #(0.6% BLOCK ~ C.084 * BLOCK**2)
1- BETA * ELGCK)
QCCMB{N)= MCDOT(N) * HCOMBIN)
QSIN)= QCNET(N) + ALPHA* QRIN)}- MSDOTI(N)*HC{N)+ QCOMB(N)
2)0 CONTINUE
RETURN

THIS PART OF RCUTINE CCMPUTES WMDQTS

ENTRY SQAERCM
DO 1033 N=1,L

CIMPUTE MSDOT--=- MASS LOSS RATE CUZ TC SUBLIMATION

IF (ASEXP ) 310,3C5,3210
335 MSDOTINI=C.0

GO TO 3390
310 BLOCK =-BSEXP/TTF(S¢N)
MSDOT{N)= ASEXP * PRELOC(N) *%PSEXP * EXP(BLOCK)*R{1)**RIEXP

332 COLL = (HE-HW(N))}/(QCNET{N)*ELAMIN})
COMPUTE MCDOT=--- MASS LOSS RATE DUE TO OXIDATION
HALF CRDER OXIDATICN

33) If (AEXP} 39C, 285,390

385 MCDOT(N)} =0.0

: GC TD 330

330 MCDOT(N) = AEXP * EXP(-BEXP/TTF{S,N)}
IF (XORDER-Ce5) 9CC,402,600

473 ABC = 440% MCDCT(N}*%2 % PRELOC{(N) * CE * RSTO2
PART = COLL * MCDOT(N)*%2 * PRELOC{N) * RST(2
TEST = ABC/ PART*%2
IF (TESTalTeToE~-121G60 TO 420
MCDOTIN) =o5%( (=PART) + SQRT (PART*%2 + ABC))
GO T8 300

420 MCDOT(N) = CE /COLL
GO T0O 9330

FIRST CRDER OXIBATICN

530 MCDOT(N) = MCDOT(NI* PRELCC(N)* RST02 * CE/(1l.C + MCOOT(N)I*PRELOC
1 (N)* COLL*RSTO2)

MDOT IS EQUAL TC THE LARGER OF MSDCT AND MCDOT

930 IF (MCDOT(N).LT.MSDOTIN}} GO TO 950
MDOT(N)= MCDOT(N)
MSDCTIN)= 0,0
GO TO 106¢C
930 MDOT(N)= FSDOT(N)
MCDOT(N}=Co0

10670 CONTINUE
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RE TURN
£ND

1137C00C0
1138000CC
1139000060
114000000
114100000
114200000
114320000
114400000
1145C0000
114€C0000
1147000C0
1148€0000
114900000
1150€00C0
1151000¢C0
115200000
1153C060C0
11540060090
1155000C0
115600000
1157¢0000
1158C0000
115900000
1156600020
1161€0000
1162300C0
116300000
116400000
116500000
116600000
1167€00C0
116820000
116900000
117¢C0CC0
117100000
117200000
117300000
117400000
117500000
11760C0C0
117700000
1178C000C0
117900000
118000000
118100000
118200000
1183C00C0
118400000
1185€0000
118600000
118700000
118800000
118900000
119000000
1191¢0000
1192c0000
119300000
119400000
1195C0000
1196C0000
119700000



Subroutine ADJUST, - Subroutine ADJUST computes the convective and radiant

heating rates and the pressure and heating distributions to account for shape change.
The flow chart for subroutine ADJUST is as follows:

( ADJUST )

Adjust
coordinates

- Are
pressure
and heating
adjusted

Compute new
nose radius

100

Obtain pressure
distribution
rate

270

Obtain heating—
rate
distribution

( RETURN )
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The program listing for subroutine ADJUST is as follows:

SUBROUTINE ACJLST 119800000
c 119900000
C THIS ROUTINE ACJUSTS THE CONVECTIVE AND RADIANT HEATING RATES,THE PRESSURE 120060000
C AND HMEATING DISTRIBUTION TO SHAPE CHANGE (ADJUST QC1,QRL,PRAT,QRAT }§ 120100000
c , ' 120200000
CCMMCN /PICK/ A(10+20),AA(20),A8(10,20),ALPHA(20},B(20), 120300000

2 8S1(10,2C),BS1B(10,20),C(10,20},CB{10,200,CK{10),CKETA{1C,20), 120400000

4 CKXT(10,20),C0OST(20),CP(10520),D{10,20),DC{20}, 120500000

& DELESQ, DELETA,DELTA(20),DELXI,DELXISQ,E{10,20),EIGHT3, 120600001

8 ELAM(20) ,ETA(10)EXPG,F(10,20)+6G,GIMACH,HL{10+20),b2(10,20), - 120700000

A H3(10,20)4HC(20),HCOMB(2C ) yHE sHW(20) , IFIRST, TROCOL,ITC, ITR,ITT, 1208000G0

C ITTC,LM1,LM2,MCDOT(20),MDOT(22),MSDAT(20},PID2,PRELOC(20),QC (20}, 120900000

£ QC1,QCNET{20),QCOMB(20) ,QR(20),QR1,Q5{20) s RNS,RODPC ,ROPCPP, 121000000

G RSS(22) sRSTO2,S1GsSIGDP,STGMA,STGP,SINT(20),SM1,SM2,TAU,TB, 121100000

1 TT(10,20),TTF(10,20), THDELXI,TWOGI,V(20) ,VB(10),X(22) ,XDXISQ, 121200000

K XCDXIoY(10520),Z(20),2B(10) 121300000
COMMON /INPUTS/ DUMMY(1),AEXP,ALCTAB(10),TTALC(10) ,MALPHC,NALPHC, 121400000

2 ALPHAT{1G),TALPHA(10) ¢MALPHA,NALPHA,ALSTAB(10),TTALS{ 10),MALPHS, 121500000

4 NALPHS yASEXP,BETA(BEXP,BSEXP,CE,CKETATB(50),TTCKETA(10), 121600000

6 ETATAB(5),NCKETA,NETA,CKXITAB(50),TTCKXI(10)XITAB(5) NCKXI, 121700000

8 NXI,CORDSY,CPDP,CPP,CPTAB(10),TTABCP(10),MCP,NCP,DELTAC(20), 121900001

A DELTAU,DELTMIN,DTMAX,ELAMTB(28) , TTELAM{7}),PELAM(4),NELAM, 121900002

C NPELAM,ENDTAU,EPSCNE, EPSONEP, EPSONPP,ERRORT , GAMBAR , CAMINF 122000000

E HCOMBTB(28) , TTHCCMB(7),PHCOMB(4) s NHCOMB , NPHCOMB ,HCTAB (28) 122100000

G TTABHC(7),PHC(4) yNHC,NPHC , HETAB(10),TTABHE (10) s MFE ,NHE , HWTAB( 151, 122200000

I TTABHW(LE),MHW,NHW, TADJUST, IPLOT ,L s MACHNO , MAXITT ,MDMAX 122300001

J MDOTO(201), 122400000

K MWO2,MWSTRyNTP(7) 4PLTIME(15),PRAT(20}PRFREQ, PSEXP,PSTAGTBI10), 122500000

M TTPSTAG(10),MPSTAG,NPSTAG,PTMAX, PTMIN,QCTAB(10),TTABQC(10) sMQC, 122600000

N NQC,QRAT(20), 122700000

O QRRAT(20),QRTAB(10), TTABQR(10)sMQR¢NQRsR{20) ;RIEXP4RNSI ,R0sRCOP, 122800000

Q ROP,RS(2C),RSSMAX,S,STEBOL,T(13,20) yTAUC,TBTAB(10),TTABTB(10}, 122900000

S MTByNTB, TDPRIME,THETA{20), TPRIME , X0s XORDER 4ZS(20) yZ SMAX 123000000

REAL MDOTC,MDOT,MCDOT,MSDOT,MhSTR ,MHO2 y MACHNO , FDMAX 123100¢00
INTEGER S,SM1,SM2 123200000
DIMENSIGN PSI(20) 123300000
DIMENSION UEUT(20), ALI2C),AINT{20),YY(3) 123400000

NSPL = NSTEP + 1 123500000

'D0 50 N=1,L 123600000
RSS(N} = RS(N) + DELTA(N)*CCSTIN) 123700000

50 ZS(N) = ZS{N) + (DELTAO(N) — DELTAIN)}* SINT(N) 123800000

IF (IADJUST.EQ.0) RETURN 123500000
RNS=(ZS(2)%%2 + RSS(2)#%2 -2,0%IS{2)*ZS(1) + ZS(1)%*%*2)/ 124000060
L(2.0%(Z5(21=25(1))) 124100000
SQRNS = SQRT (RNS) 12420000C

C ADJUST RATE TG SHAPE CHANGE 124300000
QC1 = QC1 * SQRT ( RNSI/RNS ) 124400000

QR1 = QR1 * RNS/ RNSI 124500000
PSI(1)=0, 124660000

M=1 ' 124760000

170 DO 200 A=2,L 124830000
NP1 = N+1 1249C0000

NML = N-1 125000000

IF (NaZQe L) GC TO 130 125100000
TANPHI = (RSS(NP1) =RSS(NM1))/(ZS(NPl)=~ ZS(NML)}) 125200000

GO TO 150 1253C60C0

130 TANPHI= (RSS{L)=RSS(LMI))/(ZS{LI=ZS(LM1)} 125450000
150 PHI = ATAN (TANPHI) 125560000
PSI(N}=PID2=PHI 125600000

236 CCNTINUE 125700000

C NEW PRESSURE DISTRIBUTION 125800000
DO 250 N=1,L 125900000
PRAT(N) =(1,0 ~ GIMACH) #COS(PSI(N))#%2  + GINACH 126000000
UEUT(N) = SQRT((leO+ TWOGI) *(1,0-PRAT(N)**EXPG) ) 126100000

250 CONTINUE 126200000

C OBTAIN NEW FEAT DISTRIBUTION 126300000
c 1264€00C0
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C EVALUATE INTECGRAL AT L =0 12650000¢C

AL{L1=0.0 1266000€0
AINTO=PRAT{1)R#UEUI(L)* RSS{1¥*x%*2 126700000

270 CONTINUE 126800000
ORAT(11=1.0 126500000

DC 600 N=2,L 1276C0000
NM1=N-1 127100000

NP2 =N-2 12720000
AINT=AINTC 127300000
SUMH1=0e 127400000

IF {NsEQeZ) GO TO 310 1275C0000

DO 300 I=2,NMi 127600000

330 SUMH1I=SUMH1+H1(S,I) 127760000
310 AL(N)= X{2) *{SUMHL + (HL1{(S,1)}+ HL{SyK))/2.0) 127830000

c 1279602000
C EVALUATE INTECGRAL 128200000
C 128100000
IF (Ne£Qe 2) GC TO S5GO0 128220000

C EVALUATE Y{2),Y{(1),Y(3) 1283C0000
DO 400 K= 1,3 1284000C0

NMK = N-= (2-K) 128530000

400 YY(K)= PRAT(NMK)*UEUI (NMK}*(RSS{NMK)**Z) 128600000
COEF2= AL{NM2)~ AL(N) 1287005600

POXO= (AL(NMZ2)~- AL(NM1))* CCEF2 128820000
PIX1=(ALINML)- ALINM2))}%* (AL(NML)= AL(N)) 1289000C0

p2x2= (AL(N)— AL(NM2)) * (AL(NI-ALINM1)) . 129020000
COEFl= (3:0% AL(NM1)=2,0% AL(AM2) - AL(N))/POXC 1291€¢0000
COEF3=(2,C*ALIN) + ALINMZ2)~ 3,0% AL(NM1))/ P2XZ 129200006
AINTU(N) =((ALIN}= AL{NM2))*%2/6,0)% ( YY{1)%COEF1 + YY(2)*COEF2/ 129360000

1 P1IX1 + YY{3)* COEF3 ). 129400000

IF (NeGTo2) AINT (N) = AINT (NM2) + AINT(N) 129800000

GO TO 590 129€C0000

C N= 2 1297€0000
530 YY{2)= (PRAT(1)}+ PRATI(2))*{UEUI(1)+ UEUI{2))*{(RSS({1)+ RSS{Z2)}/2.0 1298000¢C0

1 )*%¥2 /4,0 129SC00C0
YY(3)= PRAT(2)* UEUI(2) *(RSS(2)*%2) 130000000
AINT(NI=AL(2)%{4oC* YY(2) + YY{(3))/6sC 139100000

590 ANUM=PRAT{N}I*UEUI(N}%*RSS(N} *SQRNS 130200040
QRAT(N) = ANUM / (SQRT(AINTIN))* GG) 130200000

630 CONTINUE : 1304000C0
RETURN 130500000

END 1306000600

Subroutine ZPRINT, - Subroutine ZPRINT writes the output data, The flow chart for
subroutine ZPRINT is as follows:

( ZPRINT >

Write
headings

output

&>
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The program listing for subroutine ZPRINT is as follows:

SUBROUTINE ZPRINT

CCMMON /PICK/ A{10,20) ,AA{20),AB(10,20) ,ALPHA(20},8(20),
851(10,20),BS1B(1C,20),C110,20),CB(10,203,CK(10),CKETA(10,20},
CKXI(10,203,C0ST(20},CP(10+200,D(10,20),;0C(20}%,
DELESQ,;DELETA,DELTA{20) ,DELXIDELXISQ,E(10,20),EIGHT3,

ELAM{29) ,ETA{L10) ,EXPG,F(10,20)5GG,GIMACH H1(10,2C),H2(10,20),
H3(12,20) yHC(20) s HCOMBL2C ) o HE  HW (20} IFIRSTLIROCOL S ITC,ITR,LITT,
ITTO LML, LM2, MCDOT(20) ;MCOT(22) y MSDOTU(20) +PID2,PRELLCCIL20),QC(20),
QCl,QCNET(20) ,QCOMB{20}5QR(20}),QR1,Q5(20) ,RNS;RODPC ;ROPCPP,
RSS(22) s RSTO2ySIG,SIGDP;SIGMA,SIGP;SINT(20),SML,SM2,TAU,TB,
TT{10520) o TTF(10,20) s TWDELXTI s THOGE sV(20),VB{10) 4X{(22) ,XDXISQ,
XODXI,¥(10,20),2(20).:28(10})

COMMON /INPUTS/ DUMMY (1) ,AEXP,ALCTAB(1O0}sTTALC{10) MALPHC,NALPHC,
ALPHAT(1C) s TALPHA{10) s MALPHA, NALPHA,ALSTAB(103 , TTALS(LC)MALPHS,
NALPHS;ASEXP; BETABEXP,BSEXP,CE;CKETATB(50),TTCKETA(10),
ETATAB(S5) s NCKETASNETACKXITAB(SO ) TTCKXI(10) s XITAB(S) 4NCKXI,
NXIyCORDSY,CPDP CPP,CPTAB(10),TTABCP(10) ;MCP,NCP,DELTAC(2D},
CELTAU, DELTMIN,DTMAX, ELAMTBA28) , TTELAM( 7))y PELAM(4) s NELAM,
NPELAMENDTAU L EPSCNE  EPSONEP ,EPSONPPERRORT  GAMBAR,, CAMINF,
HCOMBTB(28) s TTHCCMB(7); PHCOMB{4) NHCOMB s NPHCOMB ,HCTAB(28),
TTABHC(T) oPHC (4) yNHCyNPHC ,HETAB( 1D}, TTABHE{(1D) yMFESNHE, HWTAB(15),
TTABHW{15) ¢ MHUW ;NHWy TADILS T IPLOT 4L s MACHND , MAXITT,MDMAX,
MDCTO(20)

MHOZ s MESTRyNTP(T) ;PLTIME(15),PRAT{(20) sPRFREQ,PSEXP,PSTAGTB(10C),
TTPSTAG(10)gMPSTAG:NPSTAG,PTMAX,PTMIN,QCTAB(IC) TTABQC(10) s MQC,
NQC ,QRAT{(29}),

CRRAT (20 ) ,QRTAB(10) TTABQR(10),;MQRNQR,R{20)yRIEXP,RNSI ;RO,R0DP,
ROPRS{20) sRSSMAX Sy STEBCL,T(10,20Q),TAUG,TETAB(1IC),TTABTBI(10),
MTBNTB, TOPRIME,THETA(20) ; TPRIME ¢ X0 XORDER;ZS(2C) yZ SMAX

REAL MDCTC,MDOT,MCDOT MSDOT s MWSTR , MHO2 s MACHNO ; MOMAX
INTEGER S, SM1l,SM2

DIMENSION QRR{20)})

EQUIVALENCE (QRR(1),H1(1,1))

‘DO 10 N=1l,L
QRRIN)= SIG * TTF{S,N)*%4
WRITE (5, 98)

FORMAT ({ *0%)

WRITE (5,100) TAU,DELTAU
FORMAT (*CTAU=%FlCs4sl4X*DELTAU=%*FI,6)

WRITE (6,1C1) QCl, QR1l, HE
FORMAT (*({*14X*QC=%E1la4 ¢EXs%QR=%E]1164 45X 9 ¥HE=%E1]10u4)

R OMO O LN

WDOZBRR&L=EOMODBOO PN

WRITE (5,102) T(S,s1)

FORMAT (15X*¥T(S,1)=*Ells4)-

WRITE {(5,105)

FORMAT {#(#14X*TEMPERATURE (MyN)*)

WRITE (6,11C){X (N)sN=1sL)

FORMAT (% ETA*6X*X=%15F8,E/(12X,15F8.5)1}
DO 115 M=1,S

Mp= S= (M-1)

WRITE (6,12C) ETAIMM){TTF{MM,N) N=1,L)
FORMAT (F&e3,6X15F8.1/(12X,15F8,1)}
FORMAT (* ETA%6X*¥X=%10{FS9e 5+s3X}/(12X+10(F%5,3X}))
FCRMAT (F£,2,6X10E124/412X,10E12,4))

WRITE (5,15%)

FORMAT (*(%]14X*MDOT{N}-~SURFACE MASS LLSS RATE*)
WRITE (5,140) (X (N),N=1,L)

WRITE (5,150) ETA(S)(MDCT(N) (N= 1,L)

WRITE (6,165}
FORMAT (*C*14X*MCDOT(N)~-SURFACE MASS LLESS RATE DUE TO OXIDATICN#%)
WRITE (6,150) ETA(S),(MCOOT(N)sN=1,L)

WRITE (5,170) .
FORMAT (%C#14X#DELTA(N)==MATERIAL THICKNESS#*).
WRITE (6,15G). ETA(S), (DELTA{N),N=1,L)

130700000
12080600C0
130900000
131060000
13113006C0
131200001
1313€0000
131400000
131520000
131600000
131700300
131800000
131900000
132000000
132100000
122200000
132300000
122500601
132500002
132600000
132700000
122800000
132920001
133000000
133100000
13320000C
133200000
13343500C0
133500000
133600000
1237006C0
1338200C0
133900000
134000000
134100000
1342C0000
134300000
134400000
134500000
134600060
134700000
134800000
134900000
135000000
135100900
135200000
135300000
135400000
135500000
135600600
1357¢00C0
135800000
1355000600
126600000
136120000
136200060
1363C0000
136400000
136520000
126600000
136700000
1368CC000
136500000
137000000
137100000
137200000
137300000
137450000



C 1275000C0

WRITE (64175} 137600000

175 FORMAT (%*C*14X*QRAT(N)-~<RATIO OF LOCAL HEATING TC STAGNATION HEATI 12770000
ING*) 137800000
WRITE (56,750) ETA{S),{ QRAT{N} N=1,L} 137s800C00

C 12800C0C0
WRITE(6,17€) 1281600C0

176 FORMAT(*#0#14X*PRAT(NJ--RATIO OF LOCAL PRESS TO STAG PRESS*) 138230000
WRITE{6,15C) ETA(S) s (PRAT(N} oN=1,1) 128300000,

c 138400000
WRITE (6,180} 13880000CC

180 FORMAT (*(C2]4X*QS(N)——NET HEAT INPUTX) 1386000CC
WRITE (5,150) ETA(S), (QS {N)yN=1,L) 138700000

c 13880C€000
HRITE (6,190} 138900000

130 FCRMAT (#(*14X*QRR{N)~-RERADIATION=®) 13920000¢
WRITE (5,150) ETA(S), (QRR(N)+N=1,L) 139100300

c 1292C0Q00
WRITE (6,200} . 139300000

220 FORMAT (*(*14X*QLCMB{N)—~~HEATY DUE TO COMBUSTION FCR CXIDATION*) 129400000

) WRITE (6,150) ETA(S), (QCOMB(N),N=1,L} 139500000

c 139£00000
WRITE (6,400) ITC,ITR,ITTD ,IRCCOL 139700000

430 FORMAT (%0 NGs ITERe COL=%I4,5Xs*N0o ITERe ROWs%1445X,*¥TOTAL 1398000600
INOe ITERe=%#I8,S5X*IROCCL=%]3) : 1399000C0
RETURN 1400000C0

END 140100000

Subroutine SOLMAT, - Subroutine SOLMAT solves a system of linear equations in
which the matrix of coefficients is a tridiagonal matrix. The method of solution is equiv-
alent to Gaussian elimination. The flow chart for subroutine SOLMAT is as follows:

SOLMAT

Use recursion
formulas to
reduce matrix

Use recursion
formulas to
obtain solution|
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The program listing for subroutine SOLMAT is as follows:

SUBROUTINE SOLMAT{&;BsCsZoVsDsT N} 140200000

DIMEMSION W(203,SV{20},6(203,74203,A020},B{20},C{20},D¢20} 140300000

i COMMON /HCLD/ THMIN 140400000
C s 140500000
C THIS ROUTINE SOLVES THE TRIDIAGONAL {EXCEPT TWO ELEMENTS) . MATRIX 140600000
c o 140700000
Wild=B{1} 140800000
SV{id= Ci1} /7 B(1) 140500000

X= Z2/8{1} - - 141000000
Gelh= DLLI/ ML} 141100000
Npil=N-1 141200000

KMZ = N=2 141300000

DO 100 K=2,N 141400000

KML = K-l 141500000

IF (KsEQeN} GO TO 20 141600000
WIKY = B{K} = A{K)#SV{KML} 141700000

IF {KeEQe2) GO TO 10 141800000

4 SYIK)= C{K}I/WIK} 141500000

5 GiK}) = (D{K}= A(KIHGIKML)I}/W{K) 142000000
G0 TO 100 ' 142100000

10 SY{2) ={C(2)=-X*A(2})/H(2} 142200000
60 0 5 . 142300000

20 H{N)= BN}~ (A{N}~ VESVINM2}I*SV{NML) . 142400000
30 GINI={D{N)=A{N}*G{KML)~VEGINM2}+VESYINM2 )G IKML] J /H(N) 142500000
100 CONTINUE 142600000
TINI=G{N} 142700000

DO 200 K=1,NM2 142800000

KK= N=K 142900000
T{KKI= GI{KK}~ SVIKKI#T(KK+1} 143000000

200 CONTINUE 143100000
T{1d= GL1d= SV{L}*T(2)~ X*T(3) 143200000

IF (TMINsEQeOs.} RETURN 143300000

DO 300 I=1.N 143400000
IF(TII) oLT.THIN) TUI)=TMIN 143500000

300 CONTIMUE . 143600000
RETURN .143700000

END 143800000

PROGRAM INPUT, OUTPUT, AND DIAGNOSTICS

Input

Examples of input data are given in appendix B, The first card of the input is iden-
tification for the job. Any identification may be written in column 1 to and including
eolumn 80.

FORTRAN IV NAMELIST with the name D2430 is used to load the input data. Each
input variable is initially set equal to zero by the program unless otherwise stated.

At least four inputs are associated with each table input: the dependent-table values,
the independent-table values, the number of entries in the table, and the order of interpo-
lation. The number of entries in the dependent and independent table must be the same.
This is specified by a FORTRAN variable beginning with the letter N. The order of inter-
polation is a FORTRAN variable beginning with the letter M and may be 0, 1, or 2, For |
example, for first-order interpolation of the specific-heat array, set MCP=1; for second-
order interpolation, set MCP=2, If the specific heat is a constant, set MCP=0,
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The following list contains the input variables with the dimensions used in the pro-

gram. The size of an array is limited to the dimensions stated. The maximum number
of stations in the x-direction is 20 and the maximum number of stations in the y-direction

is 10.

FORTRAN
variable

AEXP

ALCTAB(10)

ALPHAT(10)

ALSTAB(10)

ASEXP
BETA

BEXP

BSEXP

CE

CKETATB(50)

CKXITAB(50)

CORDSY

Description

Coefficient of the exponential term when the
Arrhenius expression is used for calculating
MCDOT

Aerodynamic-blocking coefficient for heat and
mass transfer associated with MCDOT, a func-
tion of time (TTALC)

Absorptance of surface, a function of temperature
(TALPHA)

Aerodynamic-blocking coefficient for heat and
mass transfer associated with MSDOT, a func-
tion of time (TTALS)

Coefficient in the expression for calculating MSDOT

Determines whether ablation or transpiration
theory will be used for effect of mass transfer
on heat transfer; for ablation theory, BETA=1;
for transpiration theory,, BETA=0

Power of the exponential term in the Arrhenius
expression for calculating MCDOT

Power of the exponential term in the expression
for calculating MSDOT

Oxygen concentration, by mass, at edge of bound-
ary layer
Thermal conductivity in 77-direction, a function of

7 (ETATAB) and temperature (TTCKETA)

Thermal conductivity in £-direction, a function of
£ (XITAB) and temperature (TTCKXJ)

Trigger to indicate coordinate system; if curvi-
linear coordinates, CORDSY=0; if Cartesian

coordinates, CORDSY=1
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FORTRAN
variable

CPDP

CPP
CPTAB(10)
DELTAO(20)
DELTAU
DELTMIN
DTMAX

ELAMTB(28)
ENDTAU
EPSONE
EPSONEP
EPSONPP
ERRORT

ETATAB(5)
GAMBAR

GAMINF

HCOMBTB(28)
HCTAB(28)
HETAB(10)

HWTAB(15)

50

AH

AHg

Description

Specific heat of layer along y=0

Specific heat of layer along x=L

Specific heat, a function of temperature (TTABCP)
Initial material thickness, must have L values
Initial computing time interval

Minimum value allowed for DELTA

Maximum DELTAU which can be used; if no value
is given, DTMAX=2.0

Ratio of mass of material removed per unit mass
of oxygen that reaches the surface, a function of
pressure (PELAM) and temperature (TTELAM)

Time at which calculation stops
Emittance of front surface

Emittance of layer along x=L

Emittance of layer along y=0

Acceptable relative error in temperature
ETA table for CKETATB

Mean ratio of specific heats behind bow shock
wave, used only in computation of heating-rate
distribution around body

Ratio of specific heats in free stream, used only
in computing heating-rate distribution around
body

Heat of combustion, a function of pressure
(PHCOMB) and temperature (TTHCOMB)

Heat of sublimation, a function of pressure (PHC)
and temperature (TTABHC)

Total free-stream enthalpy, a function of time
(TTABHE)

Enthalpy of gas at the wall temperature, a function
of temperature (TTABHW)



FORTRAN
variable

IADJUST

Symbol

IPLOT

L
MACHNO
MALPHA
MALPHC
MALPHS
MAXITT

MCP
MDMAX

MDOTO(20) i

MHE
MHW
MPSTAG
- MQC
MQR

Description

Trigger for adjusting heating-rate and pressure
distributions to shape change; if IADJUST=0,
QRAT and PRAT are not adjusted; if
IADJUST#0, QRAT and PRAT will be adjusted
to shape change

Trigger for plotting routine; if IPLOT=0, no plots;
if IPLOT#0, the following plots will be made:
RSS versus ZS at times indicated in PLTIME
table; MDOT versus x at each PRFREQ time;
and T(M,N) versus x indicated in NTP array
at each PREREQ

Number of stations in the x-direction
Free-stream Mach number

Order of interpolation for ALPHAT
QOrder of interpolation for ALCTAB
Order of interpolation for ALSTAB

Maximum iteration count; when iteration count
exceeds this number, DELTAU will be halved
until DELTAU is less than 1,0E-6, then the
program will stop and a message will be
printed

Order of interpolation for CPTAB

Maximum expected MDOT; this must be given to
get a reasonable scale for plots; not needed if
IPLOT=0

Initial mass loss rate at surface, must have
L - values

Order of interpolation for HETAB
Order of interpolation for HWTAB
Order of interpolation for PSTAGTB
Order of interpolation for QCTAB
Order of interpolation for QRTAB
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FORTRAN
variable

MTB
MWO2

MWSTR

NALPHA
NALPHC
NALPHS
NCKETA
NCKXI
NCP
NELAM
NETA
NHC
NHCOMB
NHE

NHW
NPELAM
NPHC
NPHCOMB
NPSTAG
NQC

NQR

NTB
NTP(7)

52

Symbol

Description

Order of interpolation for TBTAB

Molecular weight of diatomic oxygen used in
oxidation equation

Molecular weight of free stream used in oxidation
equation

Number of entries in ALPHAT
Number of entries in ALCTAB
Number of entrieé in ALSTAB
Number of entries in CKETATB
Number of entries in CKXITAB
Number of entries in CPTAB
Number of entries in ELAMTB
Number of entries in ETATAB
Number of entries in HCTAB
Number of entries in HCOMBTB
Number of entries in HETAB
Number of entries in HWTAB
Number of entries in PELAM
Number of entries in PHC
Number of entries in PHCOMB
Number of entries in PSTAGTB
Number of entries in QCTAB
Number of entries in QRTAB
Number of entries in TBTAB

Array of seven values which specify the tempera-
tures to be plotted; NTP(1) = the number of
temperature rows to be plotted (may be six or
less); NTP(2) through NTP(7), the row number
of the temperatures to be plotted. For example,



FORTRAN
variable

NXI
PELAM(4)
PHC(4)
PHCOMB(4)
PLTIME(15)

PRAT(20)

PRFREQ
PSEXP p

PSTAGTB(10)
PTMAX

PTMIN
QCTAB(10)
QRAT(20)

QRRAT(20)
QRTAB(10) a
R(20) R

RIEXP r

RNSI Rstag

Symbol

Description

NTP(1)=3, NTP(2)=1, NTP(3)=5, NTP(4)=10,
specifies that three (3) rows of temperature
will be plotted and these rows are 1, 5, and 10

Number of entries in XITAB
Pressure table for ELAMTB
Pressure table for HCTAB
Pressure table for HCOMBTB

Times at which RSS versus Z§S, that is, the body
shape, will be plotted; not needed if IPLOT=0

Initial ratio of local to stagnation pressure, must
have L values, not needed if IADJUST#0

Printing time frequency for output data

Exponent of pressure term in sublimation
equation

Stagnation pressure, a function of time (TTPSTAG)

Maximum expected value of T, used to get rea-
sonable scale in plotting, not needed if IPLOT=0

Minimum expected value of T, used to get rea-
sonable scale in plotting, not needed if IPLOT=0

Cold-wall convective heating rate, a function of
time (TTABQC)

Initial convective heating-rate distribution must
have L values, not needed if IADJUST#0

Radiant heating-rate distribution over body, must
have L values

Radiant heating-rate tables, a function of time
(TTABQR)

Radius of curvature of base curve at node points,
must have L values

Exponent of nose-radius term in MSDOT equation

Initial nose radius
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FORTRAN

variable

RO
RODP
ROP
RS(20)

RSSMAX

S
STEBOL
T(10, 20)

TALPHA(10)

TAUO

TBTAB(10)

TDPRIME

THETA(20)

TMIN

TPRIME

TTABCP(10)
TTABHC(10)
TTABHE(10)
TTABHW(15)
TTABQC(10)

54

k=]

o
-

k=)

p

B

Description

Material density
Density of layer along y=0
Density of layer along =x=L

Cylindrical radius from body axis of symmetry to
node points on the base curve, must have
L values

Maximum expected value of RSS, used to get a
reasonable scale for plots, not needed if
IPLOT=0

Number of stations in y-direction
Stefan-Boltzmann constant for radiation
Initial temperature, must have S*L values
Temperature table for ALPHAT

Initial time

Temperature to which back surface is radiating,
a function of time (TTABTB)

Thickness of layer along y=0

Angle (in degrees) less than or equal to 90°
between RS and R, must have L values

Minimum temperature value; if TMIN#0 and a
computed temperature goes below TMIN, the
temperature will be set equal to TMIN; if
TMIN=0, no restraint will be made on the com-
puted temperatures

Thickness of layer along xX=L
Temperature table for CPTAB
Temperature table for HCTAB
Time table for HETAB
Temperature table for HWTAB
Time table for QCTAB



FORTRAN
variable

TTABQR(10)

TTABTB(10)

TTALC(10)

TTALS(10)

TTCKETA(10)
TTCKXI(10)

TTELAM(7)
TTHCOMB(T)
TTPSTAG(10)

XITAB(5) £
X0
XORDER
75(20)

ZSMAX

Symbol

Description

Time table for QRTAB

Time table for TBTAB

Time table for ALCTAB

Time table for ALSTAB
Temperature table for CKETATB
Temperature table for CKXITAB
Temperature table for ELAMTB
Temperature table for HCOMBTB
Time table for PSTAGTB

Table of values of CKXITAB
Length of base curve

Order of oxidation

Initial distance from the initial stagnation point
to RSS along body axis of symmetry, must
have L values

Maximum expected value of ZS, used to get rea-
sonable scale for plotting RSS versus ZS, not
needed if IPLOT=0 ‘

Output

Examples of output data are given in appendix B. The input data are printed at the
beginning of the output listing in the same order in which they appear in the NAMELIST
statement. Then the identification card is printed. Headings and interpretations are as

follows:

Heading Description
TAU Time at which the calculations were made
DELTAU The computing time interval

QC Convective heating rate

QR Radiant heating rate
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Heading
HE
T(S,1)

TEMPERATURE
(M,N)

ETA

X

MDOT(N)
MCDOT(N)
DELTA(N)
QRAT(N)
PRAT(N)

QS(N)

QRR(N)
QCOMB(N)
NO.ITER.COL.
NO.ITER.ROW,
TOTAL NO.ITER.
IROCOL

Total free-stream enthalpy

Temperature at time 7 - A7; this value can indicate whether
a reasonable AT is being used; by observing this value
and the value at 7, unusual behavior might indicate the
need for a smaller AT,

Temperatures; to locate the station read ETA to the left and
x above the temperature column; up to 15 temperatures are
printed on one line; if more columns have been used, the
remaining temperatures will be printed on the next line

Dimensionless y values, printed in the first column on the
left side of the page

Length along base curve from stagnation point to the station,
printed in the second column and reading from left to right

Surface mass loss rate at station n

Mass loss due to oxidation at station n

Material thickness at station n

Ratio of local heating to stagnation heating at station n
Ratio of local pressure to stagnation pressure at station n
Net heat input at station n

Reradiation at station n

Heat due to combustion for oxidation at station n -
Number of iterations for the previous column solution
Number of iterations for the previous row solution

Total number of iterations from the beginning of the problem

Tells at which solution the printout was made; value of 1 indi-
cates column solution; 2, row solution

Diagnostics

The program has several automatic stops to avoid the waste of computer time on
problems which appear to be having computational difficulties. These stops are

(1) DELTA < DELTMIN: If any thickness DELTA becomes less than the input
DELTMIN a normal printout is made and the program will stop.
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(2) Negative temperature: If any temperature becomes negative, a normal printout
is made and the program will stop.

(3) DELTAU < 1.0E-6: If the computing time interval DELTAU becomes less than
1.0E-6, the message TEMPERATURE ITERATION DOES NOT CONVERGE will be printed,
The current estimated temperatures are printed, a normal printout is made, and the pro--
gram will stop.

(4) Iteration count exceeded: If the maximum iteration count input MAXITT is
exceeded and the calculation is a row solution, the computing interval cannot be halved.
The message THIS IS A ROW SOLUTION, DELTAU CANNOT CHANGE is printed. The
current estimated temperatures are printed, a normal printout is made, and the program
will stop.

(5) Temperature diverging: If any temperature begins diverging, the message
TEMPERATURE IS DIVERGING . .. .. WHY is printed. The current estimated temper-
atures are printed, a normal printout is made, and the program will stop.

Whenever these diagnostics appear, the input should be checked to make sure that
all initial conditions have been given, Check all input tables for any discontinuities,
Negative temperatures may result from oscillations caused by time intervals which are
too large. High values of MDOT and rapid changes of heat input with time may require
smaller time intervals for computational purposes.

SAMPLE CASES

Three sample cases are presented to illustrate the operationof the computer pro-
gram. All the cases are for ablating bodies of different geometries: a hemisphere, a
hemispherically blunted cone, and a right-circular cylinder. A listing of the input data
and a sample of the output data for each case are shown in appendix B,

Computer-generated curves of some of the output from the sample cases are shown
in figures 1, 2, and 3. The curves show body shape change due to ablation, histories of
mass-transfer rate over the surface of the bodies, and selected temperature histories.
The body shape is plotted at each time listed in the input PLTIME. The mass-transfer
rates over the surface and the temperatures along the rows specified by the input NTP
are plotted at each printing frequency for the output data.
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The computing time depends on the accuracy desired; the boundary condition, that
is, the heating-rate history; and the number of node points. The computational times for
the sample cases are 136 seconds for the hemisphere, 312 seconds for the right-circular -
cylinder, and 150 seconds for the hemispherically blunted cone. These cases have not
been optimized with respect to time and, therefore, may run in shorter periods of time,

Langley Research Center,
National Aeronautics and Space Administration,
Hampton, Va., September 3, 1971,
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APPENDIX A

LANGLEY LIBRARY SUBROUTINES
Subroutine FTLUP
Language: FORTRAN

Purpose: Computes y = F(x) from a table of values using first- or second-order interpolation.
An option to give y a constant value for any x is also provided,

Use: CALL FTLUP(X, Y, M, N, VARI, VARD)

X The name of the independent variable x.
Y The name of the dependent variable y = F(x).
M The order of interpolation (an integer)

M=0 for y a constant, VARD(I) corresponds to VARI(I) for
1=1,2,... N, For M=0 or N=1,y=F(VARI()) for any value of x.
The program extrapolates.
M =1 or 2. First or second order if VARI is strictly increasing (not equal).
M= -1 or -2, First or second order if VARI is strictly decreasing (not equal).

N The number of points in the table (an integer).
VARI The name of a one-dimensional array which contains the N values of the independent variable.

VARD The name of a one-dimensional array which contains the N values of the dependent variable.

Restrictions: -All the numbers must be floating point, The values of the indepehdent variable x in the
table must be strictly increasing or strictly decreasing. The following arrays must be dimensioned by
the calling program as indicated: VARI(N), VARD(N).

Accuracy: A function of the order of interpolation used.

References: (a) Nielsen, Kaj L.: Methods in Numerical Analysis. The Macmillan Co., ¢.1956, pp. 87-91.
(b) Milne, William Edmund: Numerical Calculus. Princeton Univ, Press, ¢.1949, pp. 69-73.

Storage: 430g locations.
Error condition: If the VARI values are not in order, the subroutine will print TABLE BELOW OUT OF
ORDER FOR FTLUP AT POSITION xxx TABLE IS STORED IN LOCATION xxxxxx (absolute), It then

prints the contents of VARI and VARD, and STOPS the program.

Subroutine date: September 12, 1969.
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APPENDIX A — Continued

Subroutine DISCOT
Language: FORTRAN

Purpose: DISCOT performs single or double interpolation for continuous or discontinuous functions.
Given a table of some function 'y with two independent variables, x and 2z, this subroutine performs
Kxth- and Kjth-order interpolation to calculate the dependent variable. In this subroutine all single-
line functions are read in as two separate arrays and all multiline functions are read in as three
separate arrays; that is,

Xy (i= 1, 2, a o ey L)
y] (j=1; 2,... M)
Zy (k= 1,2,... N)

Use: CALL DISCOT (XA, ZA, TABX, TABY, TABZ, NC, NY, NZ, ANS)

XA The x argument

ZA The z argument (may be the same name as x on single lines)

TABX A one-dimensional array of x values

TABY A one-dimensional array of y values

TABZ A one-dimensional array of z values

NC A control word that consists of a sign (+ or -) and three digits. The qontrol word is formed
as follows:

(1) If NX = NY, the sign is negative. If NX # NY, then NX is computed by DISCOT as
NX = NY/Nz, and the sign is positive and may be omitted if desired.

(2) A one in the hundreds position of the word indicates that no extrapolation occurs above
Zmaxe With a zero in this position, extrapolation occurs when 2z > zymax. The zero
may be omitted if desired.

(3) A digit (1 to 7) in the tens position of the word indicates the order of interpolation in
the x-direction.

(4) A digit (1 to 7) in the units position of the word indicates the order of interpolation in
the z-direction.

NY The number of points in y array
NZ The number of points in z array
ANS The dependent variable y
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APPENDIX A — Continued

The following programs will illustrate various ways to use DISCOT:

CASE I: Given v =1(x)
NY = 50
NX (number of points in x array) = NY
Extrapolation when 2z > zpygx
Second-order interpolation in x-direction
No interpolation in z-direction
Control word = ~020
DIMENSION TABX (50), TABY (50)
1 FORMAT (8E 9.5)
READ (5,1) TABX, TABY
READ (5,1) XA
CALL DISCOT (XA, XA, TABX, TABY, TABY, -020, 50, 0, ANS)

CASE 1I: Given vy = f(x,z)
NY =800
NZ =10
NX = NY/NZ (computed by DISCOT)
Extrapolation when 2z > zp a5
Linear interpolation in x-direction
Linear interpolation in z-direction
Control word = 11
DIMENSION TABX (800), TABY (800), TABZ (10)
1 FORMAT (8E 9.5) '
READ (5,1) TABX, TABY, TABZ
READ (5,1) XA, ZA
CALL DISCOT (XA, ZA, TABX, TABY, TABZ, 11, 800, 10, ANS)

CASE 1II: Given vy = {(x,z)
NY = 800
NZ =10
NX = NY
Extrapolation when 2z > z,,54
Seventh-order interpolation in x~direction
Third-order interpolation in z-direction
Control word = -73
DIMENSION TABX (800), TABY (800), TABZ (10)
1 FORMAT (8E 9.5)
READ (5,1) TABX, TABY, TABZ
READ (5,1) XA, ZA
CALL DISCOT (XA, ZA, TABX, TABY, TABZ, -73, 800, 10, ANS)

CASE 1IV: Same as Case III with no extrapolation above z,,... Control word = -173
CALL DISCOT (XA, ZA, TABX, TABY, TABZ, -173, 800, 10, ANS)
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APPENDIX A — Continued

Restrictions: See fule (5¢c) of section "Method" for restrictions on tabulating arrays and discontinuous
functions. The order of interpolation in the x- and z-directions may be from 1 to 7. The following

subprograms are used by DISCOT: UNS, DISSER, LAGRAN.

Method: Lagrange's interpolation formula is used in both the x- and z-directions for interpolation. This
method is explained in detail in reference (a) of this subroutine. ¥or a search in either the x- or

z-direction, the following rules are observed:

VI x< Xy, the routine chooses the following points for extrapolation:
X Xgs o o o Xy and VsY9s o+ o3 Vi1
(2) If x> x;, the routine chooses the following points for extrapolation:
Xp-kn-kel? © + ¥ 204 Yy go¥n gy - o Yy
(3) If x =x,, the routine chooses the following points for interpolation:
When k is odd,

X X e . X and y y PR
By kel 0t T kel P2 SO <2 SR < 2 JON
2 2 2 ) 2 2

When k is even,

X X o o X and y y ey
. kT kL * 2k . kY.ok o2 vk
1 —2-‘ 1 '2—+1 1'§+k 1 -é- 1-§+1 1 §'+k

(4) If any of the subscripts in rule (3) become negative or greater than n (number of
points), rules (1) and (2) apply. When discontinuous fun(it(ions are tabulated, the indepen-

dent variable at the point of discontinuity is repeated.

(5) The subroutine will automatically examine the points selected before interpolation and if
there is a discontinuity, the following rules apply. Let x d and x ae1 be the point of
discontinuity,

(@) If x= Xg points previously chosen are modified for interpolation as shown:

Xg-k¥d-kel’ ¢+ 0 Xg M4 Y Vg gepr - ¢ o Vg

by x> Xq points previously chosen are modified for interpolation as shown:

Xq41%d42>  + 0 ek 204 Ygup¥ge00¢ ¢ o Yauk

(c) When tabulating discontinuous functions, there must always be k + 1 points above
and below the discontinuity in order to get proper interpolation.

(6) When tabulating arrays for this éubroutine, both independent variables must be in

ascending order.
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APPENDIX A ~ Concluded

(7) In some engineering programs with many tables, it is quite desirable to read in one
array of x values that could be used for all lines of a multiline function or different
functions. Even though this situation is not always applicable, the subroutine has been
written to handle it. This procedure not only saves much time in preparing tabular
data, but also can save many locations previously used when every 'y coordinate had
to have a corresponding x coordinate. Ancther additional feature that may be useful
is the possibility of a multiline function with no extrapolation above the top line.

Accuracy: A function of the order of interpolation used.
Reference: (a) Nielsen, Kaj L.: Methods in Numerical Analysis. The Macmillan Co., ¢,1956,
Storage : 5558 locations.

Subprograms used: UNS 408 locations.

DISSER 1108 locations.
'LAGRAN 554 locations.

Subroutine date: August 1, 1968.
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APPENDIX B — Continued
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Figure 1.- Computer-generated profile, mass loss, and temperature histories
for a teflon hemisphere.
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(b) Mass-loss-rate history.
Figure 1.- Continued.
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(c) Temperature history at times 1 to 7 sec in intervals of 1 sec
at =05 and 7= 1,

Figure 1.- Concluded.
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Figure 2.- Computer-generated profile, mass loss, and temperature
histories for a graphite hemisphere-30° cone.

74



#, kgfut—sec

40

-36

-32

-28

-24

.20

—
=
—
-
=
=
=
=3
-
-
—_—
—
'\\u
A

\
A

.05 -10 15 .26 .25 30 .35 40 - 45

(b) Mass-loss-rate history at times 4 to 60 sec in intervals of 4 sec.

Figure 2.- Continued.
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Figure 2.- Concluded.
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(a) Profile history.

Figure 3.- Computer-generated profile, mass loss, and temperature
histories for a right-circular cylinder,
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Figure 3.- Continued.
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Figure 3.- Concluded.
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