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AN ANALYSIS OF A CHARRING ABLATTION
THERMAL, PROTECTION SYSTEM

By DQnald M. Curry
Manned Spacecraft Center

SUMMARY

An analytical model is presented for predicting the transient one-
dimensional thermal performance of a charring-ablator heat-protection system
when exposed to a hyperthermal enviromment. The heat-protection system is
considered to consist of an ablation material and backup structure. The
ablating material is further considered to consist of three distinct regions
or zones: char, reacting, and virgin material.

A FORTRAN IV digital computer program (STAB II) utilizing an implicit
finite difference formulation has been written for the IBM 7094/L0 computer
system. The program considers one ablating material and a maximum of 12 back-
up materials with conduction or radiation and/or convection allowed between
materials. Thermal properties of all materials are temperature dependent,
with the properties of the charring material also being state dependent.

The governing differential equations and their implicit finite difference
formulation are presented. The program input and output are described in detail.
The FORTRAN program statements and nomenclature are presented. Also, the
theoretical and experimental results are compared.

INTRODUCTION

The analysis and design of thermal. protection systems for entry into an
atmospheric environment have resulted in a voluminous amount of literature on
the general subject of ablation. (See refs. 1 and 2 for a survey of information
on ablation.,) The ablation materials may generally be classified into three
categories: subliming, melting and vaporizing, and charring. The charring
ablator normally provides the most efficient thermal-protection shield for the
major portion of a manned entry vehicle. This report describes a method for
predicting the thermal response of a typical charring-ablation material. The
response of a charring material to a hyperthermal environment is extremely
complex, and the mathematical model presented to analyze the transient behavior
of the material contains simplifying assumptions and approximations necessary
to afford even a numerical solution. '



The equations derived in this analysis have been programmed in FORTRAN
IV for an IBM 7094/40 computer system. The numerical formulation of this
digital program, designated STAB IT, is such that an implicit solution 1s
obtained. The thermal response of a typical charring material as predicted by
STAB ITI is compared with arc tunnel results.

A sample problem is presented in appendix A. Program usage instructions,
including definitions of the input terminology, are presented in appendix B.
Appendixes C and D are the program FORTRAN IV statements and definitions of
the program terminology. A general flow chart of the program is presented in

appendix E.

SYMBOLS
A collision frequency
cp specific heat
E activation energy
F exterior view factor
Fenv view factor—emissivity product to cabin environment
Hd heat of virgin material degradation
HT total enthalpy
HW wall enthalpy
. o)

H500 enthalpy of air at 300" K
h film coefficient between backup materials
henv film coefficient between last backup material and cabin

environment
k thermal conductivity
mc mass loss rate of char material
mg gas ablation rate
NP number of nodes in ablation material



n order of reaction

Qin. net heat rate into front sgrface

Qc blow hot wall convective heat flux with blowing
qcomb heat flux due to combustion

écw cold wall convective heat flux without blowing
qrad radiation heat flux

R universal gas constant

S surface recession depth

5 surface recession rate

T temperature of node at beginning of time step
Tenv cabin environment temperature

T! temperature of node at end of time step
'];‘0o radiation heat sink temperature

VL Thickness of ablation material

X distance from surface to any point

AHC heat of combustion per unit weight of char
X thickness of a node

A8 time step (8' - 8)

€ emissivity of material

M transpiration cooling efficiency

6 initial time

8’ final time

£ transform for the ablation material



p density

g Stefan-Boltzmann constant

) blocking effectiveness function
Subscripts:

c charred state

i node number

J material number

v virgin state

PROGRAM DESCRTIPTION

The following general requirements were established before writing a
digital computer program to analyze a charring ablation system:

(1) Stability of the equations for all applications.

(2) Machine running time short enough to make use of the program
economically feasible (a2 minimum of turn around time per problem).

(3) A minimum of input per problem.

(4) A wide variety of boundary conditions for application to both
trajectory data and ground or flight test data analysis.

STAB IT has been formulated in FORTRAN IV to analyze the transient
thermal performance of a charring ablator heat protection system. The program
considers one ablating material and up to 12 different backup materials with
or without air gaps. Pure conduction or radiation and/or convection between
backup materials is allowed. The ablation material may be divided into a
maximum of 50 nodes, and each backup material may be subdivided into a maximum
of 10 nodes. The thermal properties of the materials are in tabular form and
are temperature dependent. The ablation material is also dependent upon its
state, that is, fully charred, partially charred, et cetera.

The following surface boundary condition options are provided:

(1) Cold-wall convective and radiative heat flux tables as a function of
time. These components are specified separately, since mass transfer at the
surface blocks part of the convective heating but, in general, has no effect on
the radiant heating.



(2) Surface temperature as a function of time.

(3) Surface recession as a,function of temperature or time. Surface
recession as a function of temperature and pressure is also available.

Heat loss to the interior environment for the last node of the backup
structure can be specified by two methods:

(1) Conduction into the node and radiation and/or convection loss to the
interior environment.

(2) Conduction into the node and adigbatic wall.

The STAB II numerical formulation of the equations describing the response
of the heat shield is such that an implicit solution has been obtained. It is
well known that numerical solutions of partial differential equations are
subject to several different types of errors. The first of these is the trun-
cation error, due to the use of a finite subdivision. This error may be reduced
by simply choosing a smaller subdivision, AX. The exact values are approached
more and more closely as AX decreases. The second kind of error 1s the nu-
merical, or roundoff error. The way in which this numerical error grows or
decays with time determines the stability of the difference equations.

To illustrate the differences in the explicit and implicit equation form,
consider a nonablating homogeneous solid. The one-dimensional Fourier corduc-
tion equation, neglecting any heat generation terms, is

d (,or oT
ax<kax) Y )

The finite difference form of equation (1) written in the conventional forward

time step or explicit form for the ith node is

/w«.(:) f@" e <'_.f’->
oy T O—Q:hQLMJ— - _ _ v
«gﬁv (Tin ) (% - Tui) _ o ax (1) - 1) (2)
? k . AX + AX T AX + X i) AD -
Y 2ki—l 2ki 2ki 2ki+l

where the prime superscript denotes values at the end of the time step

A8 =8" -0

For explicit conduction solutions, the following stability criterion has
been established:
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which places an upper limit on the time step A6 for a fixed truncation error.
This criterlon can require a prohibitive amount of machine time.

Liebmann (ref. 3) advocated a solution of the equation which does not
require this stability criterion. The finite difference equations are written
in a backward time step form which affords an implicit solutiom.

The implicit (backward time step) difference form of equation (1) for the

th
Y 1 b 1 H
(Ti—l Ti) (Ti - Ti+l> X <Ti - Ti>

i node is:
IS SN S SR S A (3)
2k, 2k, 2k, 2k
i-1 i i

i+l

Equation (3) uses the temperature differences at the end of the finite time
interval instead of the beginning, as in the explicit method of equation (2).
The only known temperature in equation (3) is Ti’ but there are corresponding

equations for each point in the system, and all are solved simultaneously to
yield the temperature at each node.

Collecting all unknown temperatures on the left side of the equation and
the known temperature on the right side, equation (3) becones

1 ' 1 1

™ & \Ti-1 T & NN X
k. - T ok k. - T ok. ok, T 7k
11 1 121 1 1 141
picpiAX L picp£AX
' e — ' = -
AP T+ [ & X |Tie1 AP T3 (4)

———— + ——
Dk, © 2k

Equation (4) is of the form

1 ! t —_
AT} 4+ BI; +CI; . =D (5)

1 1

STAB II generates such an equation for each node in the system.

Since radiation is an important mode of heat transfer in charring ablative
systems, a problem is encountered in any equation containing a radiation term.
The radiation heat flux, written in a backward difference form is:

a = Feo Cfih - ﬂwh> (6)
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This term cannot be used in an implicit solution since the unknown temperature
T is to be the 4th power. The Uth power unknown can be eliminated by the

following linearizations:

in : 4
(T.') = (T. + AT)L* = T.lL <1 + @> (7)
i i i Ti
where
AT =T!' - T
i i
let
AT
Z=—‘I-'_.
i

and rewrite equation (7) as

<Ti>u = (Ti>4(l s )" (8)

If 7 has an absolubte value near zero, the following is true
(L+2) =142 (9)

Now substituting equation (9) into equation (8)

()" oo 0 2 o)

~ 5 1 )+
~ umi Ti - 3Ti (10)

Equation (10) is a linearized approximation of egquation (7) in which the unknown

temperature is only to the first power. The assumption in equation (10) is that

AE/Ti has an absolute value near zero. Figure 1 is a plot of the error obtained
r's

L
when (1 + 42) is substituted for (1 + Z) . For most ablation problems in which.
the surface temperature is high and the radiation losses are significant, the
value of ALI"/‘I'i can easily be controlled to values of less than #0.l.

Therefore, equation (6) can now be written

. _ 3 4 L
Qg = Fec(m.ni -y - T (11)



Using the linearized approximation for the radiation terms, the resulting system
of implicit difference equations constitute a tridiagonal matrix of the follow-

ing form:
BlTl + ClT2 = Dl
A2Tl + B2T2 + 02T5 = D2
AT, + BT, + CBTM = D5

372 373

AyTyor * BTy = By

Gauss' elimination method, discussed in reference L, is applied to solve
the system of equations. This method affords a fast and accurate solution for
matrices containing a dominant diagonal. The solution of this matrix gives the
temperature of each node.in. the system { for~tEE“hext future time step The
entire process is repeated for each time step throughout the run, giving a time
history of the temperature at each node.

Using this method of solution, residual errors in the temperature compu-
tations at the beginning of the time step are distributed throughout the entire
system of nodal equations and tend to cancel out rapidly. The principal advan-
tage in using the implicit method is a set of equations that are mathematically
stable in time and distance. Therefore, the magnitude of the time step is not
limited by a convergence criterion. However, care must be taken in selecting
the magnitude of the time step in order to minimize truncation errors when the
second derivative of temperature with respect to time is large. A similar
approach is used to minimize truncation errors in distance by choosing small
node dimensions in locations where large second derivatives of temperature with
respect to distance are expected.

In the case of a char-forming ablative heat shield where approximately
80 percent of the heat is reradiated, instability can arise in taking large
time steps. The temperature of the surface node can start oscillating on suc-
cessive time steps when a balance between the radiation source and the heat sink
has been achieved. Therefore, in ablation problems in which the surface nocde
loses a large percentage of heat by radiation, oscillations of the node can be
damped out by taking small time steps during conditions of high heat flux and
near radiation equilibrium temperatures.

ANATLYSIS

Figure 2 is a schematic of the thermal protection system to be analyzed.
A receding surface has been assumed with the formation of a residual char layer
and reaction zone. The thermal protection system is composed of one charring
material and a maximum of 12 different backup materials with or without air gaps.
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The analysis is such that the entire system may be composed of noncharring
materials. The thermal properties of all materials are temperature dependent;
also, the charring material properties are state dependent (fully or partially
charred).

The response of charring ablation heat shields to a hyperthermal environ-
ment is extremely complex, and simplifying assumptions and approximations are
necessary to afford a numerical solution. The followlng assumptions and approx-
imations are utilized in the equations developed in this report:

(1) The material decomposes from the virgin state to a porous char layer
in the reaction zone.

(2) The reaction zone can be defined by an upper and lower temperature
1limit.

(5) The gas generated within the reaction zone is assumed to pass out of
the structure with no pressure loss. No gas accumuwlation within a node is
allowed.

(4) Local thermal equilibrium is maintained between the gas and porous
char matrix.

(5) The gas undergoes no further chemical reaction within the residual
material after having been formed.

Derivation of Equations

The equations are derived for a moving boundary coordinate system, where
the front face is the moving surface (ref. 5). With this system, the ablating
material is divided into a fixed number of nodes of thickness AX which depends
on the instantaneous location of the front face. The surface recession is
handled in a continuous manner, eliminating the need of throwing away or lumping
off of nodes.

The physical model for the front surface, including all heating terms, is
shown as follows:



J 2.0
R e I 0o
. . 4 g, Py 2
g = %.umef‘ o ey, toa bt 7
in —» - g
‘l e pgc 282T2
n C Tl B —
gl Pl e ————— k(ﬁ) NPr +# NC’"(‘Q‘:‘
p.C é T t—
1 1 11 5 5 NP - 1.5
. .o T2 7 \WP - 1.0
o =5
-5

The energy edquation at the front char surface is

ar
4a (1 _ 1 1.1 a(ax)
ao (2 AX plcplTl) =z M plcpl | "2 plcplTl a

' . 1 '
=Q, +m ¢ T,+p.S.c T,-m_c T
in g Py 2 22 P, 2 8, Py 1

- 1. AI,
" P1%p 51Ty - kl-E(AX) (12)
where
_ . : I u)
Qin - qc, blow T Yrad ¥ Yeomp ~ TEC° (Tl - To
and
dAX)_i(VL—S ___ 8
da T d8\NP - 1/ NP - 1

where é is the linear surface recession rate and NP is the total number
of nodes in the ablation material offthickneSS':VL.

i

10



Rewriting equation (12) in implicit finite difference form

1 t
(.Tl B Tz)

X, AX

+
2kl 2k2

Q. +Hm ¢ ' m ¢ T! - Sp.c T
in 8> Do 2 g, Py 1 1 2 1

+pc §(EB=15)n _ 5, X T - Ty
2p2 NP - 1.0/ "2 lp12 AP

1 (8
- EplcplTl (NP - 1> (122)

Then, rearranging and collecting terms yvield

: : AX 1 1 5 ‘
m_c¢c_ + Sp.c + p.c + - Zp.c —=
g, Py lpl 1l p, 2486 AX+AX 2lpl NP - 1 1

l ———
2k, T 2k,
et -
A
) ) m,sﬂ
C e 4 +pcsNP1.§T, 5
g~ P X AX 2 NP - 1.0 2
2T mg Yk §
k. 2
_ AX_
B —plcpl 2A8 Tl - an
(12v)
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The physical model for interior points in the mature char zone, including
all heating terms, is shown in the following sketch:

— A ——>

- m c T,
gi+l pi+1 i+l

fng c. T,e—1—

. p. 1 .
i*i -t——p,. _S; .,.C T,
. ' i+l7i, 41 Piiq i+l
Picpisi_l’iTiq——— i . AT
] i, \ X
S N—
Ti-1,i\AX 1
NP - 3i-%
L og B A -
i,i+1 NP - 1
(e -1 sl
| = 8| ———--2
i-1,1 NP - 1

The energy equation for interior points in the char matrix is

aT .
d 1 S
36 AX.p. T, = NXp., - !
d ( 1p:ch:.L 1) plppi 3 picpiTi (NP - 1>

1
NP - i+ =
AT .
Cw (&) o 5
1,i+1 (AX) mgicpiTi Pic, S ( NP < 1 >Ti (13)
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Putting equation (13) in an implicit finite difference form yields

1 , : : <m? -t E) 1
NSNS A I A U A AX
k. ok 171 1 ok, . T ok
i-1 i i=1 i
1 S \
T A PP AT P - T
ok, T ok 1 1
1 141 | .
- C%‘ﬁ““\;
-
1 fwe -1 2N
i c + X = o 2 )
8141 Piq1 £, L Py NP - 1 1+1
2k, © 2k
i il J
_ AX
1%, A8 Ty
(13a)

In the mature char zone, no internal gaseous ablation products are assumed
to form. The reaction zone is the source for the formation of the internal
gaseous products. Therefore, in equations (l@j and (13), m_ =1

i 1 Sl

The physical model for nodes in the reaction zone is identical to sche—
matic shown for the interior nodes in the char except for considering the energy
absorbed in formation of the gaseous ablation products. The heat balance
equation for a node in the reaction zone is

aT :
d i ' S . .
S5 (8Xp,c T.) =MXp.e =g - P,c T, (———:——) - fm  -m H
d ( ip, 1 i'p; d 1p,71 NP g4 85401 a

[

1
NP - =
. AT : 2
=m e T, 4 + k. . (——) + p, -cC S (——————————) T,
8141 Pisq i+l i-1,i \ AX i+l Piyq NP - 1 i+l

AT . (NP - 1+ -§>
- = ). 1 T! - p,c_ S T! 14
ki,i+l (AX) mgicpi i Pl D, NP - 1 i (14)
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Rearranging,

NP - 1+ =
L 7' o - |m + p,C S< 2)+ L
JAV:S JAV:S i-1 g, P ip NP - 1 X DX
k. . T ok T 1 ok, . T2k
i-1 i i-1 i
s .
{;\. 1 S 1 .
N + p.c Am = P — T c
R é 2Ki gk1+l
A g‘\‘{j
A‘E! L
N @1 %
AX AX Pi41%p, NP - 1 i+l
-+ i1
2k 2k,
i i+l

=-p,c. — T, -fm_ -m H. (1ka)
ip; A6 1 (gi gi+1> d

The physical model for the interface between the reaction zone and virgin
material is illustrated as follows:

- N —»

-~ Si,i+1pi+1cpi+lTi
e T oe———t
g; Py . AT
A e PE L SR VNS
1
1-1,1°1%, T4
1
AT )
k. . .= f—
1-1,1i \AXX
. =8
1,i+1 NP - 1
NP - i+ =
L —» S =S 2
1-1,1 \" WP - 1

1h



The heat balance equation for this node is

a dT,; S
PR = - T! —_— - n H
as (AxpicpiTi) AXpicpi @& " Pifpa (NP - l> gy a

U1
Sy () e S(L_e)T
i-31,1\ X | i+l Piq NP - 1 i+1

1
NP - i+ 3
AT . ' : 2) (15)
- =) . - S\—————/ 1!
ki,i+l<AX> Ry Cp, Ty = PiCp, ( NP - 1 5
i1 i
Rearranging yields
1 1 1
X, X T mglcpl+AX PSSR AX
gki—l Eki 2ki—l 2ki 2ki 2ki+l
o E
_ ik
1
+o.c S Forre + p.c 2K c 5 7!
plp. NP -1 pip.Ae plp. NP - 1)1
i 1 i
. N (- 1- )
AX AX Pi+1%p NP - 1 i+1
ok. T 2k L
i+l
AX .
= —QiCPi -A—eTl - mgin (153)
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The physical model for an interior node in the virgin material is

- 51,1+1%, SIS

S IEL L

K gy
i-1,1 \AX

L ()
i 7 i,i+1 \AX

_ .M-i-%
S, TO\TP - 1

[xp - 1+ 2
. =g______2_>
i-1,1 NP - 1

The heat balance for this nonablating node is

e

s
<AXpicpiTi) =8Xpse, F@ T picpiTi (NP - 1)

.1
=k AL + p c S <§E—:—j;:—g> T' -k £L
1-1,1 \ AX i+l Piiq NP - 1 i+1 i,1+1 \ X

. <N‘P- i+§> '
" P S\ T /T (16)
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Rearranging,
1 N 1 + 1
A A A |17 | XX, X
2ki_l 2ki 2ki—l 2ki 2ki 2ki+l
1 e
NP - 1 4+ = . o Bl B
: 2 AX IS ' et
+ picp S( S )+picp. 5 - pic:p (—-—-——NP = l) Ti Y |
i i i
1
NP - 1 - %
1 & H JAV:S
+ |———— + p, .cC ES(——————————) T =-p,c =—T
X + AX i+l Piiq NP - 1 i+l i'p,; A 71 (16a)
2k 2k,
i i+l

The physical model for the last node in the ablation material and first node
in the backup structure is

J J+1
-

AT i+1,3+1
k. e
i-1,3 (A}()
1,3
2 >
: 2
=8
Sl-l,l NP - 1
1 1
For this interface, T =T

1,3 i, 5+
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The heat balance equation for this node is

AX
d J J+1
-—= |[\—== 0. .cC +e—z—C P, . T,
de < 2 i, J pi,j 2 Pi,j+l l,J+l> i

AX.P. .C + AX, ] P, . 4am .
( il O Il W 1 Mﬂ) L1 (m S ) ,
- e | ——— c p T
pl .

- 2 g~ 2 -1/ p; 1,374
2
? )
AT : 2 1 AT
= =0 —_— - — 1
ki1, 3 <AX> °p; P, P\ - 1/ T T B (X an
1,35 »J it+1, 1
Rearranging yields
1 T _ 1 + 1
X NX i-1 X X AX, JAV.ON
= . 5 J Jd__ 4 J Jtl J+l
. . k 2k 2k
1_1 1 -— 3 I .
5 d 5 d i-1, Eki, i,J+1 2ki+l,j+l
.p. .C + AX, . .
Ji,J o, . J+l P, . p1,J+l
+ l}J . 1}J+l III’ 3 l T]
2\ i .
o i AXj+l . AXj+l i+l
2ki,j+l 2ki+l,j+l
JAV. Q¢ p, . + X, .c p. .
=_( Sl U0 B ki 5 N J+l> T
\ 2A0 i

(17a)

The backup structure may contain up to a maximum of 12 different materials

with or without air gaps between materials. Therefore, conduction or radiation
and/or convection between materials is allowed. The heat balance equations for
the various modes of heat transfer in the backup structure are presented in

the following equations:

18




(1) Interior node material:

-1 ) |7y - ) .
i-1,] i,J _ 1,J i+1, =p c _J T - T (l8)
N X AX X i, p, .49 i, i,
J ¥ J J_ ¥ J i,
2k, . 2k, . 2k, . 2k, .
“ -1, 1,J 1,4 i+, J

Rearranging, equation (18) becomes

_ l Tl - / I l + . l
AXJ. AXj i-1,3 AXj AXj AXJ. AXj
+ + +
2k . 2k, . 2k 2k. .
2k1-l,j gkl,J i-1,] i,d i,3 i+1,J
AX- l '
— + T, .
*Pi,%., . BB )Ti,3 X, X 1+1, ]
1’J J +
iy T
= -p — Ti (182)

(2) First and last nodes of two interior materials with no gap:

1 1 1 1
(Tifl,j - Ti,j) (Ti,j+1 - Ti+1,j+1>
- X

NG NG NG .
J + g g+l + J+1
Qki-l,j 2ki,j 2ki,j+1 2ki+1,j+l
. .C ANX, + P, ., -¢C X,
1,3 ps & d 1,341 p,y .4 ¥
- . 1,0 Lsd R, | (19)
2 AA i, i,
For this T, . =T,
r is case, 1,3 =T 5
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Rearranging, equation (19) becomes

1 o ) 1 + 1
AX, AX, \7i-1,) AX X, AX AX,
Jd__ . J Jd . J Jrl Jtl
1,5 g i,y PR,y g T ga
P, .o X+ p. .. .cC X, ]
i s i,j+17p. . +1
. < 2J Py 5 I p3V1TDy s d > -
2 A9 153
1 1
+ T, .
AXj+l . AXj+l i+l, 3+1
2k 2

1,541 ZFia1, 501

T

P. .C X, + c P, ., X,
_.< 1,025 50 J 0 Py g 10FL J+1>
1,4

2 /NP
(19a)

(3) First node of interior material with an air gap between materials:

g * b

! t 1 1

hj<Ti-l,j - Ti,j+l> R R R N 5 I R I TS
e

3 G5
1 t p., ...C VAV
Ty 501 " Ti+1,jf1 _ 1,3%1 Pi,j+1 g+l o T
AXj+l AXj+l 2 A8 i, j+1 i,J+1 (20)
ok *

1,341 Zaen, g

Equation (20) may be linearized by using the approximation

. 3t L

T ~ ypoT' - 37

a8 discussed in the Program Description section.
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Therefore, rearranging and linearizing, equation (20) becomes

_ _W —
) hoTo |
_— °Ti-1,j o In + i,J+l
(4
i €5 T €5 %

. :,4C .
. 1 N i, g+l pi,j+l J+l "
AXj+l ij+l 2 N0 i,j+1
+
2ki,j+l 2ki+l,j+l
P, .,-C .
. a1 ' B i,j+1 pi,j+l J+l
AXJ.H_ N AXJ+1 i+1, j+l 2 A8 i, 341
2ki,j+l 2ki+l,j+l
30 L Iy (
- T _ 20a)
;L__+ 1 1 i, J+l Ti—-l,j
€
i S

(4) Last node of an interior material with an air gap between materials:

Tl - Tl )
i-1,J Ll _n -
X, AX A1, 9 i,3+1

J J
%, . . | Pk, .
i-1,J 1,d
lt n P1,5%. 753
- 9 A A - I (21)
E;_+ 1 1 i,d i,J+1 2 A8 i,d i,d
€, .
J J+l
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Rearranging and linearizing, equation (21) becomes

1 I 1 hot]
! .- h, o+ . + =2
AXJ, AXj i-1, J AXj AXJ 1 + 1 1
+ + e, e,
2K, 2K K, 2 ;o S
- .
p. .c X, GT5
. i,d Pi:zj,__,J . . ho+ i,j+1 o
2 A6 1,3 S ST Y | I T
5 Syl
5 4C .
_ e 75 BN 30 AVES oY
2 AD OSSR I (e VS R B
€. €,
3 J+l
(21a)
(5) Final node in backup structure:
(a) Adiabatic surface —
' _ t pi J.Cp JAV.ON
i-1,] i, = > i,J J T - T (22)
AXJ. AXj 2 A i,J i,J
2k, . * 2k, .
1-1)3 1,J
Rearranging, equation (22) becomes
1 1 1
A%, AL, \Ti-1,3 AX. AX.
i o, i
ok .. 2k, 2k, . . & 2k, .
i-1,3 i, i-1,3 i,
P1,5%; ;3 1,3%, .23
I 0% o 7 "1, 7 (222)
2 N8 i,J 2 AP i,J
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(b) Radiation and/or convection loss to cabin enviromment —

- T!
i-l’j i’j - h Mt - T
X, AX, env \ "1,] env

J + J
2k. . 2k, .
i-1,9 i,J
. .cC NX,
F T'lL ™ Sk P15 9 (o, T (
~ fenv® \T1,5 T Tenv) 2 B (Lj- iJ) (23)

Rearranging, equation (23) becomes

1 ) 1 >
AX, X i-1,3 env © X AT FénthT 53
_a i, 0
2k, . 2k 2k, . 2k
i-1,3 1,4 i-1,3 1,d
P. .C . C
I T P1,5%; 0
+ 2 T! | 2 —
2 AS i, 2 AP i,
4 4 >
" Bonvleny ~ Fenv® <3 i, * Teny) (232)

Discussion of Assumptions

A brief discussion of several assumptions and approximations made in
deriving the heat balance eguations is now presented.

Ag shown in the Derivation of Equations section, transient heat con-
duction, thermal degradation, and the flow of the gaseous products from the
reaction zone are the internal thermal transport phenomena of interest.
Several methods are available in the treatment of the thermal decomposition
process, and they differ primarily in whether the chemical decomposition
occurs in a single plane at a fixed temperature or whether a spacially contin-
uous decomposition in depth is assumed. This analysis assumes that the decom-
position from the virgin to _the char state occurs in a reaction zone that is -
defined by known temperature limits. These temperature limits are determined
from thermogravimetric test data For the particular material being investigated.
Figure 3 is a thermogravimetric curve for typical charring ablation material.
From this curve, the rate of pyrolysis mg is calculated by knowing the
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temperature change of a particular node with time, that is,

pl - p,
.1 i
Py =R (24)
and
NP .
i

This method of computing the gas-generation rates and local instantaneous
density may be subject to error since the thermogravimetric curve of a
material is influenced by temperature rise rate (deg/sec), and the reaction
zone may shift up and down the temperature scale. This error can be elim-
inated by the use of an Arrhenius expression of the form

E

dp TRT

a5 = A - pc)ne

(26)
The method now being used in STAB II (equation (25)) to calculate the pyrolysis)
ate is being investigated to determine its validity.f The final formulation

of the pyrolysis rate law must rest heavily on the experimental rate data for
the material under investigation. The use of simple expressions such as
equations (24) and (25) may be entirely adequate, depending upon activation
energy for the decomposition process and order of reaction.

The aerodynamic heating input in the analysis consists of convective

and radiative components treated separately. This distinction is necessary
since the convective heating can be significantly reduced as a result of the
injection of the ablation gases into the boundary layer, with generally no
effect on radiant heating. Reduction in the convective heating rate can be
approximated by the following expression (ref. 6):

2 block = ﬂﬁg(HT - Hw) (27)

Therefore,

HT B H'w
Loviow - Tow Hy - HEOO " Yy1ock (28)
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However, equation (28) is unsatisfactory for high blowing rates, since q block

can become greater than ch. An experimental curve of blocking effectiveness

Je,blow BBy
¥ o= a as a function of the mass transfer parameter > can be em-
cW cwW

ployed to determine the heating reduction at high blowing rates. Both methods
have been employed in the STAB II analysis. Equation (28) is presently in use.

However, no satisfactory method for accurately predicting the convective heat
blockage has been determined.

Another source of heating is the combustion of the ablation products in the
boundary layer. Reference 7 presents an analysis of the oxidation of a carbon
surface and the resulting combustive heating. The heating due to combustion as
derived in reference 7 is

qcomb = mb AHc (29)

where AHC is the heat of combustion per unit weight of char.

The thermal properties of the ablation material are both temperature and
state dependent (fully or partially charred). Figure 4 is an illustration of
the variation of these properties with temperature and state. The thermal prop-
erties are assumed to vary as follows:

=
(1) Char zone (Ti Tchar)
k, = f (temp)
c = £ (temp)
D (temp
pc = constant

. < < i
(2) Reaction zone (Tabl T Tchar)
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(3) Virgin zone (Ti<: Tabl)

p. = constant
v

k =f (temp)

c. = f (temp)

Py

The calculation of char removal, due to chemical, thermal, or mechanical
mechanism or a combination of these mechanisms, has been examined by a multitude
of Investigators and numerous correlations exist, depending on the specific
material involved.

To provide a maximum degree of flexibility for analyzing both ground and
flight test data and synthesizing trajectories, the following provisions for
char removal (surface movement) are provided:

(1) Removal of char as a function of surface temperature.
(2) Removal of char at a rate which is a function of time.

As the char is removed, the surface moves with respect to a coordinate fixed
in the material. The distance between the initial surface location and the

char surface is
e .
S =~/P S a6
¢}

ANALYSTS VERIFICATION

As discussed in the previous sections, approximations and assumptions
were made in the analytical model to afford a quick and accurate solution
in predicting the thermal response of a charring heat shield. These
simplifying assumptions and approximations are expected to introduce only
minor errors; however, the validity of the analyses and resultant accuracy
can be judged only by a comparison with exact theoretical solutions and
experimental data. Three examples have been selected, and a comparison
of the STAB IT results with the theoretical and test data is discussed in the

following paragraphs.

An elementary transient heating example was chosen to demonstrate the
accuracy and numerical stability of the STAB II program. A steel slab
6 inchgs thick was selected and assumed to be at uniform initial temperature
of 460° R (0° F). The thermal properties were considered constant. The
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front surface was subjected to a heating rate of 72 Btu/fte-sec, and an
adiabatic back surface was assumed. Figure 5 shows a comparison of the
STAB IT calculated in-depth temperatures as a function of time with the
exact solution taken from reference 8.

To demonstrate the STAB IT solution with a moving boundary, a slab with
constant properties, uniform initial temperature, front surface moving with
a constant velocity, and constant surface temperature was chosen. The exact
solution for a semi-infinite slab with these boundary and initial conditions
is presented in reference 9. Figure 6 presents a comparison of the STAB IT
temperature response with the exact solutions. As can be seen from this
figure, the two solutions are not in agreement for approximately the first
50 to 60 seconds of the transient. This disagreement is the result of the
quasi-steady state assumption made in the exact solution analysis.

dT aT) .
_— = O; e = Spc_ AT
[(ae) £=0 | x-0 P ]

A calculation was made to estimate the induction time (time at which 9T =0

09
is a good assumption) and found to be approximately 60 seconds, which is in
agreement with the STAB II results.

Finally, to verify the fully charring ablation model, an example of a
typical charring material was chosen. (See the sample problem in appendix A.)
The charring ablation material is initially 1.6 inches thick with an adiabatic

back surface and a constant heat flux of 95 Btu/ft2~sec applied to the front
surface. The surface is assumed to recede at a constant velocity of

5.05 x lo_iin./sec. Figure 7 presents a comparison of the in-depth tempera-
tures with actual test results obtained in an arc tunnel. The results are in
good agreement, with the largest deviations between calculated and measured
values occurring for the thermocouple located at a depth of 1.0 inch. The
disagreement could be attributed to several possible errors: thermal property
values, incorrect location of thermocouples, et cetera. The effect of varying
the thermal properties (thermal conductivity, specific heat, et cetera) is
presently being investigated.

Tables I and II present the input and output data used for this example.
Figures 8, 9, and 10 are the resulting plot routine output.

The comparisons between the computer results and the exact solutions and
test results are considered satisfactory.
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CONCLUDING REMARKS

An analysis and a computer program for predicting the transient thermal
response of a charring ablation thermal protection system has been described.
The numerical formulation of the equations is such that an implicit solution
is obtained. This method of solution affords both a rapid and accurate solu-
tion for both ablating and nonablating type problems.

Provision is made in the program for a number of surface boundary condi-
tions. These provisions allow efficient use of the program for analyzing both
ground and flight test data and trajectory synthesis.

The computer program has been checked out with both exact solutions and
actual ablation test data. The numerical results are in good agreement with
the exact solutions and test data. However, the analysis depends upon using
good property values, and some effort must be expended in obtaining the best
possgible thermal properties.

Manned Spacecraft Center
National Aeronautics and Space Administration
Houston, Texas, November 1, 1965
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APPENDIX A

SAMPLE PROBLEM

The following sample problem is shown to indicate the form of the data
input and the program output. A typical charring material subjected to a
constant heating rate as experienced in an arc tunnel is presented. The fol-
lowing is a sketch of the model:

l ch = 95 Bhu/ftg-sec
ABLATION T
1.5 in.
MATERIAL l
! Tnsulation B 0.1 in.
[]
Adiabatic

The various material properties and dimensions are shown in the program
output of Table IT. The insulation is assumed to be ablation material for this
problem. The problem coding sheet and subsequent data card listing are shown
in Table I. The initial temperature of the structure was assumed uniform and
equal to 530° R (70° F). Figures 8, 9, and 10 are the output data obtained
from the plot routines.
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APPENDIX B
PROGRAM USAGE INSTRUCTIONS

IBM 709&/#0 program FO021, standard ablation program, designated STAB TIT,
1s designed to evaluate the transient thermal performance of a charring ablation
heat protection system. The program considers one ablating material and up to
12 different materials in the supporting backup structure. A maximum of
50 nodes may be considered in the ablation material, and a maximum of 10 nodes
per material is allowed for each backup structure material. Ailr gaps can be
considered between successive materials in the backup, thus allowing for
both radiative and/or convective heat transfer between materials. The heat loss
to the cabin enviromment from the backup structure can be accomplished by both
radiation and/or convection, or an adiabatic backface surface may be prescribed.

Unless otherwlse specified, the input problem data are in "floating
point" form (E12.8 format) and must end in columns 12, 24, 36, 48, 60, and T72.
It i1s suggested that each floating point number have a sign, a two-digit
exponent, and a decimal point. For example, the number 145.23 can be written
as +1.4523 +02, +145.23 +00, or +.1L4523 +03.

Input Nomenclature

The nomenclature used in the problem data input is as follows:

NCASE number of problems to be run successively

HEAD any 72 alphabetical and/or numerical characters

TITLE control card for reading in new input for successive
problems

1. blank card — new data will be read in

2. 8Six asterisks in columns 1 to 6. Skip to
next read statement

TLITM tlme 1imit of problem, sec
TINT starting time of problem, sec
NPT nunber of points in time—step table (the minimum
value of NPTT is 2)
NPLGT output plot control
=1 plot routine will be used
=0 plot routine will be ignored
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TTABLE

DELTT

IPRC

FCPNV
FRAD

TABL
TCHAR

TREC

RHPV
RHGC

FBLW

EMC

H300

v

VPT

FV

v

time in time-step table, sec

time step to be used for each calculation — starting
at time TTABLE, sec

variable print frequency in TTABLE table; that is, if
DELTT = 1.0 and TPRC = 10, the output will be printed
at 10—second intervals

factor to correct convective heating rate for various
body locations

factor to correct radiative heating for various body
locations

temperature at which ablation starts, °R
temperature at which ablation stops, °R

surface temperature, OR, or time at which char removal
is to start, sec

density of virgin ablation material, lb/ft5

density of mature char material, 1b/ft”

blowing efficiency of ablation gases in reducing convective

heating
emissivity of virgin ablation material
emissivity of charred ablation material
enthalpy of air at 500O K, 129, 06 Btu/lbm
initial thickness of virgin ablation material, in.
heat of degradation of virgin material, Btu/lbm

test to determine if the reaction zone and char zone
thermal properties are irreversible with temperature

properties are irreversible and equal to the value at
the maximum individual node temperature (this is the
recommended value for VPT)

properties are reversible

view factor for external environment

. . o
sink temperature of external environment, R




CHARK

CHARC

ABLC

NCEV

NREC

TCPC

CPC

TCPV

CFV

s

thermal conductivity of material at TCHAR, Btu/ft-hr—R
specific heat of material at TCHAR, Btu/lbm- R

thermal conductivity of material at TABL, Btu/ft-hr— R
specific heat of material at TABL, Btu/lbm— R

number of node points in ablation material

number of points in char thermal conductivity — temper-
ature table

nunber of points in char specific heat — temperature
table

nuber of points in virgin thermal conductivity —
temperature table

number of points in virgin specific heat — temperature
table

number of points in surface recession — temperature or
time table

temperature values in char thermal conductivity —
temperature table, ©R

thermal conductivity values in char thermal conductivity —

temperature table, Btu/ft—-hr-°R

temperature values in char specific heat — temperature
table,

specific heat values in char specific heat — temperature
table, Btu/1bm—"R

temperature values in virgin thermal conductivity —
temperature table, °R

thermal conductivity values in virgin thermal conduc—
tivity — temperature table, Btu/ft-hr—°R

temperature values in virgin specific heat — temperature
table, °R

specific heat values in virgin specific heat temperature
table, Btu/1bm-°R

o . .
temperature, R, or time, sec, values in the surface
recession table
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SR

TIME

QPN

VEL

NPBS
BL

XNPM

NCPB
XIDNT

TXK

TCP
CPX

RuFBX
XBM

EMEB

surface recession values in the surface recession -
temperature or time table, in./sec

number of time points in the trajectory input table
the array of (NTRAPT) trajectory time values, sec

the corresponding array of cold wall convective heating

rates, Btu/ftzisec

the corresponding array of radiative heating rates,

Btu/ftg-sec
the corresponding array of flight veloeity, ft/sec
number of materials in backup structure
total number of node points in backup structure
total thickness of backup structure, in.

number of nodes in each individual material in backup
structure

number of points in each individual backup structure
material thermal conductivity — temperature table

number of points in each individual. backup structure
material specific heat — temperature table

any T2 alphanumeric characters used to describe each
individual material in the backup structure

temperature values in backup material thermal conductivity -
temperature table, CR

thermal conductivity values in backup material thermal
conductivity — temperature table, Btu/ft—hr—°R

temperature values in backup material specific heat —
temperature tables, °R

specific heat values in backup material specific heat —
temperature tables, Btu/lbm-°R

density of individual materials in backup, lb/ft5
thickness of individual materials in backup, in.

emissivity of front surface of each material in backup



L

EMBB

GAPX

FTEST,
BTEST

TENV

HENV

FENV

QL@SS

TEMPT

TXP

TEMDT

emissivity of back surface of each material in backup

£ilm coefficient between adjacent materials in backup,
Btu/Tt°-hr-CR

width of gap between adjacent materials in backup, in.

tests to determine the mode of heat transfer between
materials for the front and backface of each material
respectively

conduction only between materials

convective heat transfer only

radiation only or radiation and convection heat transfer

. . . . o
temperature of interior cabin environment, R

film coefficient to interior cabin environment,

Btu/ft°-hr-R

view factor and emissivity product for radiative heat
transfer to cabin interior

boundary condition between last node of the backup
structure and cabin environment

adiabatic surfaces
radiation and/or convective loss

determines the proper heat shield initial temperature
distribution

constant, uniform initial temperature distribution
arbitrary initial temperature distribution
linear temperature distribution

temperature to be used when constant temperature
distribution option is used, R

initial temperature at front surface of heat shield to
be used in computing initial linear temperature

gradient, °r

arbitrary temperature digtribution values, to be used only
1f TESTZ2 is negative, R
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NHP number of points in enthalpy — temperature curve fit

HX enthalpy values in enthalpy — temperature table,
Btu/lbm

™ corresponging temperature values in enthalpy — temperature
table, R

Input Data Card Preparation

The input data are given in the following order. IFach number in the fol-
lowing listing refers to a separate record and must begin on a new data card.
The input data have been grouped, where possible, into various sections dealing
with a particular part of the input, that is, ablation material properties,
trajectory data, backup structure, et cetera. This grouping permits the use of
a minimum number of input cards for running successive problems. The title
card as described in the input nomenclature controls the input for successive
problems.

1. The first data card contains the value of NCASE. NCASE is an integer
(I5 format) and must end in column 5. This card tells how many problems are to
be run and is entered only once at the start of the data deck.

2. Columns 1 to 72 of the second data card contain any title or identi-
fication information desired; any alphanumeric character may be used. This
card 1s printed at the top of the first page of the output. This card must be
included in all successive problems to be run.

(a) Problem time section

3. TITLE card — if blank, cards L and 5 must be submitted. If six aster-
isks are punched in columns 1 to 6, skip to record number 6.

4. This record contains, in the following order, TLIM, TINT, NPTT, and
NPL¢T. TLIM and TINT are entered as floating-point numbers and must end in
columns 12 and 24. NPTT and NPLYT are integers entered with an IS format and
must end in column 30 and 35.

5. Start entering the values of TTABLE, DELTT, IPRC, TTABLE and DELTT
are floating-point numbers and must end in columms 12 and 24. IPRC is entered
as integer with an I5 format and must end in column 30. Use as many cards as
required to enter NPTIT values.

(b) Heating rate factors section

6. TITLE card - if blank, card 7 must be submitted. If six asterisks are
punched in columns 1 to 6, skip to record number 8.



7. Enter the FCPNV and FRAD. These numbers are entered as floating-point
numbers and must end in columns 12 and 2.

(c) Ablation material section

8. TITLE card — if blank, cards 9 to 18 must be submitted. If six aster-
isks are punched in columns 1 to 6, skip to record number 19.

9. HEADNG card — any alphanumeric characters in columns 1 to 72. Records
9 to 18 contain input data for the ablation material.

10. Enter TABL, TCHAR, TREC, RH@V, RHFC, and FBLPW. These numbers are
entered as floating-point numbers (6E12.8 format) and must end in columns 12,

24, 36, L8, 60, and T2.
11. Enter EMV, EMC, H300, VL, HV, and VPT. Use the same format as card 10.

12. Enter FV, TV, CHARK, CHARC, ABLK, and ABLC. Use the same format as
card 10.

13. This card contains, in the following order, NP, NKC, NCPC, NKV, NCPV,
and NREC, These numbers are fixed-point integers and must end in columns 5,
10, 15, 20, 25, and 30. An I5 format is used to read in these numbers.

14. Start entering the curve of TKC versus XKC, with the values of TKC
ending in columns 12, 36, and 60. The corresponding values of XKC must end in
columns 24, 48, and 72; for example, three TKC-XKC points are contained on one
card. The numbers are entered as floating-point numbers. Use as many cards as
required to enter NKC points on the curve.

15. Start entering the curve of TCPC versus CPC with the values of TCPC,
ending in columns 12, 36, and 60. The corresponding values of CPC must end
in columns 24, 48, and 72; for example, three TCPC-CPC points are contained on
one card. The numbers are entered as floating-point numbers. Use as many
cards as required to enter the NCPC points on the curve.

16. Start entering the curve of TKV versus XKV with the values of TKV
ending in columns 12, 36, and 60. The corresponding values of XKV must end in
columns 24, 48, and 72; for example, three TKV-XKV points are contained on one
card. The numbers are entered as floating point. Use as many cards as re-
quired to enter the NKV points on the curve.

17. Start entering the curve of TCPV versus CPV with the values of TCPV,
ending in columns 12, 36, and 60. The corresponding values of CPV must end in
columns 24, 48, and 72; for example, three TCPV-CPV points are contained on one
card. The numbers are entered as floating point. Use as many cards as re-
quired to enter NCPV points on the curve.

18. Start entering the curve of TS versus SR with the values of TX, ending
in columns 12, 36, and 60. The corresponding values of SR must end in columns
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24, 48, and 72; for example, three TS-SR points are contained on one card.
The numbers are entered as floating point. Use as many cards as required to
enter NREC points on the curve.

(d) Trajectory data section

19. TITLE card - if blank, cards 20 to 22 must be submitted; if six
asterisks are punched in columns 1 to 6, skip to record number 23.

20. HEADNG card - any alphanumeric characters in columns 1 to 72. Records
21 and 22 contain trajectory input data.

21. Enter NTRAPT. This number is an integer and must end in column 5.
An T5 format is used to read in this number.

22. Start entering the trajectory data in the following order: TIME,
QCPN, QRAD, VEL. These values are entered as floating-point numbers and must
end in columns 12, 24, 36, and 48. There are four trajectory data points on
one card. Use as many cards as required to enter NTRAPT points in the tra-

Jjectory.
(e) Backup structure section

23, TITLE card - if blank, cards 24 to 31 must be submitted; if six
asterisks are punched in columns 1 to 6, skip to record number 32.

24k. ZEnter NMB, NPBS, and BL. These three values must end in columns 5,
10, and 24. NMB and NPBS are integers and are read in under an I5 format. BL
is a floating-point number.

25. Enter the values of XNPM. XNPM is in floating-point form and must
end in columns 12, 24, 36, 48, 60, and 72. Use as many cards as required to
enter NMB points.

26. Enter the values of NKPB and NCPB. These numbers are integers and
NKPB must end in columns 5, 15, 25, 35, and 45; and the corresponding values of
NCPB must end in columns 10, 20, 30, 40, and 50. An I5 format is used to read
these values. Five NKPB-NCPB values are contained on one card. Use as many
cards as are required to enter NMB points.

27. XIDNT card - any alphanumeric characters in columns 1 to 72. This
card contains a description of each backup material.

28. Start entering the curve of TXK versus XK with the values of TXK,
ending in columns 12, 36, and 60, The corresponding values of XK must end in
columns 24, 48, and 72; for example, three TXK-XK points are contained on one
card. The numbers are entered as floating point. Use as many cards as re-
quired to enter NKPB points on the curve.
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29. Start entering the curve of TCP versus CPX with the values of TCP,
ending in columns 12, 36, and 60. The corresponding values of CPX must end
in columns 24, 48, and 72; for example, three TCP-CPX points are contained
on one card. The numbers are entered as floating point. Use as many cards as
required to enter NCPB points on the curve. Repeat records 27, 28, and 29
until the properties for NMB materials have been entered. The maximum number
for NMB is 12.

30. Start entering the following values in order: RH¢BX, XBM, EMFB, and
EMBB. These values are entered as floating-point numbers (6E12.8 format)
and must end in columns 12, 24, 36, 48, 60, and 72. Use as many cards as
required to enter NMB points.

31l. Start entering the following values in order: H, GAPX, FTEST, and
BTEST. These values are entered as Tloating—point numbers (6E12.8 format)
and must end in columns 12, 24, 36, 48, 60, and 72. Use as many cards as
required to enter NMB points.

(f) Interior environment section

32. TITLE card — if blank, cards 35 and 34 must be submitted; if six
asterisks are punched in columns 1 to 6, skip to record number 35.

33. HEADNG card — any alphanumeric characters in columms 1 to T2.
Record 35 contains properties of environment.

34. Enter the following: TENV, HENV, FENV, and QL#SS. The values are
entered as floating—point numbers and must end in columns 12, 24, 36, and 48.

(g) Initial temperature section

35. TITLE card — if blank, records 36 and 37 must be submitted; if six
asterisks are punched in columns 1 to 6, skip to record 39.

36. HEADNG card — any alphanumeric characters in columns 1 to T2.
Records 37 and 38 contain initial temperature distribution input.

37. Enter TEST2, TEMPI, and TX. These values are entered as floating—
point numbers and must end in columns 12, 24, and 36.

NOTE: If TEST2 is a negative number, record 38 must be submitted; other—
wise, skip to record 39.

38. Enter the arbitrary temperature distribution values, TEMDI. These
values are entered as floating points with a 6E12.8 format. Use as many
cards as required to enter NP plus NPBS node points.

(h) Enthalpy - temperature section
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39. TITLE card — if blank, records 40 and 41 must be submitted; if six
asterisks are punched in columns 1 to 6, this is the last data card in the
problem input.

40. Enter NHP. This value is an integer and must end in column 5. An
I5 format is used to read in this number.

41. Start entering the curve of HX versus TW with the value of HX ending
in columns 12, 36, and 60. The corresponding values of TW must end in columns
24, 48, and T72; for example, three HX-TW points are contained on one card.
The numbers are entered as floating points. Use as many cards as required to
enter NHP points on the curve. Record 41 consists of the last data cards
required as input for a problem.

As many successive problems as desired may be run at one time by proper
input preparation. ©STAB II has been designed to save all input information
until it is changed by new input data. Therefore, the use of the TITLE
control card is very important when running more than one problem and using
the input data of previous problems. As shown, each input section starts
with a TITLE control card for determining whether new input data are to be
used. If any data are changed within a section, then all data cards required
for that section must be submitted.

STAB IT can also be used for solving one—dimensional transient heat—
conduction problems of nonablating materials. The following input parameters
must be adhered to:

1. TABRL must be greater than the maximum temperature expected during the
calculation. Also, TABL > TCHAR ) TREC.

2. The ablation material must be considered to be the first material
in the structure for calculation purposes.

3. The virgin and char properties must be inputed as described above
but can have the same values; that is, XKV = XKC, CPC = CFV, RH¢V = RH¢C,
et cetera.

The following dimensional statements and program limitations should not
be violated when preparing the input described above for ablating and non—
ablating structure:

1. All property tables can have a maximum of 20 points (i.e., a tempera—
ture and specific heat value constitute one point).

2. The surface recession table can have a maximum of 50 points (TS and
SR constitute one point).

3. The trajectory table can have a maximum of 300 points (TIME, QCPN,
QRAD, and VEL constitute one point).
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L, The ablation material can be broken into a maximum of 50 nodes. The
backup structure can consist of up to 12 different materials with a maximum of
10 nodes per material.

5. A minimum of three nodes per material (ablation or backup) must be
specified.

6. A minimum of two materials must be specified (ablation material and
one backup structure material).

7. Pure conduction only is allowed between the ablation material and the
Tirst material in the backup.

8. If any data input is changed in the Ablation Material Section on
successive problems, the Ablation Material Section data cards plus the
Tnitial Temperature Section data cards must be submitted.

Program Output Information

The computed results are available in two forms of output: tabular and
plot outputs. The tabular output presents the computed results in block
type form for each computation step as controlled by the print count control
number. As discussed in the preparation of input data, both the computational
time step and print control can be varied throughout the running of a problem.
Therefore, excessive printed output is avoided, and there is a considerable
savings in actual machine computation time. The plot outputs are printed
and plotted only when the entire set of problems to be run are completed.

Tabular output. — The program prints a listing of the data input para—
meters for identification of the problem and ease in identifying any input
mistakes. For stacked problems, the program prints only that input information
that is changed from the previous problem. The following calculated problem
output is printed:

1. Time, sec

2. Cold wall convective heating rate without blowing, Btu/ftg—sec
5. Radiative heating rate, Btu/ftg—sec

L. Velocity, ft/sec

5. Gas a-lation rate, 1lbm/ft°-hr

6. mmraMaﬁonrME,lmMﬂﬁJw

7. Total ablation rate, 1om/fte-hr

8. Surface recession depth from original surface, in.
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9. Hot wall convective heating rate without blowing, Btu/fte—sec

10. Temperature distribution in ablation material, °r

11. Temperature distribution in backup structure, °r

The temperatures printed for the ablation material are for fixed distances
from the original surface. These distances are calculated from the initial
ablation material thickness and number of nodes in ablation material. For ex-
ample

let
VL = 1.0 in.
NP = 11
then
VL
AX——N_]?—__]_:O.]'

The temperatures will be printed for X distances of 0, 0.1, 0.2, 0.3,
et cetera, from the original surface until the surface has receded beyond these
fixed distances at which time the node no longer exists and is dropped from
the printout. This is illustrated in the following way: let surface
recession = 0.26 inch. The first temperature printed then is the surface
temperature of the material, located 0.26 inch from the original material sur-
face. The following printed ablation material temperatures are for X dis-
tances of 0.3, 0.4, 0.5, ..., 1.0 inch.

The format for the temperature distribution printout is E16.5 with six
temperatures printed per line.

Plot output. — The plot output gives the following ablative material per-
formance parameters as a function of time:

1. Surface depth, in.

2. Bondline temperature between ablator and backup structure,oR

3. Two selected isotherm depths

These values are also printed in tabular form for ease in checking and

replotting of the results. The plotted curves contain all maximum and mini-
mum values of the parameters.

Ly




APPENDIX C

PROGRAM IN FORTRAN STATEMENTS

45



IBFT

S
C
C
C
C
c
Cc
c
Cc
C

3000
30014
3002
3003
3004
3005
3007
3008
3009
3010
3011

C MAIN

STRUCTURES AND MECHANICS DIVISION
THERMO=STRUCTURES BRANCH
THERMAL PROTECTION SYSTEMS SECTION

THIS PROGRAM DETERMINES THE PFRFORMANCE OF A CHARRING ABLATOR
ANALYSIS AND PROGRAM NEVELOPED Ry DONALD M, CHRRY *x ES32

NIMENSION ESAVEL1(3)»ESAVF2(3) ¢ESAVE3(3) -

DIMENSION TITLE(12) rHFADNG(12) 9 XIDNT(12,12)sTKC(20)9XKC(20),
1CPC(20) s TKV(2N) 9y XKV (20) » TCPV(20),CPV(20), TIME(300) ¢ QCON(300) ,
2QRAD(300) »VEL (300) » XNPM(12) s NKPR(12) ¢NCPR(12),TXK(20,12),XK(20s12)
3,TCP(20012) 9 CPX{20912) ¢ RHNOBX(12),XBM(12),FMFB(12) »EMBR(12)»HXX(12)
4,GAPX(12)FTFST(12)+,8TEST(12),TEMDI(200),TX1(200)oTX2(200),
5TX2T(10,12)» TUL1(200) , TUL2(200) s HX (501 » TW(50)» IR(50), IRI(50),
6IR2(50) » TUL(SN) s IFM(SN) »TY(200),A1200),R(200),C(200),N(200),
TR(50) yRHO(50) ,CP(50),DXR(12)yXKR{10912)+CPB(10,12) ¢ XMDG(50),
BYK(50),AB(10,12),BB(10,12),CR(10,12),DB(10,12),SR(10,12),
ORR1(10r12)»RB2(10+12),H(12)+S(50)sNPM(12)

DIMENSION TTUL (50) ¢RHOY1(50) »RHOY2(50) ¢ NRHO(50)»TCPC(20)

NIMENSION TIMFP(300),PRFS(300)sXC(50)sTX2C(50)¢XV(50),XNV(50)

NIMENSION TS(R0),SR(s0)

DIMENSION TTARLE(20),NELTT(20)»IPRC(20)

NIMENSION ASAVEL(3),ASAVF2(3),ASAVE3(3) yBSAVE1 (3)+BSAVE2(3),
1BSAVE3(3),CSAVEL(3) »CSAVE?(3),CSAVE3(3) sHFAD(12),

INSAVEL1(3) »DSAVE2(3) +NSAVF3(3)

DIMENSION XRA(30),YA(30)

COMMON TKC s XKC 2 TCPC+CPCo TKV XKV TCPV, CPV, XNPM, RHOBX » XRM» FMBR,
1FMFR o NKPE s NCPRy TXK s XKy TCP s CPX yNPMy GAPX s FTEST,RTEFST» TEMDT, TX1,
2TX2,TX2TyTUL, TUL1»TUL29» TRy IR1,IR2yA¢B,CrD+SsRsAR,RB)CR)DB+SB,
3RRBLIRR2¢ TY P RHOY1,RHOY2 s XMNGeRHO» CP o YKy XKR¢CPB,,DXR ¢ DT, XLOST
UTABLy TCHAR» TRFCrRHOV,RHOC ¢ FBLOWI» FMV  EMC yH3I00 s NKC,NCPC ,NKVs NCPV,
SNPYNMR yNPRS»NPFr TEST2, TEMPI s TX0 s TENV HENV s FENV» OLOSS, TLIM» TINT

COMMON 11,I2,13¢T4rI8,16,QIN)INT,DXeXMT»TLyVLBL,DMP,FRR1»ERR?
1FRR3yFRRU s HV,VPT, CHARK ¢ CHARC » ABLK 9 ARLC » XMDC o H

FORMAT (1246)

FORMAT (1Xs1246)
FORMAT(6E12,.8)
FORMAT(61K)
FORMAT(115)
FORMAT(215)
FORMAT(215+1F14.8)
FORMAT(///1X,12A6)
FORMAT(1H1,1X»12A6)
FORMAT(4E12,8)
FORMAT(2E12.,8,16,15,F13,.8/,E12,8)

3012 FORMAT(2E12.8,16)

L6

DATA PRVOUS/0545u54545450 /
REWIND 11

STOP=9999,
READ(S»3003)NCASE

LPLOT=0

JCNT=0

A0000
A0010
AD020
A0D3N
AOOUN
AQOSN
A00RD
AO0070
AQ0AR0
AQ09n
AO1INOD
A0110
AD12n
AO1I3N
AO140
AQ150
AD160
AD170
ACtR0
AO0190
A0200
A0210
AQ0220
A0230
AD24n
AOP5N
AD?6N
a027n
AQ28n
AQ29n
AO030N
AO031N
AD320
AO033n
AO34n
20350
A036N
AG370
AD38N
AQ39n
AQuno0
AQL41n
AQu2n
AQU30
AgLun
aAQ450
AOUGBN
AQUT7N
aouan
AQugn
A050D0
AQS1N
AQS520
A0530
A0S40
AG55N0
ADSAN



50 NK=1
11=2
12=2
13=2
T4=2
15=2
1622
117=2
INT=1
XLOST=0.,0
XMT=0,0
XMDT=0,0
FRR1=0,0
FRR2=0,0
FRR3=0,0
FRR4=0,0
ICT=0
ICONT=0
XMDC=0,0
NKP=1
Xt STV=0,0
NRS=2
FRRS5=0,0
TPCT=0
1CTP=0
1PLOT=1
NXAZ=1
NXB=1
NXC=1
NXD=1
SAVY3==100,
SAVY4YX==100,
SX0z0,0
sNOT=n,.0

GFNERAL TITLF OF PRORLEM
100 READ(5/,3000) (HEAD(K),K=1,12)

WRITE(6¢3009) (HEAD(K) ) K=1:12)

LPLOT=LPLOT+1

WRITE (11)(HEAD(I),Iz=1,12)

WRITE(6¢110)
110 FORMAT(//1X»11HINPUT DATA.//)

READ(5,3000) (TITLE(L)»L=1+12)

TF(TITLE (1) .FN.PRVOUS) GO TO 150

READ(Ss3011)TLIM, TINT,NPTT,NPLOT, DMP, TOMP

RFAD(5»30312) (TTABLE(T)DFLTT(I),IPRC(I),TI=1,NPTT)

T=TINT

NTS=DFLTT (1)

DT=DELTT(1)/300.0

WRITE(60120) TLIMeTINT,MNPYT
120 FORMAT(1HN»11HTIME LIMIT=/,1PE10.,us4Xs13HINITIAL TIME=,1PF10.4,4X,5

1HNPTT=0 14)

WRITE(6,122)
122 FORMAT(//8Xs4HTIME» 10X OHTIME STFP.6Xy 13HPRINT CONTROL)

WRITE(60124) (TTARLE(T)»DFLTT(I),IPRC(I),I=1,NPTT)
124 FORMAT(SXs1PE10.4 96X 1PE10.4U,9X»14)

A0S70
40580
A0590
A0600
A0610
40620
40630
AO64D
A0650
AD6RN
A0670
A0680
A0690
AD700
a0710
AO720
AO730
AO740
AQ0750
20760
AOT70
20780
AD790
A080N
ADR1N
A082n
AOASN
AOBUYN
A0850
AOBAN
AORTN
a088N
A0890
A0900
A0910
A0920
AQ93D
A09un
AQ9SN
A0960
AD97N
A09BN
20990
AL1000
Al101N0
Al1020
A1030
ALO4N
A1050
A1060
ALO7N
AL1080
A1090
AL100
Af1110
A1120
A1130
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150

155

200

210

220

221

222
223
224
225
226

227
228

230

LOCATION FACTORS FOR CONVECTIVE AND RADIATIVE HEATING
READ(5¢3000) (TITLE(L),»L=1+12)

IF(TITLE (1) ,e0.PRVOUS) GO TO 200

READ(5,3002) FCONV,FRAD

WRITE(6+155) FCONV,FRAD

FORMAT (1H0» 6HFCONV=,1PE12,5+ UXSHFRADZ, 1PF12,5/)

PROPERTIES OF ABLATION MATERIAL

READ(5+3000) (TITLE(L)»L=1,12)

IF(TITLE(1) ,EQ.PRVOUSY GO TO 300

READ(S,3000) (HEADNG(K) yK=1012)

RFAD(S593002) TABL»TCHARyTREC)PHOV)RHOCFRLOW,FMV ,EMC,H300ny VL ,HV,
1VPTsFVe TV CHARK s CHARC . ABLLK ¢ ABLC

RFA (5+:3003) NP¢NKCeNCPC,NKV¢NCPV,NREC

READ(5¢3002) (TKC(K) o, XKC(K) »K=1oNKC)

READ(5,3002) (TCPC(M),CPC (M), ,M=1,NCPC)

REFAD(593002) (TKVIL),XKV(L)sLZ1p)NKV)

READ(5¢3002) (TCPV(N) ¢CPVIN) ¢N=1,NCPV)

READ(5»3002) (TS(I)sSR(T)»I=1,NRFC)

WRITE(6»3008) (HFADNG(K) K=1,12)

WRITE(6r210) TABL»TCHARy TREC,RHOVRHOC)FRIL.OWsFMV,EMC,H300» VL yHV,
1VPT»FVTVsCHARK y CHARC » ABL K ARLC

FORMAT(1HO » SHTABLZ»1PF12,.5+ 3Xy6HTCHAR=»1PF12,5,3X»SHTREC=» 1PE12,5,
13X SHRHOV=»1PF12,.5» 33X SHRHOC=9y1PF12,.5,21%/1Xs6HFBLOWZ ,1PF12,.5,4X,4
2HEMV=, 1PE12,5, 4 X  UHEMC=» 1PEL12,5¢ 3X s SHH300=» 1PFL12,68/95Xy 3HVL=» 1PE12,
35/uX s ZHHVS P IPF12 . 508X s UHVPTZ s 1PF12.5985X e 3HFV=p1PF12,5, 5%, 3HTV=» 1PE
1312.5¢2X 0 6HCHARKZ y 1PF12,5/1 X 6HCHARC= ) 1PE12.5,3X»5HABLK=»1PE12,5,3X
2,5HABLC=»1PF12.5/)

vLIzvL

vi.=VL/12.0

vLVEVL

WRITE(69220) NPyNKCyNCPCNKV NCPVNREC

FORMAT (2X s SHNP=» 1 T4 o uX o UHNKC= g 1 TUu s 4Xy SHNCPC=y 1 T, UX o UHNKY= o 1 Tl o Xy
15HNCPV=»114,4XsSHNREC=,»1T148)

WRITE(6¢221)

FORMAT(/32X» 1SHVIRGIN MATFRIAL/20X» THTHERMAL » 38X, 8HSPFCIFIC/3Xe11H
1 TEMPERATURE p 4% 12HCONNDUCTIVITY s 19Xy 11HTEMPERATURF » 7X, UHHEAT)
KLLL=MINO (NKv,NCPV)

WRITE(69222) (TKVIL) ¢ XKV(L) e TCPV(L)»CPVIL) pL=1oKLLL)
FORMAT(2X»1PE12.,504X,1PE12,5+18%,1PEL2.5 »3X,1PF12.5)

IF(NKV=NCPV) 223,227,225

KLELL=KLLL+1

WRITE(69224) (TCPVIL) yCPV(L)L=KLLLL)NCPV)

FORMAT (48X 1PF12.5¢3%»1PF12,.5)

GO TO 227

KLLLL=KLLL+1

WRITE(69226) (TKVIL) XKV (L) oL=KLLLLyNKV)

FORMAT (22X 1PE12.524X,1PE12,5)

WRITE(6+228)
FORMAT (//33X, 14HCHAR MATFRIAL/20X, THTHERMAL » 38X, 8HSPFCIFIC/3Xs11H

1TEMPERATURE »uX» 12HCONDUCTIVITY ¢ 19Xy 1 1HTEMPERATURFE » 7X» tHHEAT)
KLLL=MINO (NKC,NCPC)

WRITE(60222) (TKCIL) ,XKC (L) »TCPCIL) »CPCIL) yL=1oKLLL)

IF (NKC=NCPC) 230,235,232

KLLLL=KLLL+]

WRITE(69224) (TCPC(L),CPC(L)sL=KLLLL,NCPC)

GO TO 235

Aliun
A1150

All160
AL170
Al18n
Al1190
A1200
A1210
ALr220
A1230
AL240
A1250
Al260
A127n0
Al1280
A1290
Al1300
A1310
A1320
A1330
Al3un
A135n0
A1360
AL3T7N
A1380
Al139n
Alupo
Alain
Ala2n
AlL430
Aliun
Alasn
Alu6an
Alu70
Alusn
ALLOO
Al1S800
A1510
A182n
A1530
ALS5un
A185n
A156N
A1S7n
Al1580
Al59n
Al600
Al610
Al620
A1630
Alé40
A1650
Al1660
ALRTO
AleAp
A1690
A1700



232 KLLLL=KLLY +1
WRITE(69226) (TKCIL) ¢ XKC (L) eL=KLI LLsNKC)

235 WRITE(602u40)

200 FORMAT(//28X,23HSURFACE RFCFSSION TABLE//25%, 1 1HTFMPERATHRE »AY»11H
1GR = IN/SFC)
WRITE(622u5) (TS(T)»sR{T)»I=1,NRFC)

245 FORMAT (24X 2 1PF12,.5¢ 7%, 1PF12.5)

PROPERTIES OF TRAJECTORY
300 RFAD(S,3000) (TITLE(LYL=1+12)

TF(TITLE (1) ,FO.PRVOUS)Y ¢ TO w00

RFAD(S,30N0) (HEADNG(L) ot =1912)

RFAD(5»3004) NTRAPT

RFAD(S5»3010) (TIMF(K),QCOM(K) ,QRAD(K) y VFL (K) e K=1,NTRAPT)

wRITE(6¢3008) (HEADNG(L),1L.=1,12)

WRITE(69310) NTRAPT
310 FORMAT(1HNe27H NO, OF TRAJECTORY POTINTS =,114)

WRITE (69 320)
320 FORMAT(//RXsuHTIMFo1RX, 12HN CONVECTIVE,uX,11HQ RANDTATIVE» 7X» 8HVELONC

177Y)

WRITE(60¢330) (TIME(K) ,QCON(K) ,QRADN(K) p VFI_(K) sK=1,NTRAPT)
330 FORMAT(1+uE14,5)

PROPERTIES OF BACK=UP STRUCTURE
4N0 RFAD(S,3000) (TITLE(L)»L=1,12)
IF(TITLE (1) ,FO.PRVOUG) GO TO %00
wRITE(6+410)
410 FORMAT(//710X,21H PROPFRTTFS OF RACKUP STRUCTURE/)
RFAD(S5,3U07) NMR,NPRq, Bt
KFAD (R, 3002) (XNPM(K) ,K=1,NMR)
READ(S,418) (NKPR(I),NCPR(I),T=1,NMR)
415 FORMAT(1UyTH)
NO 420 K=1,Nup
NPM{K)=XNPM(K)+0.0000Nn0N2
420 CONTINUE
WPITE(6r425) MMR,NPRg, Bt : :
425 FORMAT (/74X 935HNO, OF MATFRIALS IN BACK=UP SHIFLDz»114/4X,40HTOTAL
INUMRER OF NODFS IN RACK=(1P SHIELN=»1IUu/UXs28HTHICKNFSS OF BACK=LIP
2GHIFLN=v1PE12,5//)
RL=RL/12.0
NO 4yn I=1,NMR
LK=NKPB( L)
L CP=NCPR(T)
REFAD (S 315N0Y ((XIPNT(KeT))eK=1,12)
RFAD(Ss3UN2) ((TXK{JeT) o XK(J»T)) ,J=10LK)
READ(Ss3002) ((TCPIJ, 1), PX(JyI)) e Jd=1,LCP)
WRITE(6,u432) (XIDNT(K,I),K=1,12)
432 FORMAT(//712AR)
WRITE(6,u33)
433 FORMAT(//20X, 7THTHFRMAL » 38X » BHSPFCIFIC/3X, 1 1HTFMPERATURE »uX» 1 2HCOND
TUHCTIVITY 219X, 1 1HTEFMPFRATIIRE » 7X» UHHEAT)
KLLL=MINO (LK,t CP)
NO 434 N1 K1 L
WRITE(6¢222) (TXK(Ns 1) o XK(Ne IV o TCPIN,I)»CPXIN,I))
434 CONTINUE
JFLK=LCH) 438 )4ulol37
435 kLbLLL=KLLL+1

ALT71N
ALT72N
AL173n
AL7un
AL7SN
Al1T7AN
ALT7N
ALT7RN
Al179n
AlAQN
Al81N
ALR2N
ALR3N
Al1Run
A185n0
ALRGN
ALBT7N
AlAR8N
AL1RQN
AL1900
41910
Al192n
A1930
A19un
A19RN
A19AN
A19T7n
A19A8N
A199n
A2000
A2010
A2020
A203N0
A204N
22050
A204N
A207N0
A208N0
A2090
A2100
A211n0
A212n
A213n
A2140
A215n0
A21AN
A2170
A218N0
A2190
A220n0
a221n
A222n0
A2230
A22u4n0
A2250
A226N0
A227n
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20

NO 43/ NzKLLLLsLCP
WRITE(692224) (TCPINsT)sCPXINsT))

4%6 CONTIMUE

GO YO 44y
437 kibbLL=KbLLt +1

NO 438 N=wLb((l LK

WRITE(60226) (TXK(N»TY o XK(NyI))
438 CONTINUE

440 CONTINUE
READ(S,3002) (RHORX (L) s XRM(L) ,EMFR(L) JEMRR(L) yL=1,NMR)

RFAD(5,3002) (H{J) , GAPX (J) »FTEST(J) yBTFST(JY e J=1»NMR)
WRITE(6,450)
450 FORMAT(///55X s 10HEMIGSIVTITY/B8X)BHMATERTAL ¢ 5X» 7THNENSTITY,, 7Xs SHTHICKN
1FSSe» 7Yy SHFRONT 9 9X 0 UHBACK s 7X 9 1uHNODES/MATFRIAL /)
NO k60 LLJI=1,NMR
WRITE(6e455) LLJ,RHOBY(LLU) » XPM(LLJ) yFMFRELLJY yFMRB(LLJ) , XNPM(LLY)
us5 FORMAT(11X011108X-1PF1O.upuX-lPF1O.R-uX'lpElo.a:uX.lPFlO.u-GX.IPFl
1n.u/)
4R0 CONTINUF
WRITE(6¢465)
4FS FORMAT(//uXs6NHADNITTIONAL DATA FOR INNIVYDUAL MATFRIAIS TN RACKLUP
1STRUCTURE //11X s BHMATFRIAL ,5X s 16HFILM COFFFICIFNT,SX» 1 3HGAP THYICKNF
2SS BX»SHFTEST,» 13X SHRTEST)
Nno 48n Jd=1yNmn
WRITE(6,470) Jr  HD) s GAPX () ,FTFST(U) yBTFST(J)
470 FORMAT(15Xolt!vl?X'1DFln.u-9X.1PF10.uo7X.1PF11.“.7XvipE11.u/)

4AD CONTINUF

PROPERTIES OF ENVIRONMENT
500 RFAD(S,3000) (TITLE(L)sL=1,12)
TFATITLE (1) .FQ.PRVOUS) GO TO &00
RFAD(R,3000) (HEADNG(L) ,1.=10,12)
RFAD(S¢30u02) TENV,HFNV.FFNV QI 0SS
wRITE(6»3008) (HFADNG(L)Y,L=1,12)
WRITE(6:520) TENV,HFNV,FFNV,QLOSS
520 FORMAT(/uX s 12HTEMPERATURF=»1PF12 , 89 UX, 1THFILM COFFFICTIENT=,»1PF12,5
1,4X012HVIFW FACTORZ»1PE12,5¢4X¢7HC LOST=,1PF12,.5)

TNITIAL TFMPERATURE NTYSTRTBUTTON
600 RFAD(S,3000) (TITLE(L)eL=1012)
TF(TITLE(1) .FR.PRVOUS) GO TO 700
RFAD(R,30N0) [HFADNNG(L)sL=1012)
NPF=NP+NPRS
TL=VL4+BL
XNPz=NP
NX=VL/ (XNP=1.0}
NXX=DX
RFAD(S,3002) TEST?2,TEMPI,TXO0
TF(TEST2) 610,620+620n
610 RFAD(S,3002) (TEMDI(K) K=1NPF)
NO 615 K=1sNPF
TX1(K)=TEMDI (K)
TX2(K)=TXx1(K)
TULY (K)=TX1(K)
TUL2(K)=TX1(K)
015 CONTINUF
1.=NP+1

A228an
A229n

A230n0
A231n
A232n0
A233Nn
A23un
A235n0
A236N
A237n
A238n
A239n
a2unn
A2u1n
A2420
A2430
A2uun
A2u45n0
A24aN0
A247n
A2u48n0
A2u9n
A25%00
A251n
A2520
A253n
A254n
A285n
A25/N
A257N
A258n0
A2%9n
A26n0N0
A2610
A2620
A2630
A26U4D0
A265N
A2660
A2670
A268n
A269n
A2700
A271n
a272n
A273N
A27u0
A275n
A276N
A2770
a278n
a279n
A2R0N
A2R1N
A2820
A2R3N
A2R4n




N0 619 I=1,NmR
1 N=NPM(T)
NO 617 J=1sLN
TX2T(Je 1) =TEMNI (L)
| =L+1

617 CcONTINUE

619 CONTINUF
60 TO 62%

620 CALL TEMED

625 WRITE(693008) (HEADNG(L) ,1 =1,12)
IF(TEST2) 630,63%+6U40

630 WRITE(6¢,632)

632 FORMAT(4X»52HTEMPEFRATURFE NISTRIBRUTION IN HEAT SHIFLD 1S ARBRITARY/
1
WRITE(6¢633) (TEMDI(K)sK=1+NPF)

633 FORMAT(1rRE12,5)
G0 TO 645

635 WPITE(6»637) TEMPTY

637 FORMAT(//u0XsA0HTEMPFRATURF DISTRYRUTION TN HEAT GHIFLD Ig UNIFORM
1aND EQUAL TO L,1PE10.,u/)
GO TO 645

6u0 WRITE(6s64l)

bll FORMAT(4Xx,5uH| INEAR TFMPFRATURE NISTRIBUTION ASSIIMED TN HFAT SHYFL
1in/)
WRITE(61633) (TEMDI(L) »L=1sNPF)

645 TF(DMP) 700,700,646

646 WRITE(6,6U47)

647 FORMAT(//)

648 WRITE(6+649) (TXL(L),TX2(1)eL=1,NPF)

6LY9 FORMAT(2X»1PF12,%)4%,1PF12.5)
WRITE(6r650)

680 FORMAT(//)

FNTHAILPY AS A FUNCTION OF TFMPERATUPRE
700 RFAND(S,3000) (TITLE(L)»L=1»12)
TF(TITLE (1) ,EQ.PRVOUS) GO TO 725
RFAD(5,3004) NHP
RFAD(5,3002) (HX(K)»TW(K) sK=1,NHP)
¢Z?S no 728 I=1.Np
TR(I)=0
TP1(IY=0
TR2(1Y=0
TFM(1)Y=0
XxMDG(T)=n0,0
728 CONTINUF
WRITE (69 7%0)
730 FORMAT(1H1»12HOUTPUT NATA,//)
XC(1)=0,0
NO 7un I=2,NpP
XC(I)=XC(T=1)+DX
740 CONTINUF
750 TF(T=YIME(NK)) 7652770760
760 NK=NK+1
TF(NK=NTRAPT) 750+750,762
762 wWRITE(69»763) NK
763 FORMAT(1HN»33H THF VALUF OF NK IS IN FRROR» NK=,s114)
G0 TO 905

A285n
A28AN
A2AT7N
A2880
A289n
A290N0
A291n
A292n
A2930
A290un
A2950
A2960N
A2970
A298n
A299nNn
A300N0
A301N
A3020
A303Nn
A30un
A305N
A306N0
A307N
A3NAN
A309N
A31NN
A311N
A312n
A313n
A314n
A3180
A31AN
A317n
A318n
A319n
A320n0
A3210
A322n
A323n
A32un
A325N0
A3260
A327n
A328N0
A329n
A33ON
A3ZIN
A332n
A333n
A334un
A33SN
A33AN
A337N
A33AN
A339nN
A34nn
A3u41n

51



765 TF(NK=~2) 762,766,766 A342D
766 QCONX=QCON(NK~1)+{ (QCON(NK)=QCON(NK=1))/(TIME(NK)~TIMF (NK=1))) A3uU3N
14 (T=TIMF (NK=1)) A3uyn
QACONX=FCONV*QCONX A348RN
ORADX=QRAN(NK=11+( (QRAD (NK ) =QRAD(NK~1) ) /(TIME{(NK)=TIMF (NK=1))1} A3LAN

1% (T=TTMF (NK=1)) A34TIN
ORADX=FRAD*QRADX A3u8n
VFLX=VEL (NK=1)+( (VEL (NK)=VEL (NK=1) )/ (TIMF (NK)=TIMF(NK=1))) A3u49n

1% (T=TTMF (NK=1)) A350n

60 TO 775 A3510

770 QCONX=FCONVXOCON(NK) A3S52n
QRADX=FRANX®QRAD (NK) A3S3N
VELX=VEL (NK) A3Sun
A358N

COMPUTE HFAT RLOCKAGF AT FRONT SURFACE A38aN

775 TF(117=1) 778,778:776 A3STN
776 1F(I17=NHP) 7772777+778 A35A8N
777 TF(TX2(INT)=TW(TIL17)) 782,788,780 A3K9N
778 WRITE(69779) TX2(INT) A36NN
779 FORMAT(1H0»80H THFE RANGF OF THE FNTHALPY-TEMPFRATURE CURVF FIT WAS A361N
1FXCEENED AT A TEMPERATURF OF,1E1n,4) A362N

G0 TO 905 A3E3N

780 T17=117+1 A36UN
a0 TO 776 A365n

782 TF(TX2(INT)I=TW(I17=1)) T7AL/»78BRy7A6 A366N
74 T17=I17-=1 A3GTN
G0 TO 775 A3E8N

786 HWzHX(I17=1)+( (BEX(I17)=HX(I17=1))/(TW(I17)=TW(I17=1))) A3r0ON
1 (TX2(INT)=Tw(I17=1)) A37nn

a0 TO 789 A371n0

788 HWzHX(I17) A372n
789 HTXZH3I00+((VFI X*%x2) /50056,5) A373N
ARLOCK=(FRLOW*XMOG(INT) % (HTX=HW) ) /3600,0 A3740
A3THEN

COMPUTE HFAT TN DUE T0O SURFACF COMBUSTION A37AD
XxMDO=XMDC A377n
CALL OXIUAT (XxMDO,QO0XTIN) A378n
A379n

COMPUTE Q=HOT WALL A3RNN
TF(TOMP,EQ.0,) GO TO u001 A381N
IF(T.GE.,ThMP) DMp=1,n A3R2N
4001 7=(HTX=HW)/ (HTX=H300) A3R30
TF(Z=1,0) 790,792,793 A3RuN

790 TF(Z) 791,791,793 AZASN
791 oHW=0,0 A38BAN
GO TO 179n A3R7n

792 QHW=QCONX A3REN
GO TO 1790 A3R9n

793 QHW=ZxQCONX A3aqan
1790 772Z=(0OHW=0BLOCK) /OHW A391n
TF(227=0.2) 1798,1798,1791 A3Q2n
1798 aPLOCK=0,8*%QHw A303N
A3%un

NFT HEAT INTO FRONT SURFACE A3950
17904 TF{IEM(INT)) 79%,795,797 A3960
705 TF{TX2(INT)=TCHAR) 79f,70/+797 A397n

796 FMX=EMV A398n0



GO TO 798
797 TFM{INT)I=t

FMXZEMC
798 QINZQRADX+QHW4+QOXID=QRLOCK= {4 B3ZZE~13) #FMXAFVR( (TX2(TINT) %%l )
1(TVxxua))
IF(DMP) 804,804,800
800 WRITE(6e801)
801 FORMAT(///)
WRITE(60802) QACONXsORADX,,VELX yHTX o HW, Z 9 QRLOCK »QHW» QOXTIDr QTN
8N2 FORMAT(1X,6HQCONX=31PF12,592Xs6HQARADX=1PF12,5¢2X»SHVFLX=»1PF12,.5,
10X UHHTX=Z g IPE12¢5¢2X s BHHW= 2 1PF12 571X, 2H7=0 1PF12,5+2X, 7THQRLOCK=»1P
2F12.592X s UHOHWS ) 1PE12,5,2Xs6HOOXTID=¢IPE12,.5¢2X v UHAIN=,1PF12,5%/)
804 QIN=QIN*3600,0

CHECK FOR FRONT SURFACE RFCESSION (CHAR ILAYFR REMOVAL)
CALL RECESS({XMDC XLOGT s TRFCIDT+PHOC»TS»SReTX2(1),NREC)NRSyERRS,S¥X0
1,SDOT,DMP)
TF(ERRS) R050,8050,905
8050 vLV=VLV=XI OST
Xt STVZXLSTV+x| OST
Xt STI=XLSTV%x12,0
NXVEVLV/ (XNP=1,0)
XV(1)=0,0
NnO 17R0 I=2)NP
XV(T)}=XV(T=1)+0Xv
1780 CONTINUF
nX=DXv
T1F(FRR4) R06,a06,R05
805 O TO 905
806 CALL COFFF(NPFT»SNOT)
TF(DMP) 8n69,8069,8061
B0el wRITE(HrH8062)
B80A2 FORMAT(/1Xs23H COEFFICIFNTS FOR SWUFT/)
Nne BOA6 I=19NPFT
WRITE(6+806U4) A(I)eRB(IV),C(IV1,D(T)»]
8064 FORMAT(1HASHA(II= o 1PF12,.502XeSHRIIVIZyIPF12,5+2X,6HCIT)I=, 1PF12,5,2
1 SHD(IIZ 9 1PF124592X, 2HIZ, 1I3)
8066 CONTINUE
8069 TF(ERR2) A0D7,r07,80%
807 1F(ERR3) R10,R10,R08
8nN8 wRITE(6+,80n9) TKK
8N9 FORMAT(IHN,18H THF VALUF OF TKK=,114)
G0 TO 905
810 CALL SWUFT(A,ReCyDNeTY)NPFT,DMP)
827 nO A2A I=1,NP
TXL(IY=TX2(])
TX2(IY=TY(I)
828 CONTINUE
CALL NON2(XLOST o XVeTX2o NPy XCoTX2C e XDV, KKV XLSTVeNXX)
830 CALL ABLAYE
XMDT=XMDG (INT) +XMNC
LT=NP+1
no 1815 I=1,NmMB
ILLT=NPM(])
IF(1.FQ.,1) Go TO 181>
IF(GAPX(I=1),.FQ.0.) GO TO 1812
KKT=1

A399n
agonn

A4OLIN
AUO2N
ALO3N
AgQun
ALOSD
AUDGN
A4O70
A4080
LY I-T))
Asi10n
AGLIN
ALLI20
ANYI3N
Adlun
ABISN
AB16N0
AGTITO
Au180
AL190
AG200
Aj210
AL220
A4230
A424n
AL250
AL26D
AL270
AU2RN
A4290
A43NN
AU3IO0
AUR20
ALUZZIN
Al3un
AU3EN
AU3EN
A4370
A438n
AL390
Auunn
AQL1n
AQu2n
ALL3n
aguyn
A4LS0
A4LAN
ALUTN
A44an
Ayugn
AuS500
AuS1n
AUSON
A4S3N
ALSYN
AUKSN
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Sk

1812
1813

1815

1816
1817

1819

5834

5836
5838

839

838

8315
837

G0 TO 1813

KKT=2

NO 1815 UZKKT,LLT

TX2T(Jy 1)=TY(LT)

1L T=LT+1

CONT INUFE

no 1819 I=1,NMB

TF(I.FQ.1) GO TO 1814
TF(GAPX(1-1),FQ.0.) 60O TO 1817
G0 TO 1819

TX2T(1e1)=TY (NP)

0 TO 1R19

. X=NPM(T=1)

TYX2T (1, T)=TX2T(L Xy I=1)

CONT INUF

| M=NP+1

NO 833 1zt )NMR

LZ2=NPM(T)

no 833% J=1.,L2

TX2(LM)=TX2T (Je 1)

| MoLM+1

CONTINUE

NO 5834 I=2/NPTT
TF(T=TTALLE(TY) 5R3%5,5835,5834
NTS=DFLYT (I-1)

TPRCT=ZIPRC(I=~1)}
NDT=DELTT(1=1)/3600.0

GO0 TO 5836

CONT INUE

NTS=DFLTT(NPTT)
TPRCT=IPRCINPTT)
NT=DELTT(NPTTY/3600.0

TCTZICT+1

VLTEM=SAVY3

CALL TSOTHMIXVeTX201060, »NP,SAVFIT)
SAVEIT=SAVEIT+XLSTV

TF(SAVY3 LT, SAVFIT)SAVYZI=SAVFIT
IF(VLTEM,FQ,SAVY3)G0 TO A™9
GAVXZ=T

GAVY1=XLSTI

SAVY2=TX2 (NP)

CALL TSOTHM(XVsTX291u460, NPySAVYY)
Rl TEM=SAvVYY4X

CALL TSOTHMIXVeTX2914h0, NP yWFKFFP)
WFKFEPZWEKEEP+XLSTV
TF(SAVYUX LT  WEKEFP)QAVYuXZWFKEFP
TF(BLTEM,FQ,SAVYUX)GO TO A38
SAVEXY=T

SQAVYIX=XLSTI

SAVY2XY=TX2 (NP)

CALL TSOTHMIXVeTX291nA0.sNP»SAVYZX)
CONTINUE

IF(IPRCT=TCT) 835,835,8un

WRITE (69837) Ty QCONX, QRADY»VEL X o XMDG( INT) » XMDC » XMDT» XL STT » QHW

FORMAT (1HO » SHTIME=,

1 1PF12,592X+s12HQCONVFCTTIVE=»1PF12.5,2Xs 1 1THORADTAT
LTVE=»1PEL12+5,2XyQHVFLOCITY=»1PE12,5/1X» 1RHGAS AR ATION RATE=,1PF12

AUSHN
AUSTN

AU58N
A4S%9N
AUKON
AL&IN
Au62N
AUB3IN
Aypun
A46SN
ALU6AN
AUG6TD
A4680
AQESIN
A4700
AlT710
A4T20
AY73N
A47un
A4TSN
AL4TEN
AGTTN
ALYRN
A4TON
A4BON
AQ81LN
AGR2N
AYR3N
A4BLO
AYBKN
A4BEN
AY4BR7N
ALRBN
ALRON
Agoq0n
ALO1IN
A492Nn
ALO3N
Au9un
ARORN
A4960
AL97n
A4O8N
A499N
AS0NN
ASNIN
ASD2N
AS03N
ASOuN
AS08N
ASQaN
AS070
AS08N
AS09n
AS10N
AS11n
AS120



(A

8ug
841

Qgu2

98u3

8u2
8ub

850

860

862

8F4

865

900

905

2.502X9s19HCHAR ARLATION RATE=1PF12,5¢2Xy20HTOTAL ABLATION RATF=,tP
3F12,5/71X016HRFCESSION DFPTHZ,,1PF12,.59 272Xy 1 0HQHOT wALL=,1PE12,.5)
T=T+DTS

TF(NPILLOT.NE,1) 60O TO R42

CALL SAVE(ASAVEL ) ASAVF 2y ASAVF3I)UGEAYNXA Y XLSTI,DTS» TLIM,T,VALUFA)
CALL SAVE(BSAVE1,RSAVF2,BSAVFR,UGFBNXBs TX2(NP) yNTSeTL IM, T, VALUFR)Y
CALL TSOTHM(XVeTX291060, NPyY3)

CALL SAVE(CSAVE1yCSAVF2,CSAVFIsUSECINXCoYZ»DTSe TLIM» T, VALUEC)
CALL TSOTHM({XVeTX29 1460, NPeYUL)

CALL SAVE(DSAVEL,NSAVF2,NCAVFI,USFDyNXD YL DTS, TLIM, T, VALUED)
TF{USFA,NF,.0,n)GO TO 9842

TF(USFB.,NF,0,.0)60 TO 984

TF(USFC.NF,0,0)G0 TO 984>

TFIUSFD.,NF,.0,N)GO TO 9842

GO TO 9843

XPLOT=T=DTS

YPLOT1=VALUEA

TF(USFANF,0,0)YPLOT1=USFA

YPLOT2=VALUER

TF(USFB.NF.0,N) YPLOT2=USFR

YPLOT3=VALUEC

TF(USFC.NF,0,N)YPLOT3=USEC

YPLOTu=VALUED

TF(USFD,NF40.Nn) YPLOT4ZUSFN

WRITE (11)XPLOT»YPLOT1»YPI OT2,YP|I OT3, YPLOTH

TF(ICTP.NF,0) GO TO Ru2

TCTP=1

XPLOT=T

YPLOT1=XLSTI

YPLOT2=TX2 (NP}

CALL TSOTHM(XVeTX2¢1060, NPy YPLOT3)

CALL TSOTHM(XVeTX2s14R0, yNP»YPLOTH)

WRITE (1L)XPLOTsYPLOT1»YPLOT2,YPLOT3, YPLOTH

TF(IPRCT=YCT) Bu5,8u45,90n

WRITE(6:850) T

TPCT=TPCT+1

TF(IPCT.EN2)TPCT=0

TF(IPCT.EQN.0)TICTP=0

FORMAT (1HN» 7o0HTEMPERATURE DISTRIRUTION IN HFAT SHIELD AT THF FND 0
1F THE TIME STFPe T= L,1PE12.5,1X» 7HSFCHANDS/ /)

WRITE(6+860)

FORMAT (X 4OHTEMPFRATURE NISTRIBUTION IN THF ABLATING MATFRIAL//)
KKY=KKV+1

WRPITE(69862) (TX2C(T),Iz1,KKV)Y

FORMAT(6X),1PF12.5+1P&F16,%)

TJ=NP+1

WRITE (6, 864)

FORMAT (//uXsuoHTEMPERATURF DISTRTRUTION IN THF RACK-1P STRUCTURF//
1)

WRITE(6¢8BR2) (TX2(I),1=TJsNPF)

WRITE(6¢865)

FORMAT(//)

1CT=0

CONT INUE

TF(T=TLIM) 75n¢750+s90%

TF(NPLOT.NE,1) GO TO 909

XAVY3=SAVY3=5aVY1/12,

A5130
AStun
A5150
A5160
AS1T7N
A518R0
A5190
AS200
AS21n
A522n
AS23n
AB2un
A5250
A526N0
AS27N
AS280
A529n
AS530n
A531n
AS5320
A533n
AS53u4n
AS535n
A5 360
AS537n
AS38n
AS539n
AS4ON
AS410
AS42n
ASu3N
AS4un
ASUSH
ASuUARN
ASuUT7N
ASLAnN
AS43N
ASS0n
ASS1n
ASS2n
AB53Nn
ASSun
ASSSN
AS55aN
ASS7n
AS58N
AS590
AS6N0N
AB61LIN
AS620
AS63n
AS6LN
AS6S50
AS6A0
AS670
AS68N
AS69n0
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56

9005

9006

929

909

911
910

920

924
926

930
gu0

XAVY4X=SAVYUX=SAVY1X/12,
IF (SAVX.EQ.XPLOT)GO TO 9005
WRITE(11)SAVX,SAVY1)GAVY2 ,XAVY3,QAVYY
IF(SAVEXX,EQ ,XPLOT)IGO TO 9006
GAVLIZSAVY4X%12,

GAVII=SAVY3%x12,
WRITE(11)SAVEXX»SAVY1X»SAVY2X,SAVY3IXs XAVYULX
WRITE(6»929)GAV3I»SAvu]
FORMAT (1HD ¢ 23HMAXIMUM 106N ISOTHFRM =E16.89:2X23HMAXIMUM 1460 TSOTH
1FRM =F16,.8)

WwRITE (11)STOPsSTOP»STOP,STOP,STOP
IF(LPLOT.NE,NCASE)YGO TO 911

DATA FND/&H FND /
WRITE(11)FND,END,END,FNN,FND,FND,ENDeFND,FND,FND, END,FND
AIT=R88H,
WRITE(11)QUIT,QUIT,QUIT»QUIT,QUIT

FND FILE 11

RFWIND 11

IF(TEST2) 910,930,930

no 920 JJK=1,NPF

TYXL (JJIKISTEMDT (JUK)

TYX2 (JJIK)I=TXL (JJK)

TULL(K)=TX1(K)

TUL2(K)=TX1(K)

CONTINUE

TL=NP+1

NO 926 I=1+NMR

TLN=NPM(I)

NO 924 J=1»ILN

TX2T(Je 1)=TEMNI(IL)

TL=IL+1

CONT INUF.

CONTINUE

GO TO 94y

CALL TEMPD

T=TINT

nX=DXxX

NTS=DFLTT (1)

NT=DELTT(1)/3600,0

vLv=vL

G0 TO 50

END

AS5700
AS5710

A5720
AS73n
AS760
A5750
AS7u0
AST70
A5780
AS79n
AS800
A5810
A582n
A5830
A58u40
ASRSN
ASBAN
ASR7N
AB88N
ASAgN
A59nn
A591n
AS920
A593n
AS9un
A595n
AS9RN
AS97n
AS980
AS990
A60N0
A6010
A6020
A6030
A6OLON
A6050
A6060
A6070
A608D0
A609N
A6100
A6110



$IBFTC COEF

C
C

10

20

THIS SUBROUTINE DETERMINES THE COEFFICIENTS OF THE MATRIX
SUBROUTINE COEFF (NPFT,SDOT)

DIMENSION TITLE(12) »HEADNG(12) ¢ XIDNT(12+12)9TKC(20) »XKC(20)»
1CPC(20) » TKV(20) ¢ XKV (20) » TCPV(20) +CPV(20) » TIME(300) »QCON(300)»
2QRAD(300) » VEL(300) » XNPM(12) ¢+ NKPB(12) +NCPB(12) v TXK(20,12) ¢ XK(20,12)
3»TCP(20012) »CPX(20012) yRHOBX(12) »XBM(12) yEMFB(12)rEMBB(12) rHXX(12)
49GAPX(12) FTEST(12) +BTEST(12) »TEMDI (200) TX1(200)»TX2(200) ¢
STX2T(10012)»TULL1C200) »TUL2(200) +HX(50) ¢ TW(50)»IR(50)/»IR1(50),
6IR2(50) v TUL(50) r IEM(50) e TY(200) rA(200),B(200),C(200),D(200)
TR(50) »RHO(50) »CP(50) +DXB(12) ¢ XKB(10,12)+CPB(10012) »+XMDG(S0)»
8YK(50) +AB(10,12)»BB(10,12),CB(10+12)DB(10912)+SB(10,12)
9RB1(10,12)rRB2(10¢12),H(12)9¢S(50) +NPM(12)

DIMENSION TTUL(50) ¢RHOY1(50) fRHOY2(50)»DRHO(50)»TCPC(20)

COMMON TKCrXKC»TCPCrCPCrTKV XKV e TCPV2CPV e XNPMrRHOBX ¢ XBMoEMBB ¢
1LEMFB ey NKPByNCPB e TXKe XKy TCPrCPX e NPM e GAPX» FTEST»BTESTs TEMDI» TX1
2TX2e TX2TyTUL»TULL  TUL2» IR IR1+IR2¢A¢BeCrD?*S'RrAB,BBrCBrDB¢SB»
3RB1+/RB2e TY'RHOY1rRHOY2 ¢ XMDGrRHOP»CP e YK e XKB2CPBrDOXB DT XLOST»
4TABL ¢ TCHAR?* TREC»RHOV s RHOC 1 FBLOWEMV e EMC e H300 r NKC oy NCPC ¢ NKVINCPV,
SNP »NMB s NPBS ¢ NPF e TEST2» TEMPI » TX0» TENV e HENV s FENV » QLOSS» TLIMe TINT

COMMON I1,12+13718r15,16¢QINsINT,DXeXMTeTL2VL»BLDMP,ERR1L/ERR2,
1ERR3ERRY »HV ¢ VPT ¢+ CHARK ¢+ CHARC » ABLK » ABLC » XMDC v H

CALL PROP

YNP=NP

SCINT)=(RHO (INT)*DX*CP(INT)})/(2.0%DT)
ROINT)=(1.0)/((DX/240) % ((1+0/YK(INT))+(1,0/YK(INT+1})))
ACINT)=0,0

BUINT}=(=( (XMDG (INT)+XMDC)*CP (INT) +S (INT)+R (LINT)=RHO { INT) *CP (INT)
1%({SDOT/(2.0% (YNP=10)))))

CCOINT)SXMOG (INT+1)*CP(INT+1)+R(INT)+RHO{INT+1)*CP (INT+1}*SDOT
1% ((YNP=1.5)/(YNP=1.0))

DCINT)=(=(QIN+S CINTI*TX2(INT) )} +(XMDG (INT)=XMDG( INT+1))*HV
NPP=NP=-1

JNT=INT+1

DO 10 I=JUNT,NPP

XI=I

S(I)=(RHO(I)*DX*CP (L)) /DT
RUII=(140)/((DX/(2e0%YK(I))I+(DX/(2,0%YK(I+1))))

A(I)=R(I-1)

B(I)=(=(XMDG(I)*CP(I)+R(I=1)+R(I)+S(I)+ RHO(I)*CP(I)*SDOT*( (YNP=XI
1=0.5)/(YyP=1.0))))
C(I)ZXMDG(L+1)#CPLI+1)+R (1) +RHO (I+1)*CP (I+1) #SDOT*( (YNP=XI=0,5)
1/ (YNP=2¢0)— e —

D(I)=(~- (I)*Tx2;;733 +(/§DG(A5-XMDG(1+‘7)*HV

CONTINUE

RINP)Z(1.,0)/((DXB(1)  /(2.0%XKB(101)))+(DXB(1) /(2,0%XKB(2,1))))
S (NP )= (RHO (NP) *DX*CP (NP) +RHOBX (1) % CPB(1,1)*DXB(1))/(2,0%DT)
A(NP)=R(NP-1)

BINP)=(=(XMDG (NP) *CP (NP) +R (NP=1) +R (NP) +S (NP)))

C(NP)=R(NP)

DINP)= (=S (NP)*TX2(NP)) +XMDG(NP)*HV

DO 200 I=1rNMB

IF(I-1) 2G¢20,30

AB(1rI)=A(NP)

BB(1sI)=B(NP)

CB(1+I)=C(NP)

DB(1¢I1)=D(NP)

80000
B0010
B0020
B0030
B00O40O
B00S0
B006O
80070
B0080
80090
B0100O
BO110
B0120
B0130
80140
B01S0
B0160
BO170
B0180
B0190
B0200
B0210
B0220
B0230
B0240
B0250
B0260
B0270
B0280
B0290
B0300
B0310
B0320
B0330
B0340
B0350
80360
B0370
B0O380
B0390
BO40O
BO410
BO420
BO430
BO440
BO450
80460
BO470
BO480
B0490
B0500
B0S10
B0520
B0S30
BO540
80550
B0560
B0S70
B0S80
B0590

57



58

30
40

45
50

55
60

65

100
110
115

120
125

127
130

200

GO TO 65

L=NPM(I-1)

IF(FTEST(I)) 45+,40+45
SB(1,I)=(RHOBX(I)*CPB(1rI)*DXB(1)+RHOBX(I=1)*CPB(L»I~1)*DXB(I-1))/

1(2.0*DT)
RB1(1+,1)=(1,0)/¢(DXB(I=1)/(2,0%XKB(Ls»I=1)))+(DXB(I=1)/(2,0%XKB (L =1

1,1I-1))))

RB2(1+1)=(1,0)/((DXB(I)/(2+.0%XKB(1+I)))+(DXB(I)/(2:0%XKB(2¢1))))
AB(1rI)=RB1(1,1I)

BB(1rI)=(=(RB1(1+I)+RB2(1,1)4SB(1+1)))

CB(1+J)=RB2(1,1)

DB(1LoI)=(=(SB(1rI)*TX2T(1,1)))

GO TO 65

IF(FTEST(I)) 50+40¢55
G=(1.,73E~09)/(1.0/EMBB(I-1)+1,0/EMFB(I)=1,0)

60 TO 60

6=0.0

SB(1rI)=(RHOBX(I)*CPB(1+I)%*DXB(I))/(2.0%DT)
RB2(1,1)=(1.0)/((DXB(I)/(2.0%XKB(1¢I)))+(DXB(Y)/(2,0%xXKB(2¢1))))
AB(1rI)=H(I=1)+4,0%Gx(TX2T(LrI=1)%%3)
BB(LrI)=(=(H(I=1)+4.0%G*x(TX2T(1eI )**3)+RB2(1,I)+SB(1,1)))
CB(1.1)=RB2(1,1}

DB(1eI)=3,0#Gx{ (TX2T (Lo I=1)%%4)=(TX2T(1oI)**4))=SB(1,I)*TX2T(1,1I)
LF=NPM(I) =1

DO 100 J=2/LF

SB{Jr I)=(RHOBX(I)*CPB(JrI)*DXB(I))/DT
RB1(JrI)=(1,0)/((DXB(I)/(2.0%XKB(J=1rI)))+(DXB(I)/(2,0%XKB(JrI)
RB2(JrI)=(1.0)/((DXB(I)/(2¢0%XKB{J+1+I)))+(DXB(I)/(2,0%XKB(Jr1)
AB(JrI)=RB1(J,I)

BB(JUrIN)=(=(RB1(JrI)+RB2(Js1)+SB(Jr1)))

CB(JrI)=RB2(JrI)

DB(JrI)=(=(SB(JrI)*TX2T(Jr1}))

CONTINUE

IF(I-NMB) 110,2502250

LNF=NPM(I)

IF(BTEST(I)) 120,115,120

SB(LNF ¢ I)=(RHOBX(I)*CPB(LNF,I)*DXB(I)+RHOBX(I+1)*CPB(1,I+1)*DXB(I+
11))/7(2.0%DT)
RB1(LNF¢I)=(1,0)/((DXB(I)/(2.0%XKB(LNF=1,1)))+(DXB(I)/(2,0%XKB(LNF
101))))

RB2(LNF+I)=(1.0)/C(DXB(I+1)/(2.0%XKB(1,I+1)))+(DXB(I+1)/
1(2.0%XKB(291+1))))

AB(LNF/,I)=RB1(LNF«I)
BB(LNF¢I)=(=(RB1(LNF,I)+RB2(LNF»I)+SB(LNF+1)))
CB{(LNF,I)=RB2{(LNF+1)

DB(LNF»I)=(=(SB(LNFI)*TX2T(LNF¢I)))

G0 TO 200

IF(BTEST(1)) 125,115,127
G=(1.73E=09)/(1.0/EMBB(I)+1.0/EMFB(I+1)~-1.0)

60 TO 130

6=0,0

SBALNF»I)=(RHOBX(I)*CPB{LNF+I)}*DXB(I))/(2.0%DT)
RBL(LNFrI)=(1.0)/((DXB(1)/(2.0%XKB(I.NF=191)))+(DXB(I)/(2,0%XKB(LNF
1eIN)))

AB(LNF»I)=RB1(LNF¢I)
BB(LNF¢I)=(=(RBL(LNF+I}+H(I)+SB(LNF¢1)+4,0%G*x(TX2T(LNFeI)%%*3}))
CBILNF»I)SH(I)+4,0%Gk{TX2T(1rI+1)*%3)

DB(LNF»I)=3,0%G* ((TX2T(1oI+1)k*4)=(TX2T(LNFrI)*%xt4))=SB(LNF»I)*TX2T
L(LNF.I)

CONTINUE

)
M)

B0600
B0610
B0620
B0630
BO640
B0650
B0660
B0670
80680
B0690
BO700
BO710
B0720
B0730
BO740
BO750
B0760
BO770
BO780
80790
B0800
80810
B0820
B0830
BOB4O
80850
80860
B0870
B0880
80890
B0900
B0910
B0S20
£0930
B0940
B09S0
B0960
B0970
80980
80990
B1000
B1010
B1020
B1030
B1040
81050
81060
B1070
B1080
B1090
B1100
B1110
B1120
B1130
B1140
B1150
B1160
B1170
B1180
B1190



250 MN=NPM(NMB)
IF(QLOSS) 270+,2600270
260 SB{MN,NMB)=(RHOBX (NMB) *CPB (MNNMB)*DXR(NMB))/(2.0%DT)
RBL(MN/NMB)=(140)/ ((DXB(NMB) /(2. %XKB(MN=1¢NMB)) )+ (DXB(NMB)/(2,0%XK
1B{(MNsNMB))))
AB{(MN/,NMB)=RB1 (MN+sNMB)
BB(MN,NMB)=(=(RB1 (MN)NMB)+SB(MNeNMB) ))
CB(MN,NMB)=0.0
DB(MNsMMB) = (= (SB(MN,NMB) *TX2T (MNsNNMB) ) )
GO TO 280
270 SB(MN'NMB)--(RHOBX(NMB)*CPB(MN'NMB)*DXB“‘JMB))/(ZoU*DT)
RBLI(MN/NMB)=(1.0)/7({DXB(NMB)/(2+,0%XKB{MN=1¢NMB) )} )+(DXB{(NMB)/(2,0%X
1KB(MN,NMB) ) ))
AB(MN»NMB3) =RB1 (MNrNMB)
BBIMN/NMB )= (= (RBL(MNsNMB) +HENV+ (14 73E=09) *FENV*4 . 0% (TX2T (MN 2 NMB ) %%
13)+Sb (MMNYNMB)) )
CB(MN'NMB)=0,0
DB (MNeNMB) = (= (HENVXTENV+FENV* (1. 73E-09) * ((TENV**4)+3,0*% ( TX2T (MN s NM
1B) *%4) )+SBIMNsNMB) *TX2T (MNeNMB) ) )
280 L=NP+1
DO 300 I=1.nMB
K=NPM(I)
IF(1.EQ.1) GO TO 282
IF(GAPX(I~1) .EQe0s) GO TO 282
KT=1
GO TO 285
28e KT=2
285 DO 290 J=KT,K
A(L)=AB(urI)
B(L)=BB(uUrl)
c(L)=Ccr(u» 1)
D(L)=DBR(J, 1)
IF (DMP) 289,289¢286
286 WRITE(60287) AB(Jr1)»BB(JrI) 1 CB(JoI)eDBUrI) o JrI»A(L)»B(L)C(L) DI
1) e
287 FORMAT (1HO»8HAB(Jr1)Z ¢ 1PE12.5¢2Xe8HBB(JrI1)=r1PE12¢522XeBHCB(JrI) =y
LIPE12.5¢2Xe8HDB(Jr 1) =»1PE1245¢2X e 2HJ=r I13,2Xr2HI=¢ I3/1XSHA(L) =, 1PE
212:5r2XeSHB(L) S IPEL12,5¢2XrSHC(L) =0 1PE12.5¢2X o 5HD(L) =0 1IPE12,5¢2X0 2
3HL=»13)
289 L=L+1
290 COMTINUE
300 CONTINUE
NPFT=L=1
RETURN
END

81200
B1210
B1220
B1230
B1240
B1250
B1260
B1270
B1280
B1290
B1300
B1310
B1320
B1330
B1340
B1350
B1360
B1370
B1380
81390
B1400
B1410
B1420
B1430
B1440
B1450
B1460
B1470
B1480
B1490
B1500
B1510
81520
B1530
B1540
B1550
B1560
B1570
81580
B1590
B1600
B1610
B1620
B1630
B1640

29
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THIS SUBROUTTIME DFTFRMINFQ THF PHYSICAL PROPERTIFS OF THF
HEAT SHTELD STRUCT(RE
SUBROUTINF Pr0P

NIMENSION TITIE(12) pHFADNG(12)V»XTDNT(12,12) 9 TKC(20) 2 XKC(20),
1CPC(2N) v TKVI20) e XKV (2N) o THPV(20) ,CPVI(20),TIME(300) s GCON(300) ,
20RAD(300) ¢ VEL(300) » XNPM(12) sNKPR(12)yNCPR(12),»TXK(20,12),XK(2ny»12)
B, TCP(20012)yCPX(2012)Y s RHNBX(12),XBM(12),FMFR(12)sEMBR(12)sHXX(12)
B, GAPX(12) +FTFRT(12) yRATEST(12),TEMDI(2N0) ,TX1(200),TX2(200)
B5TX2Y(10¢12)»TULI(200), TULL2(200) s+ HX(K0) »TW(50), IR(K0)}, TR1(K0),
BTR2(5M) » TUL(RN) v IEM(RN) ,TY(200)+A{200)R(200),C(2N0),N(200),
TRIS0) s RHO(S0) yCP(S50) ,NXP (12) 4 XKR(10012)oCPB(10,12) s XMNG(KRO),
AYK(50)sAB(10.12)RB(1N,12),CR(10,12),DB(10,12),5SR(10,12),
ORR1(1Ns12)9RR2(10+12),H(12)sS(50)NPM(12)

NTIMENSION TTUL(S0)YyRHOY1(S0}RHOY2(50) DRHO(SN) ¢ TCPLC(2D)

COMMON TKCosXKC e TCPCrCPCoTKV e XKV TCPV e CPV, XNPM, RHORX s XRM s FMBR,
1FMFRyNKPEB s NCPRy TXK o XK » TCP s CPX ,NPM GARPX o FTFSTsRTEST» TEMDY, TX Y,
2TX2 e TX2T o TUL,TULL»TUL2¢ IRVIR1,IR2,A9B,CeNeSeRIAR,RBYCRyDR SR,
3RP1LIRR2r TYPRHNAYL1,RHOY2 s XMNG s RHO y CP s YKy XKRyCPByDXRDT, XL OST
uTABLy TCHAR s TRFCerRHOV,RHOC yFBLOWy FMV ) EMC ¢ HZ00 ¢ NKC ,NCPC,NKVNCPV,
BNP o NMR ¢ NPRS s NPF o TFST2, TEMPI 2 TX0» TENVyHENV)FENV,, QL OSS, TLIM» TINT

COMMON T1,12,T13¢T4eI5,IA,QIN,TNT,DXsXMT»TLeVL+BL,NMP,FRR{»ERR?,
1FRR3yFRRUyHV,,VPT, CHARK y CHARC » ABLK » ABLC o XMDC o H

KINT=TNT
Nno 170 IzKINT,NP

IF(IR(I)) 12,12,100
TUL(I)SAMAXL(TXI(T)»TX2(T))

TFITUL(Y) ,LF,TARL) Gn TO 20

TR(I)=1

0 TO 100

TF(TI1=1 25,2 #2141

TF(I1=NKY) 72,122,25

TF(TX2(1)=TKy(11)) 35,55,3%0

WwRITE(6r26) TX2(I)

FORMAT(1HN,87H THF RANGF OF ONE OF THF ARBLATION PROPFRTY CURVF FTT
1< WAS EXCFEDEN AT A TFMPERATURE OF »1PE12,5)
FRR2=1,0

0 TO 35%

T1=I1+1

0 TO 21

TE(TX2(1)=TKV(I1=1)) u0,55,50

T1=11-1

G0 YO 20

YK(I)=XKVIIlat )+ ((XKVIIT)=XKVIII=1))/(TKV(I1)=TKV(I1=1)))
1x(TX2(I)=TKV(T1-1))

GO TO 60

YK(Y)=XKv(I1)

TF(12=1) 25,2R¢61

TF(X2=NCPV) 62¢62+25

TFITX2(1)=TCPV(I2)) 7nrAK,65

12=12+1

GO TO 61

TF(TX2(1)=TCPV(I2=1)) 75,R5¢80

12z12=1

cooo0n
conin

can2n
co03n
cooun
consn
cO00sn
coo7n
cooan
con9n
co1o00
co11n
co120
c013n
co1lun
c015n
c0160
cot7n
co18n
co19n
co2an
co21n
ca22n
c023n
co2un
co25n
c026n
co270
co28n
co029n
c0300
co31n
co32n
c0633n0
co3un
co35n
co03e6n
c0370
c03an
¢0390
couo0
cou1o
couzn
cou3n
couun
cousn
couen
cou7n
couan
couon
coson
co51n
co52n
cos3n
co5u0
CcO055N
cose6n



QOO0

/0

/5
S0

in0

110

115
116

117
120
121
122
123

124
12%

130

135
140
1u1
1u2
1u5

150
155

160

165
166
170

200
201
202
203
204

c0 TO 60
CPII)=CPV(I2=1)+((CPV(I2)=CPV(I2=1))/(TCPV(I2)aTCPV(I2=~1)))
1%x(TX2(1)=TCPV(1I2=1))

c0 TO 90

cP(I)=CPV(12)

RHO(I)=RHOV

c0 TO 170

TULCI)SAMAXI(TUL(T)»TX2(TY)

TF(TUL(TI)=TCHAR) 110,110,115

RHO (1) =RHOV+ (RHOV=RHOC ) x ((TUL(I)=TARL)/(TABL=TCHAR))
YK (I)=CHARK+ (ABLK=CHARK) x ( (RHO(I)=RHOC) / (RHOV=RHNC))
CP(I)=CHARC+ (ABLC~=CHARC) % ( (RHO(I)=RHOC) / (RHOV=RHOC))
G0 TO 170

IF(VPT) 116,116,117

TTULL(D) =TUL(T)

60 TO 120

TTUL(T)=TX2(I)

TF(I3=1) 25,250,121

TF(I3=NKC) 1229122925

TF(TTULLL)=TKC(I3)) 124,135,123

13=13+1

G0 TO 121

TR(TTUL(I)=TKC(I3=1)) 125,135,13n

13=13-1

GO0 TO 12y

YK(T)=XKC(I3=1 )+ ((XKC(IBZ)=XKCIIZ=1))/(TKC{IBZ)=TKC(I3=1)))
1x(TTUL(I)=TKC(13=1))

60 TO 140

YK(T)=XKC(I3)

TF(I4=1) 25,258,141

TF(I4~=NCPC) 1u42,142,25

TF(TTUL(I)=TCPC(IB)) 150,165,145

Tu=T4+1

GO TO 141

TE(TTUL(I)=TCPC(I4=1)) 1551165,1A0

TuzIg-1

GO TO 1u4p

CPII)=CPC{IUat )+ ((CPC(It)~CPC(I4=1))/(TCPC(TIU)=TCPC(TU=1)))
1x(TTUL(I)=TCPC(Tu~1))

G0 TO 166

cP(IN=CPC(I4)

RHO(I)Y=RHOC

CONTINUE

NFTERMINATION OF PROPFR BACK={IP GHIFLD MATERIAL PROPERTY

NO 300 T=1,NMR
NXBLII=XBM(I) /7 ((XNPM(T)=1,0)%x12,0)
LKP=NKPB (1)

LCP=NCPB (1)

NN=NPM(I)

NO 280 J=1sNN

IF(I5=1) 203,203,201

TF(IS=LKP) 202+2020203

TR(TX2T(Ur» I)=TXK(ISsT)) 2062209205
WRITE(692204) ToTX2T(J, 1)

FORMAT (1H0¢32H THE RANGE OF ONE OF THF NIIMBFR +12,71H BACKUP STRIIC

co570
cos8n
cos9n
co600
c0610n
c062n
c0630
co6un
co65n0
c0660
co6Tn
co6an
c069n
corTon
co71n
¢072n
coran
co7an
ca7sn
co7en
¢o770
co78n
0790
co80n
co81n
coR2n
c083n
co8un
coasn
CORAN
CORTN
¢0RAan
c0R9n
c0990n
€0910p
c09on
€093n
c09%un
c095n
096N
c097n
€09an
€099n
c1000
c109n
ci02n
c103n
cloun
c108n
c106n
c107n0
1080
ci09n
¢1100
ciiin
cil12n
c113n

61



62

anbs

206
210

215
220
230
231
232
233

234
235

2u0

2u5
280

300
310
320
330
335
340
3u5

3u7

3u8

3u9
350
355

éTURE PROPFRTY CURVE FITS WAS FXCFEDFD AT A TEMPFRATURF OF »1PF12.5
)

FRR2z=1.0

GO TO 355

15=15+1

G0 TO 201

TF(TX2T(Jr I)=TXK(IS=1,1)) 210,22n0215

T15=15-~1

g0 TO 200

XKB(Jy IVEXK(IG=1, I) 4 ( (XK (TS»I)=XK(IS=1,1))/(TXK(IS»I)=TXK(IG=1,1))
P)*(TX2T{(Je I)=TXK(I5=1,1))

G0 TO 230

XKB(J,1)=XK(1IR,1)

TF(I6=1) 203,203,231

1F(I6=LCF) 2322232+203

IF(TX2T(U»I)=TCP(T6»T)) 234 y2U45,033

16=16+1

G0 TO 231 N

TF(TX2T( Uy I)=TCP(I6=191)) 235,2u5,240

16=16~1

60 TO 230
CPBUJ,II=CPX(T6=101)4({CPX(1A)1)uCPX(T6=1,1))/(TCP(16,1)=TCP(T6=1,
1)) (TX2T{(J, 1)=TCP(16=1,T1))

GO0 TO 280

CPB(J,I)=CPX(T6r1)

CONT INUF

T8z2

T6=2

CONTINUF

IF(DMP) 355,355,320

WRITE(6¢330)

FORMAT(/1X¢32H PROPFRTIFS OF ABLATION MATFRTIAL/)

wRITE(6¢335)

FORMAT (/55X s BHYK(TI) 29X, SHCP (1) 49X, 6HRHO(T)/)

WRITE(69360) (YK(I)ecP(I),RHO(I),T=1,NP)

FORMAT (2X/,1PF12.5¢2X,1PF12.5.2X+1PEL12,5)

WRITE (6¢345)

FORMAT(//1Xe32H PROPERTIFS OF BACK=UP STRUCTURE/)

WRITE(6,307)

FORMAT (/75X s 8HYKR(Jr 1) p 7X,RHCPR(Jy 1) » 7YX s BHRHOBX (1) » 7X, THFMFB(T) s BXy
17HEMBR(T),9X,AHDXR(T1) /)

NO 350 1=1sNMR

KL=NPM(1)

NO 349 J=1 KL

WRITE(6+3u48) YKR(JrI),CPR(JyI)yRHOBX(T) pFMFB(T)»FMBR(T)DNXB(T)
FORMAT (AX s 1PF12.5913X,1PE12.5,3X»1PEL12,593X¢1PF12 . 5+3X»1PF12.5,3%X,1
1PF12.5)

CONT INUE

CONTINUE

RFTURN

FND

citun
c115n
Clien
c1170
c11a8n
c119n
c1200
ci1210
c122n
c1230
ci2un
c125n
c126n
ci27n
c128n0
1290
c130n
c1310
c132n
1330
c134n
c135n0
c1360
c137n
c13an
c139n
ciunn
ciugn
cilu2n
ciu3n
ciuyn
cl1u48n
ciugn
cla7n
cluan
c1490
c15a0
cis10
c1520
c153n
c15un0
C15560
c1560
c157n
cis8n
c159n
cl160n0
c161n
cl620
c1630
cleun
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a0

THIS SUBROUTIME DETERMINFS THF MASS FLOW RATF FRaM THF
ARLATING NONES
SUBROUTINF ABtL ATF

NIMENSION TITLE(12) sHFADNGL12) e XTDONT(12,12)2TKC(20) e XKC(2N)
1CPC(2N) o TKVI2N0) o XKV (20) » TCPV(20),CPV(20), TIME(300)»QCON{3N0),
20RAD(300) ) VEL (300) + XNPM(12) »NKPR(12)yNCPB(12) s TXK(20,12),XK(20s12)
3,TCP(20+12),CPX(20012),RHOBX(12),XBM(12),FMFB(12)EMBR(12)HXX(12)
4,GAPX(12) yFTFST(12) vBRTEST(12) o TEMDI(200),TX1(200)»TX2(200)»
STX2T(10012)eTOL1(200), TUL2(200) ¢ HX(50)»Tw(50)»IR(50), TR1(50),
6TR2(5N) 2y TULISN) 2 IEM(SN) , TY(200),A(200),B(200),C(200),N(200),
TR(50) yRHO(50) yCP(50),DXP(12) s XKB(10/,12),CPB(1Ne12) s XMDNGIS0)»
AYK(50),AB(10,12),BB(10,12),CR(10,12),DB(10,12),5SR(10,12),
ORR1(1Ne12)yRR2(10,12),H(12) S (501 NPM(12)

NIMENSION TTUL(50) »RHOY1 (S0) ,RHOY2(50) ¢DRHO(KN) »TCPC(20)

COMMON TKCoXKC e TCPCoCPC, TKV XKV TCPV,yCPV, XNPM,RHNRX» XRM» FMBR,
1FMFBoNKPE s NCPRy TXK o XK » TCP sy CPX yNPM» GAPX FTESTRTEST»TEMDT, TX1,
2TX2e TX2T e TUL, TULL»TULD2 s TReIRL,IR2¢AsB,CoDeSrR,AB,RByCRsDB» SR,
IRR1,RBR2y TY»RHAY 1, RHOY2 y XMPGsRHO»CP e YKy XKRyCPB,DXR DT, XLOST,
4TABL y TCHAR» TRFC»RHOV,RHOC s FRLOWIFMV ,EMCyHI0NyNKC,NCPC,NKV¢NCPV,
SNP s NMB ) NPBS yNPF s TEST, TEMPI ¢ TXO s TENV,HENV o FFNV e QLOSS, TLIM» TINY

COMMON T1,I2,73¢I0015,16,0IN,INT,DXeXMTsTLsVL,BL,DMP,FRR1+ERRD,
1FRR3yFRRuU yHV,VVPT ) CHARK s CHARC + ABLK » ABLC s XMNC o H

xMT=0,0

LLYNT=TNT

K T=NP

TF(DMP) #,8y3

WRITE (6 k)

EORMAT(//1Xs20HMASS FI OW FROM ABLATING NONES//)
NO 20N KKTI=LINT NP

TFIIRL(KIY) 11s11,12
TFITX1(KI).LF,TABL} a0 TO 9
TULI(KII=AMAXI (TULL(KT)pTY¥1(KT))
TRL(KI)=]

G0 TO 20

TF(TX1{(K{)=TARL) 10/,10,20
KHOY1 (KT ) =RHOV

G0 TO 50

TF(TUL1(KT)=TCHAR) Uu4n, 30,%0
RHOY1(KTI)=RHOC

GO TO 50

RHOYL (KT )=RHOV+ (RHOV=RHOC)Y* ((TUL1(KY)=TAR! ) /(TAR) =TCHAR))
TF(IRP(K[)) 52e52,54
IF(TX2(KIY.LFE.TABL) GO0 T0 56
TUL2(KII=AMAXT (TUL2(KY) »TX2(KTY))
IR2(KT)=}

<0 TO 70

TF{TX2(KI)=TARL) 60,a0,7n
RHOY2 (KT )=RHOV

6O TO 95

TF(TUL2(KT)~=TCHAR) 9n,80,R0
RHOY2 (KT ) =RHOC

cO TO 95

RHOY2 (KT )=RHOV+ (RHOV-RHOCI® { (TUL2(KI)=TARL ) /(TAR_=TCHAR))

nooon
nooin
noo2n
noo3n
nooun
noosn
noosnN
noorn
nooan
noo9n
noton
no11n
no1a2n
No13an
Nolaun
no1son
nolen
no170
no1an
no19n
no2o0o0
no21n
no22n
no23n
no24n
noa2sn
no2en
no27n
no2an
no29n
Do3nn
no31n
nol2n
no3ssn
no3un
NoO3sn
no3an
no3rn
nolan
no39n
noson
noun
noasn
noa3n
noaun
nousn
nouan
noa7n
nogaan
nougn
noson
nosi1n
noson
nosan
nosun
nossn
nosen
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- 95 NRHO(KI)= ({RHOY1(KI)<RHOYZ2(KI))/NT)*DX nos7n

TF(KI=NP) 97,96+96 noasan
96 NRHO(KI)=DRHO(KI)/2.n nos59n
G0 TO 98 no6on
97 TF(KI=INT)Y 96,96,98 noé6to
98 IF(DRHO(KTI)) 110,120,120 no62n
110 NRHO(KI)I=N.O No63n
120 XMT=XMT+ORHO(KI) Do6un
XMDG (KI)=XMT no6s5n
IF(DMP) 190,190,150 D0660
150 wRITE(60160) XMDG(KI),DRHO(KI)»RHOY2(KI),RHOY1(KY) Nno67n
160 FORMAT(1X,5HXMDG=,1PF12,5,2X5HDRHO=, 1PF12,5:2XeHRHOY2=,1PE12,5,2 no6AR0
1xr6HRHOY1=,1PF12,5) no6sn
190 xI=KIwl no700
200 CONTINUE noT10
RFTURN novra2n

END no73n



$
C
C
C
C
c

IBFTC OXID

THIS SUBROUTINE CALCI.ATFS THF HFATING RATE DUE TO COMBUSTION
TT IS ASSUMED THAT OXYGEN AND CARBON REACT TO FORM co ONLY,

SUBROUTINF OXTDAT (XMDO,QOXID)

QOXID=XMDOXUNN0.0/36N0N.0
QA0OXID=0.0

RFTURN

FND

F0onn
FOO010
F0020
F0030
Fooun
F005n
FO00KO
FOoO70
F008n
F0090
FO100

65



66

$IBFTC
C

C

100

2no

250
260

270

275
300

SWUFT
THIS SUBROUTIME DETERMINFS THF FORWARD TTME STEP TEMPFRATURES

RY SOLVING THE TRI=DIAGONAL MATRIX
SUBROUTINF SWUFT(AsB,;CeD,TeN,NMP)

NIMENSION A(2n0),B(200)sC(200)1:D(200),T(200),CP(200),NP(200)
cP(1)=C(1)/B(1)

nP(1)=D(1)/B(1)

NO 100 I=2sN

CP(I)=C(D)/(B(I)=A(I)*CP(I-1))
PPII)=(D(I)=A(I)xDP(1=1)) /(B(1)=A(I)%CP(T=1))
CONT INUE

TIN)=DP (N)

NM1=N=1

NO 200 J=1+Nm1

T=N=J

TCIISDP(I)I=~CP(IN%T(I+1)

CONT INUF

TF(DMP) 300+30n0,250

WRITE(6¢260)

FORMAT(//1XeuXHCOFFFTICIFNTS CALCULATED By SUBROUTINF SWUFT//)
WRITE(6+270)
FORMAT(6X»SHCP(TI) 10X, SHDOP(I) »10X s 4HT(I) /)
WRITE(6+275) (CP(1)sDP(I)yT(I)sIz=1sN)
FORMAT(2X»1PE12,.5¢2X,1PF12.5,2X»1PE12,5)
RFTURN

FND

Fooo00
Foo1n

Foo20
FO03N
Fo0un
FOOSN
FOORN
FOO70
Foosn
Fooon
Foton
FOo110
F012n
FO13n
Folun
F015n
FO1sN
FO170
FO18n
F019n
Fo2on
F0210
Fo220
F023n
FO2u4n0
F0250



SIBFTC REC 60000
c GeO1n
c THIS SUBROUTINE DETERMINES THF FRONT FACF LOCATION AND CHAR MASS G002n
c RFMOVAL RATE G003n
c Gcooun
SUBROUTINE RFECESS (XMNC e Xi 0ST » TREC DT+ RHOC» TSs SRy TX29NREC,NRS,FRRRy  GOOS0

16X0 9 SNOT s DMP) @0060

c 60070
NIMENSION TS(s0),SR(50) 60080
TF(TX2=TRFC) 10,2020 G009n

10 XMDC=n,.0 c010n
XLOST=0,0 Go11n
sPOT=0,.0 0120

60 TO 60 G013n

20 IF (NRG=1)25,25,21 Go140

21 {F(NRS=NKFC) 92,22,25 GO1Sn

22 IF(TX2=TS(NRS)) 32+40,30 G016aN

25 wRITE(6+26) TX2 G0L7N
26 FORMAT(1H0,»75H THE RANGF OF THE GURFACE RFCESSION TABIE wAS EXCFFD  &01anN
1FD AT A TFMPERATURE OF ,1PE12,5) 60190
FRR5Z1,0 60200

G0 TO 60 60210

30 NRSSNRS+1 G022n

60 TO 21 €0230

32 TF{TX2=TS(NRG=1)) 34,u40,36 0240

34 NRSZNRS—-1 60250

&0 TO 20 GO2AN

36 SXZSRINRS=1)4( (SRINRG)=SR(NRS=1))/(TSINRG) =TS (NRG=1))) G027n

1% ({TX2-TS(NRS=1)) 60280

0 TO 50 60290

40 SX=SR(NRS) Go30n

50 XLOST=300,0%x5X*DT 60310
XMDC= ( XLOST*RHOC) /DT 60320
SDOT=SX*300,0 0330
IF(DMP) 60+60,52 G03un

52 WRITE(6+54) SXsXLOST,XMNC G035

S4 FORMAT(1HO»3HSX=,1PE12.5, 3X»6HXLOST=s 1PE1245+ 3Xs SHXMDC=» 1PE12,5) 0360

60 RFTURN 60370

FND G038n



68

S
C
C
c

IBFTC TEMP

THIS SUBROUTINE DETERMINFS THF INITIAL TFMPEFRATURE DISTRIRUTINN
IN THE HEAT SHIELD STRUCTURE
SUBROUTINE TEMPD

DIMENSION TITLE(12)sHEADNG(12)sXIDNT(12912)0TKC(20)9XKC(20)»
1CPC(20) » TKV(2N0) o XKV (20) o TCPV(20),CPV(20), TIME(300) ¢ QCON(300),
2ARAD(300) ¢ VEL (300) ¢ XNPM(12) yNKPB(12) sNCPR(12)»TXK(20,12),XK(20,12)
3.TCP(20+12)2CPX(20+12)»RHOBX(12),XBM(12),EMFB(12)»EMBR(12),HXX(12)
4,6APX(12) FTEST(12) +RTEST(12),TEMDI(200),TX1(200),TX2(200)»
STX2Y(10912)»TULL(200) , TUL2(200) #HX(50) » TW(50),IR(50),IR1(50),
6TR2(50) s TULISN) 2 IEM(50) ,TY(200),A(200),B(200),C(200),N(200),
TR(50) sRHO(50) ,CPI50) ,DXP(12) +XKB(10,12)+,CPB(10+12)sXMDG(50)
8YK(50)¢AB(10,12),RB{1Ny12),CR(10,12),DB(10,12)»SR(10,12),
9RB1(1n0e12)sRR2(10,12),H{12)S(50))NPM(12)

DIMENSION TTUL(50) »RHOY1(50)RHOY2(50) ¢DRHO(50) » TCPC(20)

COMMON TKCeXKCr TCPCsCPCTKVIXKV ) TCPV,CPV, XNPM,RHOBX» XRM»EMBB,
1FMFByNKPB ¢y NCPR» TXK # XK ¢ TCP 4 CPX s NPM» GAPX/FTEST,RTEST» TEMDI, TX1,
2TX29 TX2T,,TUL,TULL»TUL2» IR, IR1,IR2+A4B,CeDsS»R»AR,BByCR)DB,SB,
3RR1+RB2,TY»RHOY1sRHOY2, XMNG)RHO, CP» YKo XKR9CPB,DXR»DT, XLOST,»
4UTABL s TCHAR» TRFC ¢ RHOV,RHOC s FBLOW ¢ FMV ¢ EMC s H300 » NKC,NCPC yNKV s NCPV
SNP s NMR ¢ NPRS s NPF o TEST2 s TEMPI» TXO0 » TENV o HENV s FENV»OLOSS, TLIM, TINT

COMMON 11,12,139180185916,0IN,INT,DXsXMTeTLoVL+BL,NMP,FRR1,ERR?,»
1FRR3,FRR4 »HV, VPT, CHARK ¢+ CHARC » ABLK » ABL.C ¢ XMDC s H

X=0,0
TF(TEST2) 300,100,200

100 NO 150 L=1¢/NPF

TX1(L)=TEMP]I
TX2(L)=TEMPI
TULL(L)=2TX1 (L)
TUL2(L)=TX2(L)
TEMDI(L)=TEMPT

150 CONTINUE

NO 160 Iz=g,NMR
JN=NPM(T)

N0 155 Mz1eUN
TX2T (M, 1)=TEMPI

155 CONTINUE
160 CONTINUE

0 TO 320

200 nO 220 L=1+NP

TEMDI(L)=TX0+ ( (TENV=TX0) /TL ) %%xX
TXL(L)=TEMDI (L)

TX2(L)I=TX1(L)

TULT(L)I=2TXI (L)Y

TUL2(L)=TX1 (L)

X=X+DX

220 CONTINUE

=NP+1

no 270 1=1sNMR

KJ=NPM(T)

DO 250 J=1¢Ky

TEMDI(L)=TXO0+( {TENV=TX0) /TL ) *%X
TX1(LY=TEMDI(L)

TX2(L)Y=TEMDI (L)

H0000
HOO010

H0020
H0030
HOOuN
HO0KO
HO060
H0070
HOo0AN
H0090
HO100
HO1%0
HO120
H0130
HO140
HO150
HO160
HO170
HO18n0
HO190
H0200
HO21N
HO220
H0O230
HOo24n0
HO0280
HO260
H0270
HO28N
H029N
HO300
HO31n
H0320
HO33Nn
HO3uNn
HO3SN
HO0360
H0370
H038N0
HO 39N
Hougn
HOu10
oLz n
Hou3n
MoLun
HO4SN0
HOu6N
HOou7n
HOuAan
HOL9N
HOS00
HO510
HO0520
H0530
HOS40
HOS5N
HOS6N




TX2T(Je 1)
X=X+D¥B(1
=L+l
250 CONTINUE
X=X+ (GAPX (1) /12.0)
270 CONTINUF
GO TO 320

=TEMNI(L)
)

AN ARRRITARY TEMPFRATURE NISTRIRUTION CAN BF REAN IN FROM INPUT

NATA IF TEST2 IS A nNFGATTIVE NUMRFR
300 wRITE(6+310)
310 FORMAT(1HO»79H THF VALUF 0OF TFSTo> WAS NFGATYVF,
1HOULD NOT HAVF BFFN CALLFN.)
FRR1=1,0
320 rETURN
FND

SUBROUTINF TEMPD S

HOS7N
HOSAN

HO590
HO60N
HO61N0
HO620
HO630
HO6uN
HO65N
HO660
HOGTN
HO6AN
H0690
HO700
HO710
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SIBFTC DON2 000N
C THIS SURKOUTINE DFTFRMINFS THF TFMPERATURF OF POINTS A FIXED T001N
C DISTANCE FROM A RFFERFNCF PLANE FROM THE TEMPERATURES CALCULATED T0n2n
C IN A VARYING THICKNEGS 10030
C to0un
SHBROUITINF DoNM2 (XLOST XARRAY »TARRAY ¢+ NA » XNODE » TEMP ¢ XNONEV , KK 9 XLSTV rTonsn

1nX) 10060

C 10070
NTIMENSION XARRAY(50), TARRAY (50)»XNODE(S0)» TEMP(50) ¢ XNODFV(50) 100RN

[ T009n
K=0 10100
NXT=0,0 10110

no 10n I=1eNa 10120
TF(XLSTV.LE.DXT) GO TO 18N T013n

K=K+1 10140

1n0 NXT=DXT+UX 1015n
150 kkK=NA=K 10160
XK =K 10170
XNODEV (1) =XLSTV 10180
TFMP(1)=TARRAY (1) Yo19n

PO 200 I=teKK to2an

YNODE (I)=XK*DY=XLSTV tg21n

CALL NISCT3(XNODE(I), XARRAY»TARRAYINA,TFMP(T+1) ) tp22n
XNMODEV(I+1)=xk%xDX 10230

200 XK=XK+1,.0 To2un
RFTURN to028n

FND Te26n



$IBFTC UINTRP

10

20

30

uo

SUBROUTINFE UINTRP(XeXTBLsYeYTRLeNeJ)
NIMENSION XTRBL {(50)»YTRL(R0O)

1I=J

TF(I.6T.N,OR,T4LT,2) 1=2
TF(XTRAL(I=1) ,LE«X AND, X L F.XTRL(T)) GO To 40
TF(X 6T XTBL(T)) GO TO 3An

1=1=-1

TF(I1.6E.2) GO TO 10

T=2

&0 TO 40

T=I+1

TF(I.LE.N) Go TO 10

T=N
FRACT=(X=XTBL(I~1))/(XTRL(I)=XTRL {I=1))
Y=YTBL(I=1)+(YTRL(I)=YTRt (I~1)}%*FRACT
RFTURN

FND

Jooan
Jooin
Jooa2n
J003n
Jooun
JOOKN
Jooén
JOooT7n
Jooan
Joogn
Jotlan
Jotln
Joian
JO13n0
Jotlun
JO150
JOL1AN
Jo17n

T1



$IBFTC 1SOT xaoon

SUBROUTINF ISOTHM(DEPTH, TFMP,RONDs N» ANS) K0010
NIMENSION DEPTH(1) o TFMP(1) K0nN2n
ANS==1, K0NXn
K=N=1 Kooun
Nno 100 T=1»K Kaosn
TF(TEMP(1)=BOND)2,1,3 ¥00AN

1 ANS=DFPTH(I) kKoo70
60 TO 100 xooan

2 TF(TEMP(I+1)=ROND)10On, 1004 K009n
4 AMSIZDFPTH(I+1)=(TFMP(I1+1)=BONN)*(DEPTH(14+1)=DEPTH(I)) /(TEMP(T+1)= k0100
1TEMP(T)) K011n
G0 TO 100 Koi1an

3 TF(TEMP(1+41)=ROND)}S»100,100 K013n
5 ANSS(TEMP(I)=ROND)*(DFPTH(I+1)=DFPTH(TI) ) /(TFMP(I)=TEMP(I4+1))Y+DEPTH k0140
1(1) KO150
100 CONTINUF Ko160
TF (BOND EQ+ TFMP (N) ) ANSSDFPTH (M) k0170
RFTURN kg18n

£ND K019n




$IBFTC SAVE

SUBROUTINF SAVE(SAVE1sSAVF2»SAVERsUSE o NX1 e VALUE DT TFINAL»TIMF,
1THING)
NIMENSION SAVF1(1)»SAVE2(1),SAVER(1)
HWSE=0,0
SAVEL (NX1)=VALUE
NX2=NX1=1
TF(NX2,FQ,0)NX2=3
SAVE2(NX2)=VAiL UE
NX3=NX2=1
TF(NX3.EQ,0)NX3=3
SAVE3(NX3)=VAL UF
TF((TTME LT, (2.%DT)) ,OR, (TIMF,GF , (TFINAL=3,*DT)})G0 TO 4
GO TO (1,2¢3),NX1
1 TF(((ABS(SAVF2(1)=SAyF2(2))).LE, 001),0R, (ARS(SAVE2(2)=SAVE2(3))
1.,lE.eND1))GO TO 5
TF(((SAVE?2{1) LT, SAVF2(2) ). AND(GAVF2(2) ,GT,SAVF2(3))),0R. (({SAVF2(
11). T,SAVF2(2)),AND,(SAVF2(2) ,LT,SAVE2(3)))}IUSE=SAVE2(2)
5 THING=SAVF2(2)
GO TO 4
2 1F(((ABS(SAVER(1)=SAYF3(2))) .1 E,,001),0R, (ARG(SAVE3(2)~SAVEI(3))
1,lF,.N01))G0 TO 6
TF(((SAVE3(1) LT, SAVF3I(2) ) ANN,, (SAVE3(2) ., GT.SAVF3(3))),0R, ( (SBVFX(
11).6TSAVF3(2)) ,AND, (SAVF3I(2) LT, SAVE3Z (X)) ) IUSESCAVE3(2)
6 THING=SAVE3 ()
GO TO 4
3 IF(((ABS(SAVF1(1)=SAyF1(2))),.LE,.001),0R, (ARS(SAVF1(2)=SAVEL(3))
1.LE,.N01))GO TO 6
TF(((SAVET1(1) LT, SAVF1(2))ANN, (SAVEL(2) . GT,SAVF1(31)).0R, ((SAVF1(
11).6T7,SAVF1(2) ) ,AND, (SAVF1(2),LT,.SAVE1(2)))IUSE=SAVF1(2)
7 THING=SAVF1(2)
4 NX1=NX1+1
TFINX1.EQ.4)INY1=]
RFTURN
FND

Looon
Ltoo0to0
L0020
L003n
t00un
LLOOKN
LOOGN
Loo70
Looan
L009n
L0100
Lo11n
L0120
L0130
LO1lun
10150
1L01AN
LOY7N
Lo1an
L019n
Lo200
L0210
L2220
10230
to2an
1.0250
L0260
Le270
L0280
1.0290
1.0300
Lo3in
L0320
L0330
LO3un

73



Th

$IBFTC DISCT3
SUBROUTINF DISCT3(XA,TABX,TABY,Nv, ANS)

NIMENSION TABRX(1)»TARY(1)

CALL DNISSFRIXArTABX s 1¢NY,29NN)

NNNZ3

CALL LAGRAN(XA» TARX{NN) » TABY (NN),NNN, ANS)
RFTURN

FND

MOODN
M0D10

M0020
MO030
MOO4N
MOOKN
MODBN
MO070



$IBFTC DISS

10

15

20

25

30
35

40

SUBROUTINE DISSER (XA¢TABrIoNXrID»NPX)

DIMENSION TAB(2000)
DIMENSION TAB(2000)
NPT=ID+1

NPB=NPT/2

NPUZNPT-NPB

IF (NX=NPT) 10,5+10
NPX=1

RETURN

NLOW=I+NPB
NUPP=I+NX={(NPU+1)

DO 15 II=NLOW!NUPP

NLOC=11

IF (TAB(II)=XA) 15,2020
CONTINUE

NPX=NUPP=~NPB+1

RETURN

NL=NLOC-NPB

NU=NL+1ID

DO 25 JJ=NLNU

NDIS=JUJ

IF (TAB(JJ)=TAB(JJ+1)) 25030+ 25
CONTINUE

NPX=NL

RETURN

IF (TAB(NDIS)~XA) 40,3535
NPX=NDIS-ID

RETURN

NPX=NDIS+1

RETURN

END

w0000
w0010
w0020
w0030
w0040
w0050
w0060
w0070
w0080
w0090
w0100
w0110
w0120
w0130
wol40
w0150
w0160
w0170
w0180
w0190
w0200
w0210
w0220
w0230
woa2u40
w0250
w0260
w0270
w0280
w0290
w0300
w0310

>



SIBFTC LAGR

SUBROUTINE LAGRAN (XAsXsYrNeANS)
DIMENSION X(200).Y(200)
DIMENSION X(200).Y(200)

SUM=0,0

DO 3 I=1«N

PROD=Y(I)

DO 2 J=1/N

A=X(I)=X(J)

IF (A) 1e291

1 B=(XA=x(J))/A

76

PROD=PROD*B
CONTINUE
SUM=SUM+PROD
ANS=SUM
RETURN

END

T0000
T0010
T0020
T0030
TO040
T00S0
T0060
70070
T0080
T0090
70100
TOl10
70120
T0130
T0140
T0150
To160



$IBFTC MORE

30
10

20

uo
1000

1001
1002

50
1003

NIMENSION TITLE(12)¢X(2000)Y1(2000),Y2(2000),Y3(2000)sYu(2000)
RFWIND 11
RFAD(11) (TITLE(I)»I=1,12)
READ(11)IX(1)oYL(1)oY2(1),Y3(1)sYul(l)
Y3(1)=Y3(1)%12,.4Y1(1)
Ya(1)=Yu(1)%12,+4Y1(1)
122
RFAD(11IX(IYoYI(I)oY2(X) Y3 I)oYull)
TF(X(1)=-5001,310,20,20
Y3(I)=Y3(1)*12,+Y1(])
YE(I)=YL(T)*12.,4Y1(1)
T=I+1
&0 TO 30
NPLOT=I=1
YmMiz=y1(1)
ym2zva(1)
YM3z=Y3(1)
YMuz=Y4 (1) )
NO 40 K = 2 o NPLOT
IF (Y1(K),6T.YM1) YMy
TF (Y2(K),GT,YM2) YMo
IF (Y3(K),6T,YM3) YM3
IF (Yu(K),GT, YMu4) YMy
CONTINUE
FORMAT(1H1, (12A6))
CALL ACCEND(X»Y1,Y2,Y3sYu NPLOT)
XMAX=X (NPLOT)
CALL APLOT (XeY1eXMAX, YM1TITLF,NPLOT)
CALL RPLOT (X,Y2,XMAYX,YM2,TITLE)
CALL CPLOT (XoY3)Y4oXMAX,YMI,YMU,TITLFeY1)
WRITE(6¢1000)(TITLE(T)»I=1,12)
WRITE(601001) (X{I)oYL(I)oY2(T)soYR(I)oYU(T),I=1,NPLOT)
FORMAT (5E20.8)
WRITE(6,1002)XMAX ) YM1, YM2,YM3,YMu NPLOT
FORMAT(///6H XMAXZFIn,4,5H YMISF10.8o8H YM2SF10.,u95H YM3=F10,4/,»5H
1YMUSF10.492X6HNPLOT=TU)
RFAD (11) (TITLE (I),1 = 1,12)
READ(1LIX(1)oY1(1)oY2(1) Y3 (1YpYull)
1=2
IF(X(1)=5001,)30,50,50
WRITE(6+1003) (TITLE(T)»I=1912)
FORMAT(////12A6)
RFTURM
FND

Y1(K)
Y2 (K)
Y3(K)
Yu(K)

NODQO
NDO10
NOC20
N0O3D
NOOuD
NOOS50
NOOAN
NOOTN
NODBD
NDO90
MO1n0
No110
NO120
ND130
NOlan
NO160
NO160
NO170
N0180
NO0190
NO200
NO210
ND220
ND230
ND240
NO250
ND260
NO270
MOPRN
ND290
NO300
NO31N
NO0320
NO33n
NO3un
NO3&N
NO360
NO370
NO380
NO39n
NO4OO
NOu1n
NOu2N
Nou3Nn
NOU4n

T
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$IBFTC ACCEN

101

100

SUBROUTINFE ACCEND(XrYsAsByCsN)
DIMENSION X(1)oY(1)eA(1),R(1),C(1)
K=1

SMALL=X(K)

DO 100 I=KeN

DUMY=X(1)
GMALL=AMIN1 (SMALL »DUMY)
IF(SMALL ,EQ.X(I))INDEX=1]
CONTINUE

X (INDEX) =X (K)

X(K)=SMALL

SAVEZY(K)

Y{K)I=Y(INDEX)

Y ( INDFX)=SAVE

GAVEA=A(K)

A(K)=A(INDEX)
A{INDFX)=SAVEA
GQAVEB=B(K)

B(K)=B(INDEX)

R (INDFX)=SAVER

SAVEC=C (K)

C(K)=C(INDEX)
C({INDFX)=SAVEC

KZK+1

IF(K.FQR,NIRETURN

g0 TO 101

FND

PO0OD
PO010

P0020
P0O30
POOuO
POOSN
PO06N
POO70
Po0AN
PO090
PO100O
PO110
Po120
P0O130
PO140
PO15n
PO160
POL17N
PO1AN
PO190
po20n
PD210
PD220
PD230
PO240
PO250
PO260
P0270



$IBFTC AFLOT

10
30
1000

20

uQ

S0

~U

SHIBRONTINF APLOT (XeYy XL TMYLIM»TITLE,IPI OT)
NIVENSION X(3n0) o YTTITLE(IN) o XTITLF(10)

NIMENSION TITLEC(12)»Y(300) s ALONGY(T)

COMMOM /aRC 7/ ALLOW(7) 9 A1 ONGX(7) ,NPLOT»ZFRO» XMAX, TFIX

DATA (XTLITLE(T)»I=1s10)/3RH TIME (SEC,) /
NATA (YTLTLE(T)eI=1s10)/3ARH SQURFACE RFCFSQION (IN,) /
7FRO=N,0

al LOW(1)=50,

ALLOW(2)=100,

Al LOwW(3)=2b50,

al LOw(4) =500,

Al LOW(5)=100n,

Al LOW(6)=2500,

Ml LOw(7)Y=%000,

NPLOT=IPLOT

nO 10 I=1.7

11=1

TE(XLTM= ALLOW(T)) 211920,10

CONT INUF

WwRITE (A,1000) XLIMeYl IM
FORMAY(///77H APLOT CANNOT PF DONF RECANHGF FTTHFR XLTM FXCEFDFD =N
1nn, OR YLTM ¢ ¥CFENEN &, /ARH X1 IMZF12,5,5%Xs6H YLTMZE12,5 // 19H WF
2u0W 6N TU BPLNOT /77 )

RFTURMN

xMAXZ ALLOW(1T)

IFIX=TY

Nno 4 I=l.4

T1=1

YEAYLTM »100, =ALLOW(T) )S0.8N,un
CONT [MUF

-0 TO 3n

yMAX =ALLOW(TT) /100,

CALL RSTFRM

CALL GRTIUGN (123,1023,2u,024,18,18,:5,5R)
CALL PLOTY (1,1eZFROXMAXPZEROeYNAX e Xy YoeNPLOTo101HZ)
al ONGX (1) =U,v

Al ONGY(1)=0.0

N0 RO I=Leb

CALL LARELX (ALONGX(TYe1)

CALL LARELY (ALONGY(T)»1)

M ONGY(T+1)z BLONGX(T) +,2% XMAYX
AMONGY(T+1)= ALONGY([) +,72% YMAX
CALL PRINT(20NsO759 12,0038y XTYTLF)
CALL PRINT(UT7,200,0012s38,YTITLF)
CALL PRTINT (1230100091250, 729TTITLF)
CALL NDMPrIIF

wF TURN

FND

nooan
anon
0noNon
AONAN
annen
nonsn
nonNAN
non7Nn
aonan
nonNan
apt1oNn
[ali R B3]
an12n
not3n
ontun
o1Sn
001AN
[alth v dal
QnlAan
nnl1on
an2nn
no21n
npo22n
no23an
0N2un
np25n
0nN26n
noo27n
no28/n
AN29n
nnzan
N3N
noza2n
NnO33N
NO3Ryn
NN3”/N
NORAN
an37n
NN3A”/N
nO3aAN
nnann
1S Na}
Apju>n
noL 3N
nouan
NOUsN
NOUAN
nOu7N
aouan
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$IBFTC RPLOT

1un0

20

20

SUBROUITINF PRI OT (XoY o XLTMyYLIM, TITLE)

NIMENSION X(3n0),Y(30N) pYTITLF(1n) s ALONGY (7)) XTITLE(1N)
DIMFNSION TITIE(L?)

COMMON /aRC /7 ALLOW(7) 9 A1 ONGX(7),MPLOT»ZFRO ¢ XMAX, TFTIX

NDATA (XTLITLE(T)»I=1,1Nn)/38H TIME (SEC,)
NATA (YTITLE(T)I=1le10n)/3R8H RONDL INF TEMPERATURF (R)
AL ONGY(1)=0,0

NO 10 I=1.,7

11z=1

TFOYLTM —=ALLOW(I)) 21,20,10

CONTINUF

WRITE (6,1000) YLIM

FORMAT(///7 371 PPLOT wILL NOT BF DONE BFCAUSF YLIM= FEt12.5 ////7)
#FTURN

YMAX TALLOWI(TTY)

cALL RSTHRM

CBLL GRIVGN(123,1023,24,02491891815¢5 )

CALL PLOTYT (1,19ZERO,XMAX,ZEROsYMAXeXyYe NPLOT»1, 1H/ )

Nno 30 I=1+6

CALL LAREIX (ALONGX(TYs»1)

CALL LARELY (ALONGY(T)»1)

Al ONGY(T+1) = ALONGY(T) + .2% YMAYX

CALL PRINT(20N9975+10,053°XTTTLF)

cALL PRINT(U7,2000001293R,YTITLF)

CALL PRINT(123,1000912,0,72¢TTTLF)

CcALL PMPRUF

RFTURN

FND

rROOON
rRONDIN
rRONZN
RPO0O3N
rROOLN
RONKN
POOGRN
rROO70
RONAN
rRONDYN
rRO10N
RO11N
RO12n
rRNOL3AN
ROtunN
RO15N
RO1AN
rRO170
RO1AN
rRO19N
RrRO20N
RO21N
rROP22N
rRO230
RO2u4n
POPSN
rO26N
RO27n
RO2AN



$IBFTC CPLOT

C %*%xx

7

1uno

6

70

10

RbY
R6

20

SUBRONTINE CPY OT (XoY1oY2 o XLIM, Yl TM1,YLIMP,TITLF,
NIMENSION X(300)oY1(3n0Y,Y2(300),YTITIE(10)sYY(2000),XTITLE(10)

NIMENSION TITIEC12) sy (3D
NTMENSION CURVE (1) s VRUIG(

NY»ALONGY (7)
u) s+ HRUIG(T7)

Y)

COMMON /ARC / ALLOW(7) Al NNGX(T7),NPLOT»2FROyXMAX, TFTX
NATA (VBUG(T),I=1,4) /7 10N.0,50.0220,Ne30,0 7/
NATA (HRUG(T) ,IZ107) 7/ 1.n02.0e5,0010,092n0,0,50,00100,0 /

NATA (XTLTLF(T)sI=1r10)/
NDATA (YTATLF(T)sIZ1910)/
PATA ONF/uHINRO /e TWO/UH
NDATA WON/Z1H1 /eT00/142

38H

3nH NTSTAMCE

1460 7
/

(IN)Y

FOUR (4) CHARACTERS ARE AtLLOWFD FOR CURVF (1)

CURVE (1)Y=0ONF
HEACTRZ=HBUG{ TFIX)

SYMROL =WUN

YRIG =AMAX1 (vLIM1,Y) TMD
NCURVF =1

Nno 1 T=1.NPLOT

yY(I)= vYi(l)

PO 7 T=1.u

1= I

TF(YBTG*1n0, =~ALLOW(T))6A
CONTINUF

)

A7

WwR1TE (6+1000) Yt IMY,YLTIM2

FNRMAY (/// 3aH (PLOT WYt

1Yl IM2= F12.,5 ////7 )
RFTHRN

YMAX =ALLOW (TI)Y/100,
VFACIR=ZVLIIG(TIT)

CALL RSTrPM

CALL GRTHEN (123,1025,2U4,02U4,1891895,KR)

J=1

nO 10 ISUWNPLOT
11= 1
M1 =T=1

1FC YY(I)=Y(1) )20,10n,1D
CONT INMUF

NOPTZNPLOT=J41

Lt =J + NOPT/>

TVLOC=(YMAX=YVY(LLY I *1R ,xyFACTR +24,

THLOC= X(LL)%x18. /HFACTR
CALL PRINT(In OC,»IVLOC

CALL PLOT1(1,197FRO»XMAX,7ERO,YMAX»X(J)pYY(J)»NOPT

TF (NCURVF=1 Y 90,85,00
Nno A6 I=1 NP NT
YY(I)=Y2(T)
CURVE(1)=TWO

SYMROL=TOUO

NCURVF = 2

Jzid
<0 TO 70
NPTEIT=J

tl=d ¢+ PT/2
FUVLOC=(YMAX=YY(LL))*1R %
THLOC= X(I1L)Y+18, /HFACTP
CALL PRINT(IHI OCHhIVLOC

+12*x, -u8,
As0e4,ClIRVE)

vFACTR +2u4,
+122, -us,
Re0el, CURVE)

-4,

-4,

TIME (SFC,)

NOT RF DONF BFCALISF Y} IMIZF12,5,1nH OR

»1,SYMROL )

soonon
<onin
<pn2n
S003N
conun
consn
S00an
<S007n
sonan
<0non
So1nn
<011n
<0120
S0t13n
cpoiun
cntsn
So16N
cor7n
C01RN
<0ton
so2nn
<g21n
<p22n
<n23n
co2uan
c0256n
co26n
cg27n
S02RN
cg29n
<a3nn
cO31n
cp32n
<033An
<O3un
<03sN
S0%sN
<ORT7N
SNRAN
cnran
<nunn
<ouln
cnuzn
<ouxn
caouun
cou”n
CNUAN
cou7n
COuRN
SQouan
<psnn
SOR1n
c0%2n
053N
co’sun
S08%nN
CNSAN
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%0

40

Qg0

100

CALL PLOTI(1,19ZFROsXMAX,ZEROYMAX s X (I aYY (1) »NPTo1sSYMPOL)

Nno 50 IJd= II, NPLOT

Jd=z IJ

TF(YY(IJ)= Y(TJ) IS0, u0eun

CONT INUF

IF (NCUIRVE=1) ©Q0,s8599n

Jd= Jd

a0 TO 70

at ONGY(1)=0.0

no o100 Iziebh

CALL LARFLX(AL ONGX(1), 1)

CALL LARELY (Al ONGY(T),1)

Al ONGY (I+1) =41 ONGY(T) + ,2*YMAX
CALL PRINT(20N9978512,0, 38 XTTTLF)
CALL PRINT(47,200¢0012s3RYTITLF)
CALL PRINT(12%1000012¢0,72»TTTLF)
CALL NMPRUIF

RF TURN

FAND

<OS7n
SO0RAN

cos9n
S06NN
c0h1n
s062n
S0AR3N
S06un
c06%N
<06AN
S067N
S06RN
<SN69N
<70N
<n71n
sp72n
<073n
SO74n
SO7HN



FORTRAN

ABLC

ABLK

BB
BL
BLTEM

BTEST

CB
CHARC
CHARK
Cp
CPB
CpC
CPV

CPX

DB

DELTT

APPENDIX D

PROGRAM TERMINOLOGY

Description

"A" coefficient in matrix, single subscript

"A" coefficient in matrix, double subscript

specific heat of material at TABL

thermal conductivity of material at TABL

"B" coefficient in matrix, single subscript

"B" coefficient in matrix, double subscript

Total thickness of backup structure

value of 1460 isotherm depth from previous time step

test to determine mode of heat transfer out of back surface of
backup materials

"C" coefficient in matrix, single subscript

"C" coefficient in matrix, double subscript
specific heat of material at TCHAR

thermal conductivity of material at TCHAR

specific heat of a node in ablation material
specific heat of backup material node

specific heat values in char specific heat table
specific heat values in virgin specific heat table
specific heat values in backup material specific heat tables
"D" coefficient in matrix, single subscript

"D" coefficient in matrix, double subscript

time step in the time step table
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FORTRAN

DMP
DRH@
DT
DTS
DX

DXB
DXV
DXX

EMBB
EMC
EMFB
EMV
EMX
END
ERR1L

ERR2

ERRM
FBLW
FCPNV
FENV
FRAD

FTEST

8l

Description
test used for dumping (DMP = O skip dump, DMP = 1,0 start dumping)
local mass flow rate of ablation gas
time step from the time step table in hours
time step from time step table in seconds
thickness of a node in the ablation material

thickness of a node in a backup structure material
. . . VLV
variable ablation node thickness =% -1
. . . . VLI
fixed ablation material node thickness i

emissivity of back surface of each material in backup
char material emissivity

emissivity of front surface of each materilial in backup
virgin material emissivity

emisgivity of front surface of ablation material

code word for plot routine

Control numbers for printing error statements when an input or
calculational mistake is made

blowing efficiency in reducing convective heating

factor to correct convective heating rate for various body locations
emissivity - view factor product £o cabin interior

factor to correct radiative heating rate for various body locations

test to determine mode of heat transfer into front surface of
backup materials




FORTRAN . Description

FV view factor for external environment

G defined by FORTRAN statement

GAPX gap width between backup materials

H film coefficient between backup materials

H300 enthalpy of air at 300° K

HEAD any 72 alphanumeric characters used to identify problems being

run - printed at top of first page of output

HEADNG any 72 alphanumeric characters used to identify each input section

HENV film coefficient to cabin environment

HTX total enthalpy

HV heat of degradation of virgin material

HW wall enthalpy computed from enthalpy — temperature table

HX enthalpy values in enthalpy table

TEM test used to determine if fron£ surface is virgin or char for using
proper emissivity

IPRC variable print frequency in time-step table

IPRCT present print control number

IR test to determine if node temperature is greater than TABL

TR1 test used in determining node density at TX1 temperature

IR2 test used in determining node density at TX2 temperature

NCASE number of problems to be run

NCPB number of points in each backup material specific heat table
NCPC number of points in char specific heat temperature table
NCPV number of points in virgin specific heat temperature table

NKC number of points in char thermal conductivity - temperature table



FORTRAN

NKPB
NKV
NMB
NP
NPBS
NPF
NPLET
NPM
HP

NPTT

Description
number of points in each backup material thermal conductivity table
number of points in virgin thermal conductivity temperature table
number of materials in backup structure
number of node points in ablation material
total number of node points in backup structure
total number of points in heat shield structure (NP + NPBS)
output plot control number
number of nodes per material in backup
number of points in enthalpy — temperature table
number of points in time-step table
number of points in surface recession — temperature or time table

number of points in trajectory input table

dummy indices for subroutine SAVE

amount of convective heat blocked due to mass injection into
boundary layer

trajectory table convective heating rates

cold wall convective heat rate at present time step
hot wall convective heat rate without blowing

net heat flux into front surface

boundary condition for heat transfer to cabin interior

heating rate due to combustion



FORTRAN

QRADX

QUIT

RB1
RB2

RH®
RHPBX
RH@C
RH@PV
RHPYL

RH@Y2

SD@T
SAVEIT
SAVEXX
SAVX
SAVY1
SAVY2
SAVY3
SAVYL
SAVY1X

SAVY2X

Description
trajectory table radiative heating rates
radiative heat flux at present time step
code word for plot routine

thermal resistance due to conductivity between nodes in the ablation
material

thermal resistance due to conductivity between past and present node
in backup material

thermal resistance due to conductivity between present and forward
node in backup material

density of an ablation material node

density of individual materials in backup

mature char material density

virgin ablation material density

density of node at past time step

density of node at present time step

thermal capacity of a node in the ablation material
surface recession rate

depth of 1060 isotherm at any given time

time corresponding to maximum depth of 1460 isotherm
time corresponding to maximum depth of 1060 isotherm
surface recession depth at maximum 1060 isotherm depth
bondline temperature at maximum 1060 isotherm depth
term that will contain maximum depth of 1060 isotherm
depth of 1460 isotherm at maximum 1060 isotherm depth
surface recession depth at maximum 1460 isotherm depth

bondline temperature at maximum 1460 isotherm depth
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FORTRAN
SAVY3X
SAVYLX

SR

TABL
TCHAR
TCP
TCPC
TCPV
TEMDI
TEMPI
TENV
TEST?2

TDMP

TIME
TINT
TITLE
TKC
TKV
TL
TLIM
TREC
TS

TTABLE

88

Description
depth of 1060 isotherm at maximum 1460 isotherm depth
term that will contain maximum depth of 1460 isotherm
surface recession values in surface recession table
present time
temperature at which ablation starts
temperature at which ablation stops
temperature values in backup material specific heat tables
temperature values in char specific heat table
temperature values in virgin specific heat table
arbitrary initial temperature distribution values
constant initial temperature distribution value
interior cabin temperature
test to determine proper heat shield initial temperature distribution

time to start dumping or printing information used in checkout of
program (sets DMP = 1.0)

trajectory table time values

starting time of problem

control card used for reading in new data for successive problems
temperature values in char thermal conductivity table
temperature values in virgin thermal conductivity table

total thickness of heat shield structure (VL + BL)

time limit of problem

surface temperature or time at which char removal is to start
temperature or time values in surface recession table

time values in time-step table



FORTRAN

TTUL

TULL
TULZ

Vv

TX1
TX2
TX2C
TX2T
1XK

TXP

TY

VELX

VLTEM

VLV

WEKEEP

XC

XT

Description

equals TUL if VPT = O or equals TX2 if VPT = 1 - used in computing
char properties

maximum value of TXL and TX2

maximum TX1 values - used in computing gas ablation rate

maximum TX2 values - used in computing gas ablation rate

sink temperature of external environment

temperature values in enthalpy table

temperature of nodes at past time step

temperature of nodes at present time step

temperature at fixed locations in ablation material as defined by XC
temporary storage of TX2 temperatures for computing thermal properties
temperature values in backup material thermal conductivity tables

initial temperature at front surface of heat shield for computing
linear temperature gradient

temperature distribution at forward time step
trajectory table velocity values

trajectory velocity at present time step

initial virgin material thickness

initial ablation material thickness

value of 1060 isotherm depth from previous time step
variable ablation material thickness

test to determine if properties are irreversible with temperature
depth of 1460 isotherm at any time

thickness of individual materials in backup

fixed location of nodes in the ablation material

node number
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FORTRAN

XIDNT

XLSTV

XMDC

XIPM
XPLYT
XV

YK
YPLATL
YPL@T2
YPLAT3
YPLPTL

227

90

Description
any 72 alphanumeric characters to identify each material

thermal conductivity values in backup material thermal conductivity
table

thermal conductivity of backup material node
thermal conductivity in char thermal conductivity table
thermal conductivity value in virgin thermal conductivity table

amount of golid ablation material lost in a time step due to surface
movement

distance from original surface to present front surface location,
inches

distance from original surface to present front surface location,
feet

mass loss rate of char

mass gas ablation rate due to pyrolysis of virgin material
mass flux rate of oxygen to surface

total ablation rate

number of nodes in ablation material

number of nodes per backup material

time to be written on tape and plotted

location of nodes in variable ablation material thickness
thermal conductivity of a node in ablation material
recession depth to be written on tape and plotted
bondline temperature to be written on tape and plotted
1060 isotherm depth to be written on tape and plotted
1460 isotherm depth to be written on tape and plotted

ratio to determine when the limiting value of heat blockage has been
reached



APPENDIX E

GENERAL FLOW CHART

Start

Rewind 11
Read NCASE

Initalize
program constants

Read and write

input data and
setup initial conditions

Calculate surface
heating conditions

Transfer to subroutine
RECESS

calculates surface recession
depth and char ablation rate

Transfer to subroutine
CPEFF

Transfer Fo subroutine
TEMPD

determines initial
temperature distribution

calculates tri-diagonal
matrix coefficients

Transfer to subroutine
PR@P

calculates thermal
properties

Transfer to subroutine
SWUFT

solves tri-diagonal matrix
for temperature distribution

Continue




92

l Continue |

Transfer to subroutine
D@2 '

calculates fixed
location temperatures

Transfer to subroutine
ABLATE

calculates gas
ablation rate

Transfer to subroutine
SAVE

determines maximum and
minimum values for
plot program

If time is less than
TLIM, loop back to

surface heating
calculations

Setup temperature Transfer to subroutine
distribution for printing | <— TSPTHERM
Perform isotherm — & | calculates 1060° R and
depth calculations 14560° R isotherm depths
Write output - Setup data for
tape NPL¢T =1 plot program
Check for
time limit
of problem
Check End File 11
NCASE IPLPT = NCASE Rewind 11
——

Reinitialize program to
initial input conditions

Go to initialization
of program constants
to start next problem




¢6

TABLE I.- SAMPIE PROBLEM INPUT
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TABLE I.- SAMPLE PROBLEM INPUT - Continued

(a) Coding sheet

STATEMENT 6_:-_ CONTINUATION

NUMBER

FORTRAN STATEMENT

t
A
U
|
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TABLE I.- SAMPLE PROBLEM INFUT - Concluded
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TABLE I.~- SAMPIE PROBLEM INPUT

(v) Fortran data card listing

1
TYPICA! CHARRIMG ARLATOR = TEST CASE = 4/6/65 DONALD M, CURRY
+600s0  +0N +0,0 ~i10 2 1
+ULU +uUr tu.l +U0n 100
+600.u  +00 +u,1 +00 100
+1.0 +3N +1,0 +4yn
TYPTCAL CHaRRING ARl ATION MATFRTAL PROPFRTIFS
+1itou.0 +yn +1860,N +00 +U,.0 +00 +34,40 +ul 20,0 +00 +0,0n +00
+0.65 +0N #4075 400 +129.0A +00 +1.5n +00 +250.0 +00 +0,0 +00
+1,.V +UN +1,0 +uh +u,12 +00 +0,43 +00 +0,070 400 +0,43 +00
31 2 < a 2 2
+1060,0 +yn +u,l12 +U0 +1.0 +U4 +0,12 +0n
+1860,0 +yn +1:,43 +un +1.,0 +04 +0,43 +0n
+3A0«1 +UN +0L,0h5 40N +4A0, 0  +0DN 40,085  +0N +5A0,0 400 +0,0655 40N
+6602) +00 44,060 +0N +7A0,0 +00 +0,0672 +00 +8A0,0 +00 +0.0A84 +00
+Y9A0U  4+UN 0,069  +0N +1N60,N0 +00 +0,070 +00 +1160.0 +0N 40,070 +00
+3A0 sy +00 410,43 +unN +1100,0 +0N +U, 43 +00
+U.0 +00 49,0 =ul4 +o0g,u +uN +9,0 =-0u
NO TRAUFCTORY = Q=95 RTUI/SEC=SOFT
2
+U.0 40N +95,0 +U0 40,0 +00 +2,925 +04
+aN0suy  +0N +95,.0 +U0 +4,0 +00 +2.925 +04
1 3 el +00N
+3.0 +un
9 2
BACKUP MATERIAL 0.1 INCHES THTCK
+3F0 el +0N +UUBH  +0N +4A0.,0 +00 40,065 +00 +5A0,01 +0N +0.0655 +0n
+nbUeU 40N +0,066 +UN +76u.U +00 +0,URT2 +00 +8A0,0 +00 +0,0684 +0n
+4A0. U +00 +0,069 +00 +1060,0n +00 +0,07 +00 +1160,N 40N +0,07 +00
+IAUON 400 +i1, 43 +U0 +1100.0 400 40,43 +00
+3u,0 +unN +u.l +0N +0.9 +00 +0.9 +00
+U.0 +U ol U +00 +u,.0 +00 +0,0 +00
HFAT TRANSEFFE TO CAPIN FAVIROMMENT = HENY=Q0,0
+95A0«00  +yN +u,0 +00 +0,0 +UN 40,0 +00
INTT AL 1FMPERATORE 1S CONSTaAMT
+G.0 +1uN +930G.0 +ul +930.0 +00
ug
+u.0 400 4+l +U0 +342,9  +00 +1600.N0 400N +409,7 +00 +18pn,N +00
+617.2 40N +2000,0 +00 +791,0 400 +3000,10 +9N +978,0  +00 +3A00,0 +00
+1113,0 +un +4000,0 400 +1200,0 +00 +4224.0 +00 +120N, N +00 +448A/,N 400
+180U,0 400 +68723,0 +00 +1500,n 400 +4936,0 +00 +1A00.N +00 +5127,0 +00
+1700,0 +0N0 +5299,N0 400 +1R00,0 40N +5854,0 +00 +1200,0 +00 +58594,0 400
+2000.0 +010 +9728,0 +Y0 +2100,9 +00 +5851,0 400 +2200.0 +0N +596R, N +00
+2300.0 400 +onN78,.N0 +y0 +2400,0 +00 +6186,N +00 +2500,0 +00 +6291,n +00
+2600.0 4yN F6395,0 +0N +2700.0 +ull +64897.0 +00 +280N.N +0N +6597,0 +00
+2000,0 +00 +6A99.Nn +uH +3000.0 +00 +6RO5,N 400 +310Nn.N +0N +691R, 0 +0N



+3200.0
+35N041)
+3800 4 1
+4100.1
+uuNOey

+unN+TuRV.U
+UN+TURU LU
FUNHTHT0L 0
+N+ARA-ND N
+UN+9L00 .0

TABLE I - SAMPLE PROBLEM INPUT - Concluded

(b) Fortran data card listing

+UN+33500,0
+N+36N0.0

FUOFII 0,0
+un+u2nn,.u
+u+U45N0, 0

+0047175,0
+00+7630.0
+00+A120.0
+NN+8700.0
+0N+91%50,0

+0N+34N00,0
+00+3700,0
+00+40N0,0
+00+43N00,0
+AN+u6N0,0

+0N+7350,0
+0N+7800,.0
+00+R3N0,0
+0N+RB%0,0
+0N+9270,00

+00
+00
+00
+00
+00
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TYPICAL CHARRIMNG ARLATNR -

INPUT DATA.

TABLE II.- SAMPIE PROBLFEM OUTPUT

TEST CASE - 4/6/65

TIME LIMIT=6.00U0E 02 INITIAL TIME=0. NPTT= 2
TIME TIME STFP PRINT CONTROL
O. 1.0000E-01 ivo
6.0000L8 02 1.0C00E-01 100

FCONV= 1.00MN0%

TYPICAL CHARRING

TABL= 1.0600vE U3

FBLOW= Q.
HV= 2.,5U020C

CHARC= 4.,30000C-01

NP= 31

TEMPERATURF
3.60000F 02
4.60000C 02
5.60000E Oc¢
6.60000E 02
7.60000C 02
8.60000NE 02
9.60000E 02
1.06000t 03
1.16JG0E 03

TEMPERATURE
1.46000E U4
1.00000E 04

NKC=

TCHAR= 1.46C00& 03

EMV= 6.560C0E-01
22 VPT= 0.
7.00000E-02

ABLK=

2 NCPC=

THERMAL
CONDUCTIVITY
6.5CNOJE-02
6.50000E-02
6.55000E~UZ
6.6C000E-02
6.72000E-02
6.84700E-07
6.30700E-C2
7.0U000E-02
7.00000%=02

THERMAL
CONDUCTIVITY
1.20202E-0C1
«20000E-01

[$30] FRAD= 1.00200F 20

ABLATION MATERIAL PROPERTIES

TREC= O.

EMC= 7.500C0E-01
Fv= 1.D0000E Q0

ABLC= 4.,30000E-01

7 NKV= 9
VIRGIN MATERIAL
TEMPERATURE

3.6000GE 02
1.10000€ 03

CHAR  MATERIAL
TEMPERATURE
1.46000C 03
1.C0000CE U4

SURFACE R¥CESSION TABLE

TIMF

0.

6.00000E 02

SK - IN/SEC
9.0C000E-04
9.0C000E-04

NO TRAJECTORY - 0=95 BTU/SEC-SQFT

NO. OF TRAJECTNRY PNINTS =

2

NCPV= 2 N

DONALD M. CURRY

RHOV= 3.40000E 01
H300= 1.29060E 02

1v= 0.

REC= 2

SPECIFIC
HEAT
4++30000E-01
4.30000E-01

SPECIFIC
HEAT
2. 30000 ua
4430000C-01

RHOC= 2.00000E 01

VL=
CHARK =

1.50000E 00
1.20000E-01



TABLE II.- SAMPLE PROBLEM OUTPUT - Continued

TIME 0 CONVECTIVE 0 RADIATIVE VELDCITY
G 7+2Uul0E UL [0% 2492500 Ua
6.000G0F 02 9.50000E 01 0. 2.925C0E 04

PROAPERTIES OF BACKUP STRUCTURE

NO. CF MATERIALS IN BACK-UP SHIELD= 1
TOTAL MUMBRER OF NUDES IN BACK-UP SHIELD= 3
THICKNESS 0OF OACK~-UP SHIELD= 1.C0000E-01

BACKUP MATERIAL 0.1 INCHES THICK
THERMAL SPECIFIC

TEMPERATURE CONDULILVILTY TEMPERATURF nEAT

3.600003C 02 6.50000E-0¢ 3.60C000E 02 4.30000E-01

4.60000F D2 6.5C0032=-12 1.10C00E 03 4.30000E-0G1

5.60000E 02 6.2500)E-02

6.60000E 02 6.6GG0UE-C2

T.60000E N2 6.72000E-02

8.60000F 02 5.340027-02

9.600C2C Q2 6. 30N0UE-02

1.0600% 03 T.20000E-02

1.16009C 23 {.°0N02C-02

EMISSIVITY
MATCRIAL DENSITY THICKNESS FRONT BACK NCDES/MATERTAL
1 3.4000E Gl 1.0090e-01 9.0000&-01 9.0000E-01 3.0000E 00

ADDITIUNAL DATA FUR [NDIVIDUAL MATZRIALS IN BACKUP STRUCTURE

MATERTAL FILM COCFFICIENT GAP THICKNESS FTEST BTESTY
1 N. C. 0. 0.

HEAT TxRANSFLR T CARIN ENVIRONMENT - HENV=0.0

TEMPERATURE = 5.6U000E 02 FILM COEFFICIENI= C. VIEW FACTOR= 0. Q LOST= 0.

INITIAL TEMPERATURE IS CONSTANI

TEMPFRATURF DISTRIBUTION 1N HEAT SHIFIN IS UNIFORM ANC FQUAL TO 5.3000F 02

929
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TAELE II,- SAMPLE PROBLEM OUTPUT - Concluded

OUTPUT DATA.

TIME= 9.90000FE 00 QCONVECTIVE= 9.50000f 01 QRADIATIVE= 0. VELOCITY= 2.,92500& 04
GAS ABLATION RATE= O. CHAR ABLATION RATE= 5.40000E 00 TOVAL ABLATION RATE= 5.40000E
RECESSIUN DEPTH= 9,00000E-03 QHOT WALL= 8.99282E 01

TEMPERATURE DISTRIBUTION IN HEAT SHIELD AT THE END OF THE TIME STEP, T= 1.00000E Ol SECONDS

TEMPERATURE DISTRIBUTION IN THE ABLATING MATERIAL

3.79022€E 03 2.33046E 03 1.06300E 03 6.38075E 02 5.47600E 02 5.32434E
530289t 02 5.30030E 02 5.30002E 02 5.30000E 02 5.30000E 02 5.30000E
5.30000E 02 5.30000€E 02 5.29999E 02 5.30000E 02 5.30000E 02 5.30000E
5.30000E 02 5+30000E 02 5.30000E 02 5.30000E 02 5.30000E 02 5.30000€
5.30000E 02 5.30000E 02 5.30000E 02 5.29999E 02 5.30000E 02 5.30000&

5429999E 02
TEMPERATURE DISTRIBUTIUN IN THE BACK-UP STRUCTURE
5.29999€ 02 5.30000E 02 5.30000€ 02
TIME= 1.99000E 01 QCONVECTIVE= 9.50000E Ol QRADIATIVE= O. VELOCITY= 2.92500F 04
GAS ABLATION RATE= 2.90720E 01 CHAR ABLATION RATE= 5.40000E 00 TOTAL ABLATION RATE= 3,44720F
RECESSION DEPTH= 1.80000E-02 QHOT WALL= 8.99173E 0Ol

TEMPERATURE DISTRIBUTION IN HEAT SHIELD AT THE END OF THE TIME STEP, T= 2.00000E 01 SECONDS

TEMPERATURE DISTRIBUTION IN THE ABLATING MATERIAL

3.80935E 03 2.87678E 03 1.64575E 03 9.77202E 02 6.72698E 02 S5+ 66204E
5.37857€ 02 5.31496E 02 5.30254E 02 5.30038€ 02 5.30005E 02 5.33000E
5429999 02 5.29999E 02 5.29999E 02 5.29999E 02 5.29999€ 02 5+29999E
5.29999€ 02 5.29999E 02 5.29999E 02 5.29999E 02 5.29999E 02 5.29999E
5.29999E 02 5.29999E 02 5429999E 02 5.29999E 02 5.29999E 02 5.29999E

5.29999E 02
TEMPERATURE DISTRIBUTION IN THE BACK-UP STRUCTURE

5.29999E 02 5429999t 02 5.29999E 02

TIME= 2.99000& 01 JCONVECTIVE= 9.50000E 01 QRADIATIVE= 0. VELOCITY= 2.92570F 04

20

02
02
02
02
02

01

02
02
02
62
02

GAS AGLATION RATE= 1.25330E Ol CHAR ABLATION RATE= 5.40000E 00 TOTAL ABLATION RATF= 1,.79330E D1

RECESSION DEPTH= 2.70000E-02 QHOT WALL= 8.98427E 01

1
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Figure 1. - Radiation temperature approximation error.
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