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ABSTRACT

- 
PL/Z procedures have been d.velop.d that use finite—differ—

ence techniques to analyze ablation problems by embedding them in
1. inverse-heat-conduction problems with no moving boundaries. The

procedures form a set of subroutines that can be called from a
problem-oriented main progr written by the user . The proced ures
include provisions for on.— , t~~— , or three—dimensional conduction,
parallel modss of hsat transfer , thermal contact, choices of is—
p3icit and explicit difference techniques, temperature—dependent

- and directional thermal properties , radiation relief , aerodynamic
heating, chemical ablation, and material removal from combinations

- of f let , cylindrical, and sph.rical surfaces . This report is meant
( to serve as a source of underlying theory not covered elsewhere and

as a user ’s manual for the PLII procedures . Also included are use-
ful debugging aid s and external identifiers , a directory of Applied
Physics Laborato ry computer libraries pertaini ng to the PL/I pro—
cedures, and an illustrative problem as an example.
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1. INTRODUCTION

The work described is the result of an effort to establish
f S an accurate finite—difference (PD) method of mult idimensional abla—

tion anal ysis tha t can be used economically in a general— purpose

~: f computer program applicable to reent ry ablation problems of long

~ 5, duration . Details of comparisons of various PD ablation analysis
methods and the justification for selecting the one discussed here

r are given in Ref. 1.

FL/I procedures for incorporating the PD version of the em-
-

• bedding method (EM) of ablation analysis (R.fs. 1 and 2) into the• I BEE Standard Heat Transfer Program (SHTP) (Ref a. 3 and 4) have
been written and successfully tested. The new procedures described

-
• 

here are collectively called SHTP-E and are applicable to the abla—r tion of a subliming material subject to aerc dynamic heating during
L reentry into the earth’s atmosphere.

The procedures involve two features that are new in SHTP—E
I I and require some explanation. One is EM; the other is approximate

-I factorization (AP) (Ref. 1), an implicit FD method that permits
the decomposition of an N— dimensional nodal energy—balance equation

I (EBE) into N one—dimensional nodal EBE’s.

Ref. 1. J. D. Randall-, “An Investigation of Finite Differ-
ence Recession Computation Techniques Applied to a Nonlinear Reces-
sion Problem,” APL/JHU ANSP—M—15, Mar 1978.

• 1 Ref. 2. J. D. Randall “Finite Difference Solution of the
Inverse Heat Conduction Problem and Ablation ,” Proc. 1976 Heat

• Transfer and Fluid Mechanics Institute, Stanford University Press,

L Stanford , CA , 1976, pp. 257—269.

- Ref . 3. R. K. Frazer , “Further Additions and Improvements
- I to the BEE Heat Transfer Program,” APL/JHU EM—4274, 16 Jun 1969;

Rev . 1, 29 Oct 1969; Rev. 2, 22 Mar 1971; Rev. 3, 29 Mar 1972;
• Rev. 4, 22 Jan 1973.

I Ref. 4. R. K. Fraser , “URLIM—A Unif ied Radome Limitations
Computer Program, Volume 2 — Users Guide,” APL/JHU TG 12935, Apr

I 1978.
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This report briefly describes EM, Al, their combination
and associated terminology, theory not covered elsewhere, the
general numericsl algoriti. used, and the use of each of the re—
quired FL/I procedures. Familiarity of the user with the SRTP
(Ref.. 3 and 4) and the FL/I (Ref . 5) language is assumed. Each I

procedure description is started on a new page so that descriptions
of new procedures and revisions of old ones can be inserted from
time to ties.

j

I

H 1’
F

:1 F-
j

!
3 ;

Ref. 5. “OS PL/! Checkout and Optimizing Compilers: Lan—
guage Reference Manual,” IBM File No. 5360/S370-29, Order No.
0C33—0009—4 , Oct 1976.
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2. DESCRIPTION OF EMBEDDING

Figure 1 illustrates some of the basic terminology needed
• in discussing EM. EM is used to determine the in—depth thermal

• response of an ablating material, which involves moving boundaries,
by embedding the ablation problem in an inverse problem having no
moving boundaries and no material removal. The embedding problem
is properly posed by appling a fictitious surface—heating—rate
distribution, Q1, to a stationary embedding surface that covers

1 the receding surface associated with the ablation problem. The
embedding model used is of the embedding problem, not the ablation
problem that it contains. The fictitious solid between the embed—

j  ding and ablating surfaces is retained in the analysis. However,
the physical boundary conditions of the ablation problem are used
to determine the fictitious boundary conditions of the embedding
problem. As shown in Section 4, interpolation can be used to find
Q1 if the receding surface temperature and location 

~
“
~E” 

in Fig.

r 1) are known .

Conductive heat fluxes in the direction of ablation (to be
called the A direction) in the ablating material are estimated
using new temperature (implicitly) , while conductive heat fluxes
normal to the A direction (to be called the B and C directions)
are estimated either implicitly or by using old temperatures (ax—

r plicitly). The implicit A—direction internodal heat—flow connec—

L tions form columns heated on the embedding surface by 
~F’ 

and each

column rune normal to the embedding surface at least through the

I ablating material. These columns will be called embedding columns.

To begin solving a thermal—analysis problem using EM, one
needs to know the distance (CE in Fig. 1) of the embedding surface

4 from a fixed reference surface, and the initial location of the
ablating surface; i.e., the initial value of in Fig. 1. Often

I th. reference surface, embedding surface, and initial ablating sur—
1 fac. will coincide so that the value of will be zero and the

initial value of will be zero. External heating rates are known

I in terms of fluxes (Ref. 6), but nodal energy balances are estab-
lished in terms of total heat—transfer rates (P~efs. 4 and 5),

Ref. 6. R. U. Newman, “A User ’s Guide for the Continuous
Wave Laser Damage Computer Program,” APL/JHU TG 1268, Dec 1974.
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Fig. 1 Embedding Node Structure and Terminology
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therefore embedding—surface node areas have to be known to start
the calculations if the embedding surface is the initial ablating

I surface. In order to find Q~~, the current recession distance, •E’I and the distance, dE , of each grid point, i, in the embedding
i

I coI~~~ from the reference surface have to be known so that the re-
quired interpolation can be carried out .

The temperature of the receding surface is found by solving
a surface—energy—balance equation, which requires ar accurate de—
termination of the ablating surface temperature gradient in the A
direction and the local inclination of the ablating surface with
respect to the A direction (Ref. 1). To determine the temperature
gradient properly, the position of the ablating surface with

I respect to the neighboring grid points (characterized by the dE ~i
in the same embedding column has to be known. For a proper deter—

I 
mination of the surface inclination, one needs to know:

1. Th. spatial distribution of s~ ,

1 2. The B and C coordinates of the neighboring embedding
columns,

I 3. The type of embedding surface and column geometry
(rectangular , cylindrical, or spherical), and

I 4. Whether the embedding column considered lies on the
edge of or is interior to a group of embedding columns
in the B or C directions, or is enclosed in the B or C
direction by embedding columns whose ablation is aym—

I metric about it. (Figure 2 illustrates the three
situations.)

I The required initial information described above has to be
supplied by the user and a PL/I procedure has been written to
facilitate the process. Once the information has been supplied,

I 
EM provides a way to perform rapid and accurate ablation computa-
tions. The EM procedures have been written in such a way that the
initial embedding data need not be revised when a calculation is
stopped and restarted. A provision for reading a second file of

- I revised recession data created by a previous job has been incor-
porated into these procedures.

I -13 -

I
- 

——- 

~~~~~~~~ ~~~~
-
~~~~~~

5- - -5 ~~~~~~~~~~~~~~~ --~~~~~~~~~ • --5- ~~~~~~~~~~



- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •~ ,

TNt JOHNS HOPSIUNS UNIWS~ S1TY
APPUED ~ WSICS LABORATORY

LMISSL. ~~~ flAI -

r)
Bor C dlrectlon

E1 E2 E3 Embedding surface
I I

I I I I j  L
.._ L . _ _ _ L _ _ _ L _ _ _ L _ _ _ /

S I I $ I
I • I • I • I

L- — — — — — — — — A direction

r 

• • 

~~~~

I 
Ablating

- — I — — — surface
I 4’ -.

I . I
Cokimn E3 

-

CokJmn E2t
ColumnEt

Column E1 is an s~~e column if ablation is not symmetric about it I
Column E1 is a symmetry column if ablation is symmetric about it
Cokrnin E2 issnlntsrtor columfl tf lf 1 *sg3 in general 

~1
FIg. 2 Typss of Imbu~~ing Column

‘SI

— 14—



-~~~~~~~~~~~~~~~~~~~~~ 
_ _

— —-—5’ ~~ —-5 -~ — —  5’- ,,

HI
~~~~~ HOPKINS UN~~~~ WV

APPLIED PHYSICS LABORATORY
~~~~~~~~~~ MMT%MID

- I
1 3. APPROXIMATE FACTORIZATION

I As stated in Section 2, internodal connections in the A di—
— rection, at least through the ablating material, are implicit,

while internodal connections in the B and C direction may be either
f explicit or implicit. For any node that is treated implicitly in
1 more than one coordinate direction , the method of A? (1sf. 1) is

used in the procedures described here to solve the nodal—energy—
balance equation . A? permits the decomposition of an N—dimensional

- L implicit EU into N one—dimensional EBB ’s. For ex~~~le, if a node
has implicit connections in all three coordinate directions, there
are three A? equations : one in each of th. directions, A, B, and

~ 
[ C, respectively.

r
Applied to conventional heat conduction problems, the SHTP

~ r is designed to solve systems of lumped—parameter , nodal—energy—
4. balance equations , each of which has the following very general

form :

[EK~i
aij (Ti’ — T~~~ ) +

~~~~ 4~~ 
(1 — 

~~~ij~~~ 
(Tr~ 

— Tr1)

~ I + At - C&(T~~l - T
t ) (1

~~. ~~. ~~. 
‘

where T is temperature , i denotes the node of interest , j  denotes
a neighboring node having contact with node i, q~ is the dtstri—

Ii buted internal heat generation in node i is a total conduc—

r tance that can refer to external convection or radiation or inter—

I nal conduction or radiation, C~ is the node’s thermal capacitance
(volumetric specif ic heat t imes node volume) , t denotes time—lsvel

I £ , t is time, At — t~~~~1 
— t~, and 0 ~ au ~ ~ Internodal links

with ajj — 1 are explicit, those with aj., — 0 are implicit. Hybrid

r implicit—explicit links ar. also possible but will not be considered
I here. For brevity, the superscript £ will be dropped and £ + 1 will

be replaced by a + in most of the following discussion.

I
— 15—
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Internally, SHTP—E defines a vector Q, whose i~~ element is

Q~ hhEL~~
1

T~~ 
— T

i
) + 4 (2)

so that Eq. 1 becomes

[
~ 

+~~~Z~~(T~ - T~)J 
At — C

1
(T~~ 

— T
i
) .  (3)

The st ation in Eq. 2 applies only to explicit links while that in
Eq. 3 applies only to implicit links. Letting conductances for im—

plicit links in the A, 3, and C directions be given by E~J, ~~~ -~~

and 4~
, Eq. 3 can be rearran ged to give

~~~~~~~~~~~~~~~~~~~~~

- T~ + ~~~, (4)

where £i.j is a difference operator such that 
I

+ + + I
A~~T~ — T~ — T~~ . (5)

In order to obtain accurate temperature predictions, At should be 1small, therefore Eq. 4 can be approximated by

.1

~~~~~~~~~~~~~~~~~~~~~~~ 
(6) :~

Equation 6 is the approximate factorization of Eq. 4. As.~~ing —

consistent node definition, Eq. 6 remains consistent with the
Fourier heat—conduc t ion equation if the A, 3. and C directions ‘1
are mutually orthogonal.

—16 — ] 
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by defining U~ and as

[ 
• ~ +~~~E4~A~3

)T~ (7)

Ii
— l + ~~~~~~~~~~~ . (8)

~ 
1. i iI,

one can decompose Eq. 6 into th. following three one—dimensional
nodal EBB’ s:

~ I Ex~~ v3 
— Vi) + Q~)At — Ci(Vj — Ti), (9)

- 

EK~~(u3 
— Ui)At — C~~ (U~~ 

— V1), (10)
- 

-

and 

E~~1
(T
~ 
- 4)At - C~(T~ - Ui). (11)

j Equations 7 and 8 show that ~ and V give first approximation. of
while Eqs. 9 through U show how A? can be used in a lumped—pa-

rameter interpretation applicable to SHTP—E. The A? B and C links
also form columns , just as the A links form embedding columns.

1.. Equation 9 is applied to all nodes in the column for each A? C
column. The resulting system of equations can be arranged tridi—
agonally and solved rapidly (Ref. 7) to give all the V~ values in

I - that column, because all the Ti values are known beforehand . The
process is repeated for all the A? C column. until all the elements

I in ! are found. Similarly, knowing~~ U can be found by applying
Eq. 10 to all of the nodes in all of the A? B columns, after which

- -~~ the application of Eq. 11 to all AF A (i.e., embedding) columns
will give ~~~~ . If there are no implicit links in one or more of the
three orthogonal directions , one or more of Eqs. 9 through 11 will

- become trivial, but the remaining equations will still be proper A?
nodal EBB ’s.

IF 
___________________________________

Ref. 7. 0. D. Smith, Numerical Solution of Partial Differ-

I ential Equations, Oxford University Press, London , l~63.
[S 
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The use of implicit internodal links ha. a beneficial effect
on the time step, At, allowed by numerical stability considerations .
Using Eq. 2, Eqs. 9, 10, and 11 can be arranged to give

Vi(Cj +E4~At) ~~~4~
V
3
At — 1 - i

Ti(Ci — E 1~3at) +EL~~AT~At + 4At , (12) 

~-j
u~cc~ +E4~at) _EK

~ u~at 
— ~~~~ (13)

and

T~ (C1 +E,~~At) —EK~ TA t — C~U1. (14)

The superscri pt B in Eq. 12 signifies an explicit link. A practical
stability criterion can be obtained from Eqs. 12 through 14 using
matrix theory and the method of row or column norms (Ref. 8). With—
out going through the details, the matrix analysis indicates that
the sums of the absolute values of the temperature coefficients on
the left—hand side. of Eq.. 12 through 14, which contain unknown
quantities, should be greater than or equal to the sums of the ab—
solute values of the temperature coefficients on the right—hand
side of those equations , which contain known quantities.

For brevity, the following definitions will be adopted in
performing the stability analysis :

‘A.B.C — C~ + 2EE~~~~
B,CLt (15)

which are the appropriate sums from the left—hand side of Eqs. 12
through 14. Prom the right—hand side of Eq. 12, there are two

L i
Psi. S. P. D. Lam and P. D. Rtchtmeyer , “Survey of the

Stability of Linear Finite Difference Equations ,” Co~~ mications
~~ Pure ~~ Aa.1L.d Mathematics, Vol. 9, May 1956, pp. 1l2—l13~. U

— 1 8 —
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I
possibilitie, for the sum, a~, which is needed:

I
I 

0
B 

c~, it c~ -E~~~At ~ 0 (16)

I a~ — 2~~~E~~~At - C~, if C~ — E K ~ 4t ~~ 0 . (17)

I The ultimate goal in solving Eqs. 12 through 14 is to find T4 , - 

-

knowing T; therefore the stability analysis must apply to the
collective stability of solving all three equations . The numbers

I under the inequality sign. given below indicate the equation or
inequality from which that particular step originates.

I
~~ 

0
E 
or 1 ~~ — , (18)

(12) oc 

C o
V 0B ~ ~ 

Ci~~
!orl~~ 

iE , (19) 
5

1 (13) (18) °C °C°B

f and
1 2 2CLOB CiOB

~ C1 ~ o rl � . (20)
- 1 (14) (19) °C°B °A°B°C

V The final stability criterion is best expressed in terms of sums of
I conductances 3T and S

~ 
, where

i 1.

I S1 — E4~ 
+~~~;K ~

1 
‘lEE , 

~~E
1 

.‘EK~ . (21) 
-:

I Using Inequality 20 and ignoring 0(At2) and 0(At3) terms, the
following conservstivs numerical stability criterion results:

I C~ + 2SIi~
t 
~ 

C~~. (22)

1 -19 -
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If C~ is given by Eq. 1.6, Inequality 22 shows that

C1 + 2 S1 At~~~C1, (23)

wl4ch is always true but , according to Eq. 16, is based on having
At ~ c,s1 , the purely explicit limit. Equation 17 permits a

i
higher valu, of At when applied to Inequality 22: 1

C~~+ ( S1 ~~SE )At
~~~O. (24)

i i I
Inequality 24 i* satisfied unconditionally if S~ ~ 

~E 
but for

i 1.
those nodes for which S ) S~

C

l
i i

At~~~ain 3 ~~ 
. (25)

i l~ I
~

If S~~ > 0, the upper limit allowed by Inequa lity 25 is large r than
i

C~/S1 , the limit based only on the explicit links and Ci/(SEI i
+ S~ ), the limit for no implicit links.

i

ii~~~~~~~~~~~~~~

:i
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4. COMBINING EMBEDDING AND APPROXIMATE FACTORIZATION

f ~4 can be combined with A? by incorporating the ~~ sdding-1. surface boundary condition into Eq. 11 giving

— T~) + 8~~Q EJ 
At — - U

1
), (26)

I where I. the fictitious heating rate applied to embedding node

- 
E (se. ftg. l),and

Z . (o , E # i
6ii —~~~~

(i . E — i .  (27)

For each embedding col~~~, Eq. 26 is applied to aU nodes in the
col* to form a system of equations having the solution (Ref s. 1
and 2)

- T T ~~~ + Q~~T~~~, (28)

- where T~~ and T~~ are obtained as follows: i• found using

as initial data in Eq. 11 and no heating applied to the embedding
nods P, and it I. called the adiabatic thermal response (Ref. 1).

- is found by setting U a 0 and applying a heat f l o w  of 1 (in
• 

UK
1

p appropriate units, *tuis, for e”.mple) to the embedding node K ,
and it is called the unit incremental thermal response (Ref. 1).
Both T and T ar. therefore known vectors , but at this point,

T~ and in Eq. 28 are not known. Th. following discussion

tells how to f ind so that T~ can be found from Eq. 28.

F
F — 2 1 —

- r
~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - T~ T - - -  - .  —-- —-  —- - — - _____

_  -5
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The temperature, of the ablating surface associated

with embedding surface nods I, is, from Eq. 28 -

T — + Q~~T~~• 
. (29)

Generally the ablating surface does not fall on a grid point and 
-

and have to be found by interpolation. For consistency,

accurac y of third order or bett er is required . In the FL/I pro—
cedurss described here, third—order Lagrange interpolation (Ref. 9)
involving three successive grid points, I, i and E in the embedding
colu~~ near the ablating surface (see Fig. 1) is used:

+ + j L
— 

i.f’i,K 
a1T~~~, (30) .1 

—

where

ri I(l~-~&\ -

a1 ~~l I, .  —~~~j—I ,J ,E V1i ~E.j ’I

At this point , Q~ and are unknown but related through Eq. 29. ~--~ -

E
As shown below, T, is found fro. the ablaUng surface energy ba-

K
lance equation (SEBE) . Equation 29 ‘Ui then give Q~ after which

Eq. 28 will give all the temperature ~.a the embedding col~~ t.

In general terms, the SIB! is

+ + — + + — 0. (32)

Each q term is a heat flux. The terms q~~,5, ~~~~~ and .1
are adequately described by Newman (Ref. 6). All of the

q ’s are nonlinear functions of . j
I

Ref. 9. S. D. Conte, Elementary Numerical Analysis, McGraw-
Hill Book Co., New York, 1965. -5
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is the cosine of th. angle between th. normal to the
f ablating surface and the A direction , and in Ref. 1 it i. shown

that

- 

2 —1/2
PE

U1
[l + 

~
vBC~E~ ]

~ I 
where is the two—dimensional gradient operator in the BC plane.
The components of VBCs are found by differentiating a Lagrange

t - 

interpolating polynomial to give second-order accurate estimates .
L . Referring to Fig. 2, the equation for 3

~E ~~~ 
where B1 is an edge

column , is 
1

35 
— b(El,E2)sE + b (E

l 52)sE + b (E1LE3)sE . (34)

[ For 3
~E

’3
~’ 

where E2 is an interior column, the proper equation is

1_I 3
~E2

- 35 — b(E 2, El)sE + b(E2, E2)sE + b(E2,E3)sE .

Finally, for a syirmatry column

• 
35

0 . (36)

Similar equations apply for 3s1/3C. The b coeff icients are given
by

L b(E1,E1
) — 

~
25
E
1 

— 

k—~~~,3 
B~~)

/
l/I~..[J3 ~~ 

— 3
I
k~ 

(37)

Wi

~I -2 3 -

‘- I 
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En Eq. 32, ~~~~~ is the hea t conducte d to the ablating surface by 
j

the ablating solid and is given by (Ref . 1) 
-

/k(T” )\ /  +

%oiid M: )~~~)F 
(38) 

-

where k(T ) is the ablating material’s thermal conductivity eval— -

B

uatsd at and the surface temperature gradient (3T/3A ) is
K E - .

evaluated in the A direction, pointing into the ablating material .
A second—order accurate estimate of (3T/3A)+ ~s

E

- ~~~ , (39)
I I i1,J,K
\ I’E - 

-

where I, J, and K are defined in Fig. 1 and

C
j 

- 

~
2 E 

- 

j~~~~~K 
dE~

)

,
,
/[1 (d

Ei 
- d

El
) . (40)

i#i .-~~ 
-

By combining Eq. 28, 29, end 39 , one can show that Eq. 38 becomes

~~~~ 

(k(T:

)(

~~~)( - T~~~~~ ~~~~~~
- (41)

where

— 

L.~~~~~ K 
ciT~~t

. (42)

— 24— j
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I + +
—T~~~/v~~ is positive and has the units of length, T~~9
— T

~~~
(v
u/v

~~
) is a temperature, and both quantities can be cal—

cu]ated before the SEBE is solved. Letting LE and TE be given by

a. 
+

and 

T — T~~ - T~~~
5 (p), respectively, (43)

Eq. 40 becomes

4 +k(T )
ccond_ ( ZE 

)(
~)(T~ 

— T:) (44)

The quantity q is the energy flux loss by the ablating material,

owing to the removal process itself. In terms of mass flux

(Ref. 6), specific heat, c, and average temperature change, AT, of
material ablated during time At , ~~~ 

is

- — scAT . (45)

I. The material loss covers a distance in~At/p, where p is the ablating

material ’s density and At is the time step covered by the calcula-
tion. Therefore near the ablating surface AT is given approximately
by 

~T_ (
m

Ip
)(

~
;)@); 

(46)
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Combining Eqs. 45 and 46 shows that

f~~2\ 
f (T~ -

~
1rem — i~ U~L~ 

(47)

The (pc) has been inserted because SHTP—E uses (pc) rather than c -

as a basic thermal property.

By defining the first five terms in Eq. 32 as that

equation becomes

+ ~COfld(T8~) — 0. (48)

Equation 48 is used in the SRTP—E procedures if the embedding and
ablating surfaces do not coincide, which is the general case. Many
problems can be started with the ablating surface lying initially
on the embedding surf ace, and so long as the condition persists~

~FE 
— q~~(Q, (49) i

where LB is the exposed surface area of 
embedding surface node E. 11

From Eqs. 28 and 49, the proper surface—temperature equation in
this case is

4 — ~~~ + q~~~(4)T~~~ . 
(50)

Equation 48 or Eq. 50, whichever is appropriate, is solved 
- - -

by Newton—Raphson iteration for T or 4 . To begin the process,

an error function is defined as

+ + + +c(T5 
) — TE 

— T
~~~E 

— ~~~~~~~~~~ (51)
I I

I
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I- - I if the ablating and embedding surfaces coincide , or

I c(T ) - 
~~~ 

( T )  + ~~~~ ( T )  (52)

i 
- if they do not. In either case , one seeks to find a number T that

is a solution of

e(T) — 0. (53)

First, a rough search is made for a solution using

T’~~ — - AT sgn (f!}T) ~ (54)

where n and n+l denote successive iterations at the new time level
and

- ( l i f x > 0

sgn (x) — 0 if x — 0 (55)
(—l i f x c O

- The initial value of AT is 1000 R and an initial guess for T is
made from initial temperature data or the ablating surface temper-
ature at the previous time level. Whenever the solution point is
passed , AT is reduced by a factor of 10 until

L £1T
n) 

< AT, (56)

after which Newton—Raphson iteration ,

Ii — — 
C~T~)
€ (T5

- - is invoked. If the solution starts to diverge, Eq. 54 is brought
back into play until Inequality 56 is satisfied, after which Eq. 57

I.

-27 -
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s used again. Tolerance limits are set on Ic(T~)I, T~ itself ,
and the maximum number of iteratians • Successful conver gence is
assumed if Is(Tn)I and IT~ — fall within their tolerance lii—
its in a number of iterations less than , or equal to , the maximum
number allowed. If this process leads to T c 0.1 or T 15 000 R ,
solution failur e is assumed and the program execution is stopped.

If the embedding and ablating surfaces coincide, Eqs. 28 and

49 are used to find all the T~ in the embedding column after 4 -

has been found as described above. If these two surfaces do not —

coincide , Eqs . 28 and 29 are used to obtain

/ +  \ i.
T
~~
.T

~~~
+(T _ T

~~~)(r). 
(58)

\UEs/

from which all the T~~ in the embedding col~~~ are found after T

has been found from Eq. 57.

Before computing the surface temperature at time level t+l, i
the A—direction recession distance ~~~ is estimated from 1

— + (.~~I)

t
6t (59) 1

and the SIB! is evaluated and solved for Tt~~ as described above.

During this process the mass flux loss is also determined the
A—direction recession rate then can be found from

-

~ £41 •t+1 -(
~

) •~
L

~ . (60)
PM E

:~
3

— 2 8 — 1 
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If desired, the estimate of ~~~~ can be refined iteratively by
using the relation

• i ~~~~~~ - + [~(~!)~ + (1 — C) (ft) ] At , (61)

where C is an iteration parameter and (3sE/3t)
”1 is found from

t ( 
Eq. 60 on the previous iteration . As shown in Refs. 1 and 2, this

- 
process is fast because it does not require re—evaluation of
and ~~~

L
I 

-

lii

- [
( I
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5. PROCESSING ABLATING-SURFACE TEMPERATURE AND
PRESSURE-DEPENDENT INFORMATION

As shown in Ref. 6, the individual ablating—surface heating “7
terms in the SEEK (Eq. 32) depend on the ablating—surface tempe ra—
ture and the temperature and pressure of the gas flowing over the
ablating surface. The purpose of Section 5 is to show how the 1
ablating—surface quantities, which are influenced by pressure and ~1
ablating—surface temperature , are treated by SRTP—E procedure, in
those cases where this treatmen t differs from that in previous SRTP
ablation procedures (Ref . 6).

The computation of ablating -surface characteristics depends
on data read from surface thermochemical tables (Ref. 6). These
data are read by one SHTP—E procedure and used later by another.
The nature of the data depends on whether or not the Lewis number ,
Le, of the gas flowing over the ablating surfa ce is unity. In I
either case , the independ ent variables for the tables read are gas
pressure (p) and the ablation—to—diffusion mass—loss ratio (8) .
The dependent variables always include the ablating—surface tea—
perature and the gas entha].py evaluated at this t emperature . If
La ~1 1, the gas boundary—layer—edge enthalpy and a diffusive chemi-
cal—heating term are also read . These data are modified so that s
and b , where

ii — in (p) , and b — in (8)  (62) -~~~

become the independent variables, and a modified chemical heating
term (Ref. 6) is added to the tables . Letting z represent any one
of the dependent variables , w~ denote a logarithmic pressure table
entry , and b

1 
a logarithmi c mass—loss—ratio table entry,

- x(t~~b
1
). (63) I

Previous SHTP ablation procedures (Ref. 6) reprocess the
data read so that w and ablating—surface temperature become the in-
dependent variables, since it is desired to solve the SEBE by iter—
ating with the ablating—surface temperature. During the reprocess-
ing a uniform ablating—surface tempe rature increment is used in
the new tables, which provides poor resolution for the sublimation -5

—30 — 1
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ablation regime and unnecessarily fine resolution in the diffusion—
limited ablation regime. Fortunately, the raw surface thermochemi—

I cal data are properly resolved , and the following discussion de—
scribes how it can be taken advantage of.

I For each embedding coli~~ at a particular time level, the
I SEBE is solved for a constant surr oundin g gas pres sure that is

known beforehand . By interpolating on w , a one—dimensional table
- 

- r for the values of x(w .b~) for all values of j can be set up by
lett ~~~

- ( ( i r — w )
j  - 

x(w ,b ) — x~ + ) (x~~1 — x~ ), (64)

where

W
i ~~ x < (65)

Applying Eq. 64 to all of the dependent variables gives a table
that coordinates the ablating—surface thermochemical data for the
current pressure. The choice of independ ent variable in this table
is arbitrary , but, as shown above , the most convenient choice for
present purposes is the ablating—surface temperature.

The constant—pressure—surface thermochemical table just de—
scribed contains data that are not valid in the diffusion—kinetic

• ablation regime (Ref . 10) . For La — 1, Ref . 10 describes a method
- of modification that can be used to insert valid diffusion kinetic

values of ~~~ ablating—surface gas enthalpy , and the modified chem—
- - ical—heating term into the table for those tabular ablating—surface

temperatures that fall in the diffusion kinetic regime. This modi-
fication has been incorporated into the SHTP—E ablation procedure.
To date , no modification is available for La ~ 1.

At this point, one has a veil—resolved constant—pressure
surface thermoche mical table (STT) that i~ useful in evaluatingterms in the SEBE so that the ablati ng—surface temperature ,

E
- may be found. Section 4 describes how the evaluation is done using

Nevton—Raphson iteration, which requires the evaluation of first—

L Ref. 10. L. L. Perini, “Graphite Oxidatio n Modelling in Sib—
sonic Flow,” APL/JVU A1~SP—lil , 9 Lug 1977.
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derivative of all terms in the SUE with respect to ablating—surface
temperature . While previous versions of the SHTP ’s ablation pro—
cedure properly differentiate most of the SUE ’s terms with respect
to ablating—surface temperature , those terms involving the blowing -

corrections to the heat— and mass—transfer Stanton numbers (Ref. 6) j
have been assumed to be constant in the iteration pr ocess. It is
valid to do this for low—temperature diffus ion—limited ablation , —

but in the high—temperature sublimation regime, the blowing—corrected
Stanton—number variation should be taken into account .

The heat— and mass—transfer Stanton numbers ar e denoted here
— 

by C,,~ and Cm and their corrections for blowing are ~~ and Cmb .
The C~~ and C~, terms depend on a modified mass—loss ratio 8~ , -

defined as:

8~~ .1(~~~~)8  (66)

The funtionai relationships describing ~~~ and Cmb ~~~ 
have (

been the subj ect of many experimental and theoretical investiga— *

ions. Two of the better correlations are based on work by Mickley
et .1. (Ref. 11) (called the Mickley—Spalding correlation) and Puts
and Bartlett (Ref. 12).

The Mickley—Spalding correlation equation s are -

C., 218
— ~~ o (67)Cub exp(2180)—l

and

Cmb — )C~~. (68)

.5. 1
1.f . 11. H. S. Mickley , R. C. Ross, A. L. Squyers, and

V. K. Stewart, Heat. Miss, and Momentum Tra nsfer for Flow Over a
Flat Plate with Blowins or Suction, MCA TN 3208, Jul 1934.

Ref. 12. K. K. Puts and K. P. Bartlett , “Heat Transfer and
Ablation Rate Correlatio ns for Reentry Heat Shield and Nose Tip
Applications ,” AIAA Prepr int No. 72

~~91e Jan 1972.

-32- 1
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The A and the Stanton—number ratio (Cm/CUd) are assumed to be con—
‘U

- stants. Reference 13 recomeends A — 0.4 for turbulent flow and
A — 0.5 for laminar flow over the ablating body. C.d and Ca do not

- 
depend on the ablating—surface temperature , but in light of Eq. 66,

I which contains B, C~~, and Cabs they are functions of ablating—
surface temperature and pressure. By combining Eqs. 66, 67, and
68, one can show that

ao
u.
~~r [1n (l + 2A8~~~)] . (69)

Equation 69 can be used to find d80/dB, and the Sfl constructed
from Eq. 64 can be used to find dB/dT5, where T5 is the STT’s ab]a—
ring—surface—temperature variable. The dC~~/dB0 and dCmb/d8o can

-
- be found easily from Eqs. 67 and 68, which, af ter using the chain

rule, lead to

_ _ _  - 
/dC~~\(dB \(gp \ (68)- dT, \
d80 J\

dB 
J~

dT
5)

L and

dCmb 
— 

(dCmb\ (~~o \/d8 (69)dT5 \d00 /~~dB /\dT,

Tb. Putx and Bartlett correlation equations have the forms

: L Ci~~
.C

aF(B0
) (70)

and
[ J  218

- 
Cmb — CUd ~~p(Q~$ l  (71)

Ref. 13. “User ’s Manual Aerotherm Charring Material Thermal
- Response and Ablation Program,” Version 3, Aerotherm Corporation,

Mountain View, CA, Report UM—70—14, Apr 1970.
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where

A - A(80) . (72)

The functional relationships for F(a
~
) and A($0) are polynomials

and are given in Ref. 6. The combination of Eqs. 66 and 71 yields
the relation

ezp(2A8 )—1 IJ
2A (73)

Equation 73 gives a simple relationship for finding B given
when in fact , one desires 8~’ given B. The latter relationship is -

obtainable by assuming a set of several values of 8~ and setting J
up a table of B and B values , using Eqs. 72 and 73. In the SHTP— E0 -ablation procedure, a table coordinating B, 8~, , and A is set up
before any ablation calculations are performed. With a value of

obtained dur ing the iteration ptocess, one can find 8 and ‘Ui
E

dB/dT8 from the Sfl , and B
~. 

A, dB /dB, and dX/dB from the 8—8 —A
table. The dC~~/d8 and dCmb/dBo can than be found from Eqs. 70 j  I
and 71, and finally Eqs. 68 and 69 will give dC~~/dT and dCmb/dT$
atT ~~T

+ . ]8 
E

To find the heat loss due to material r~~~va1 ~~~~~ in I ~Eq. 32 one needs to know the local mass—flux—loss, ~ , for the
ablating surface in the embedding columo with embedding—surface
node E • The has a thermochemical component, ~~~~~~~~~ and a mechan-
ical erosion component L1~, so that 

1 
-

~E~~~rrc + c (74)

1 ’
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I Reference 14 gives the ablating-surface temperature and surrounding
- gas—pressure ranges in which mechanical erosion is significant and

r shove that for graphite

Ii —~~~~ B(T5 ) . (75)

= For the Nickley—Spalding correlations , it is assumed that
H(T ) — 0, but for the Puts and Bartlett correlation , the func—

- U
tional form of H(T5 

) given by Ref. 14 is used. is express—
K

- 
- ibis in terms of the local surrounding gas boundary—layer edge—mass

flux ~~~~~~ taken parallel to the ablating surface, as
- 

.-
~ 

— B ~~~~~ . 
- 

(76)

;~- [1
Therefore

— 

- 
LI — B T’n,

~~
C
mb [i 

+ 0(T.)] (77)

and

ii d~~/dT5 at Ts —

- can be found directly from Eq. 77 using the STT Eqs. 71 and 69,
and , when appropriate , the relat ionship for H(T5) given by Ref. 14.

I Ref. 14. L. L. Ferm i, “Review of Graphite Ablation Theory
and Experimental Data,” APL/JRU ANSP—M—l, Dec 1971.
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6. GENERAL SOLUTION PROCEDURE SUMMARY .1
The general—solution algorithm is s~~~arized as follows.

For each node (e.g., node i):

1. Follow the consistent node definition rules given in
Ref • 1, Nodal control surfaces should be located half—
wey between, and normal to , the line connecting tws ad—
jacent nodal grid points, regardless of the geometry
used.

2. Specify an initial temperature. -

3. Determine the nodal capacitance C~ , which i~ th. volu-
metric specific heat (øc)~ multiplied by the volume of .1

nods i. 
-,

4. Determine internodal conductance. Ku ~ 
— neighboring

nods) , basing thermal properties on old tapers rurea
(those at the begi—ing of the time step). A record is 1
kept of whether pertains to an implicit or explicit
connection. If the connection is Implicit , a record of
the directionality of the connection is also kept. J

5. Accum’ late the sum of explicit conductances, S~ ~~~ -

i -

the sum of implicit conductances
i

6. Determine the explicit heating rats contribution Q~. -1
This includes internal heat sources, external heat f lows
treated explicity, and explicit internal heat flow based Ion explicit internodal conductancss.

For .13 the nodes: I
1. Find the .1~n4~~i~ stabil ity time step, ~t. This is done

by comparing 8~ nd 81 for each node. From Inequali-
i 1.

ties 24 and 23, if 
~ 

there i~ no time step

-3 6 - 
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restricti on, but for nodes that have > S1

I Ci 

i i

-5 £t—O.9 ain 5

I I. s
~

or a preset maximum value (whichever is smaller) is

I used .

2. Determine the new temperatures of nodes with no implicit

I connections:

+ 
Q~at

- - [ T~~~~~~Tj
+ c1

[ 3. Estimate the temperatures of nodes with B— and C—directed
Al connections.

- r For each embedding column: 
- -

~

1. Estimate the A—direction recession distance, using the

L recession rate of the previous time level.

2. Determine the ablati ng—surface temperature.

I ~- 3. Compute the fictitious heating rate and find all the
temperatures in the embedding column.

[ 4. Find the new recession rate in the A direction.

I - 5. (Optional) Refine the estimate of the recession distance
and repeat steps 2 through 4.

H

I I
- 3 7 -
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7. PL/I PROCEDURE DESCRIPTION -.

J
-5 

As usual with the SRTP (Refs. 4 and 5), the PL/I procedures
described here fall into two general categories, initialization -

and repetitive thermal—analysis computation . The user writes a
problem-oriented main program that calls the procedures described 

-here , as they are needed. The initialisation procedures have to
precede the thermal—analysis procedures . Within each group , some -
procedures have to precede others and the calling order will be
indicated as the procedures are described. I

The initialization procedures are designed to aid the user
in supplying the initial data needed to perform a satisfactory -

thermal analysis. The procedures perform the following general
tasks:

1. Allocating storage for external identifiers; j
2. Specifying starting and stopping times;

3. Specifying initial temperature data; .1
4. Reading node geometry information, including quantitive -. H

geometric characteristics as well as the relationship Iof each node to other nodes with which it has direct
links; 

-

5. Reading embedding—surface and column—geometry information;

6. Reading trajectory data; - -

7. Reading thermal—property data; and *

8. Reading surface thermochemical data. 1 -

The procedures for thermal—analysis computation form a loop
and must follow all of the initialization procedures. The proce-
dures are designed to help the user perform the actual repetitive
calculations necessary to determine a thermal—response history of
an ablating material by carrying out the following tasks. ‘U

1. Finding node capacitances and explicit and implicit
internodal conductances;

I
- 3 8 - 1
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I
2. Finding the time step to be used;

j  3. Determining temperatures of nodes with no implicit
I connections ;

4. Making approximate factorization estimates of node
temperature. for nodes with implicit B— or C—direction
connections ;

1 - 5. Applying the embedding technique to each embedding
• column;

1 6. Printing temperature distributions and ablating-surface
information at selected time levels; and

1 7. Storing data in data sets for future use such as plot—
ting, restarting the calculation from its latest time
level, and saving data for thermal—stress calculation..

The individual procedures are described on the following
pages. Each description begins with the appropriate CALL statement,
followed by a list of the arguments of each procedure, the attri—
bute of each argument, and a brief description of its purpose. The
argument list is followed by a clarifying discussion.

INITIALIZATION PROCEDURES

- The initialization procedures follow, each procedure being
started on a page by itself to ensure clarity. These procedures
are STØRE , SET , RP.ADCPE, APFAC , READSU, READTM, READPR , and READABN .

I
I
I -39 -
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CALL STORE (~CAPS, XCAPLIM, CODI) ; 
-

- - 
- 

-

-~~ 
- ,.

#CAPS FIXED IlL The number of nodes in the ID model. 1.
XCAPLIM FIXED BIN. The number of nodes- plus the number of -

. ~ indirect ad~~esses to nodes (sea din- : -

- - cussion of READCPE below) , ‘or a number -

- at ~..ast as large as the largest m di—
- 

- rect address. - \
- -5 - 

~
— - - ~

— —
- -

CODE FIXED BIN. A code indicating the type of analysis
being perforied. - For ~ ‘1, CODE — 5.- - -5 -5 

-5 - \~~

_ ‘~~~:~:~ ‘ - 

/STORE dy~aaically allocates and initialises -to zero-con- -

trolled external identifiers u a d  by several of the other proce—
dures. STORE moat precede SET, READCPE, and READSU. -

- 

-

- - - 5

:1
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i 
CALL SET (TSTART, TSTOP, TINIT, OTHER, IOTHER, TOTHER);

TSTART FLOAT BIN. The time, in seconds, for thermal—anal—

I ysis computations to begin .

TSTOP FLOAT BIN . The time, in seconds , for thermal—anal—
ysis computations to end .

TINIT FLOAT BIN . The initial temperature, in •R, of all-L nodes in the ID system.

OTHER FIXED BIN. The number of nodes whose initial tem-
peratures are not to be TINIT.

I IOTEER (*) FIXED BIN. An array of OTHER elements specify-
ing the nodes whose initial temperatures
are not to be TIN!?.

I TOTHER (*) FLOAT BIN. An array of OTHER elements specify-
ing the temperatures , in R, of the

I nodes whose initial temperatures are not
I to be TINIT.

1 SET, which must follow STORE , initializes all node tempers—
I tures in •R , and specifies the starting and ending times, in sec-

onds , for the thermal—analysis computations . It is identical to

1 the SET procedure described in Ref a . 4 and 6.

Using T as the temperature array , SET first sets all tem-
peratures equal to TINIT using T — TINIT : • It then overides this

I specification for some of the nodes using T(I OTH ER( I));.

I
I
I
1 —41 —

I

~ 

-



_____ - —~~
— - 

~i-
- . ’ r~ 

-
~
-
~
---

~~~~~ -~. - - ----—
~
--

~ ,~ ~~~~~~~~~~~~

- - -

b~~ dome NO~ uNS IIUSflSIIV
AFP%J5O PHYSICS LABORATORY

.,NISU L ~~~ N.M

R~~~ PE

CALL READCPE (GEOFILE);

GEOFILE FILE. The name of the file containing geo— - •

metric data about the nodes. READCPE
does not open or close GEOPILE.

RZADCPE is similar to READCP (Refs. 4 and 6), but contains
features relating to EM and A?. Its purpose is to read and store
the contents of CEOFILE, which contains data characterizi ng each
node ’s geometry and its relationship to other nodes.

The first card in GEOFILE should contain a descrip tive title
of the file’s contents; the second card should have title headings
for the remaining cards, which require the following information.

________ _________________
COLUMNS DA~ L DESCRIPTION

1—4 Fixed format (no decimals). A node number (direct
address) or an indirect address (greater than the
largest node number). For further discussion, see
“Direct and Indirect Addressing . ”

10—19 E format. The node volume (ft3) for directly ad-
dressed informat ion or 0.E0 for indirectly addressed
information.

20—29 F format (decimal required). Material code. This
can vary from 1. to 999999. For further discussion
see “Material Code Conventions.”

30—39 F format (decimal required). Number of neighboring
nodes with directly add ressed connections, if equal
to 0., 1., or 2.; reference to indirect address if
greater than two. ‘1

40—49 F format (decimal required). First neighboring node.
If positive , this signifies a conductive link or a - - -

contact link with another material . If negative, it
signifies a radiation link. If an A, B, or C appears
in this field to the left of the numeric al entry , a
type A, B, or C implicit link is signified. If only

-4 2 - 1
I
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the n~~~rtcal entry appears , the link is ezplicit .
For more discussion of the use of the A, B, and C

I codes, see “Direct and Indirect Addressing.”

50—59 E format. The geometric part of the conductance to
I the first neighboring node. For a conductive link,
I this field gives the internoda l contac t ares in

square feet divided by the distanc e in feet betwsen
• the grid points of the node of interest and its first

-

~ I 
neighbor. For a contact or radiation link, it gives
the appropriate area in square feet.

~ 1 60—69 , These entries have the same significance for the
~ 1 70—79 second neighboring node that the entries in columos

40—59 have for the first neighboring node . They
I are used If the entry in columns 20—29 is greater
5 than 99, or if the entry in col~~~s 30—39 is greater

than or equal to two. Zero or blank entries are
permissible.

t i
The last card in GEOFILE should be a blank card. READCPE

must precede APPAC and follow STORE . The numerical entries in the
I seven fields in columns 10—79 are stored in an external identifier

called XCAP. For node I, XCAP (1,1) is the node volume, etc.
1 T 

XCAP’s declaration is

-,  

1 DCL XCAP (*,7) FLOAT BIN CTL EXT;

1 Users may find this information useful when defining distributed
1 heat—source terms that require node volume .

J Direct and Indirect Addressing

If N is the number of nodes in the FD model, the entry in coli.mos
1—4 is I, and I %N , then I is a node number and the XCAP informa—

1 tion on the card pertains directly to node I. This is called di-
rect addressing . If the entry in columns 30—39 is M and M > N,
then further XCAP information is expected on a card containing M
in columns 1—4. XCAP (11,1) should be zero , but the remaining en-
tries, XCAP (M,2) — XCAP (14,7) will contain more information about
node I. This is called indirect addressing . If necessary, m d i—-- I rect addresses can be used to access more information on other in—
directly addressed cards. Indirect addressing is convenient for
connecting more than two neighbor s to a node and for specifying
parallel heat—transfer links , such as gas conduction and rad iationI across a gap .

I - 4 3 -
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Type A (i.e. , the A direction in Fig. 1) implicit internodal
connections must be initiated by direct addressing but indirect ad-
dress ing can be used to conatruat parallel connections. Type B or
C implicit connections can be initiated by either direct or indi-
rect addressing. Regardless of direct or indirect addressing,
implicit links must always have an A, B, or C code, even if there
are parallel connections. For each node that has implicit links,
A, B, and C neighbors can be addressed simultaneously, but not more
than one neighbor of each type can be addressed directl y or indi-
rectly. Parallel implicit connections have to be made on separ ate
cards.

La is the cas. with R!ADCP (Ref s. 4 and 6), nodal connections
should be specified in only one direction in CEOFILE. If node 69
ha. been designated as node l’s neighbor in the table, the latter
in usderstood when node 69 is identified as node l’s neighbor.

~~t~~~ :iol Cods Conventions

Table 1 describes the material code conventions used in the
StEP- I procedures . I is the nods of interest, Nl and 142 are its
dir ectly or indirectl y addressed first and second neighbors in col—
~~~a 40—49 and 60—69, and a, b, C, d, e, and f are any of the sin-
gl. digits (0—9). The table describes the general convention and
gives so.. examples.

As indicated in the discussion under READPR, each individual
material has a single material code that can vary f rom 1 to 99.
Gaps and contacts, as veil as materials with finite volume, can be
treated as individual mate rials. For materials with finite volume
and directional conductivities, separate codes can be defined for
each direction . In contrast to R EADCP (Ref.. 4 and 6), the limit
on the number of materials is 99 instead of 9 and no special mate—
riai code convention is adopted for contacts. The potentially
harmful effect of high contact conductance on the allowable time
step can be el1 4”ated by making the contact link implicit.

.1

1
I
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I
Table 1

I Material Code Conventions Used in SHTP-E

Material I’s Material Connecting I to:
Code Material Ml 142

ab. ab ab ab

I abcd. ab ab cd

abcdef. ab cd ef

I 
2. 2 2 2
10. 10 10 10

1105. 11 11 5
1125. 11 11 25

- [ 10203. 1 2 - 3
10201. 1 2 1

[ 11213. 1 12 13

111213. 11 12 13

I

I
I
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CALL APFAC (CODE, APFILZ) ;

CODE CEA&(*). CODE must be ‘B ’ or ‘C’. It i~ used to
indicate whether the contents of APFILE
refer to implicit internodal links in the
B or C direction.

APFILE FILE. The contents of APFILE contain information
about the starting nodes in type B or C AP
columns. APFAC opens and closes APFILE.

APYAC defines each LI column (see discussion following Eq.
11 in Section 3) in a way that can be understood by the appropriate
procedures in the thermal—analysis computation loop. READCPE only
reads information that may result in implicit B or C Al internodal
links; APFAC finalizes those links.

The first card in APFILE is a title card ; the remaining
cards contain a list of the node numbers of th. starting nodes in
the Al columns desired. These entries are LIST controlled, i.e.,
format free, and the numbers read should be first nodes in the Al
columns read by READCPE. If APFAC does not define an Al column
that has been read by READCPE , the corresponding in~ernod a1 links
are assumed to be explicit, even though they have been tagged as
implicit by a B or C in READCPE. This is accomplished by not en-
tering the star t ing node number in APFILE . If APPILE ii undefined
(no DD card) , empty, or contains no starti ng node numbers , there - -

are no Al links in the CODE direction.

There are also various checks built into APPAC. Program
execution will be terminated if CODE is not ‘B’ or ‘C’ or if an
attempt is made to cross an Al column with itself or another Al
column of the same type. However , cyclic Al columns, in which the
last node in the column is implicitly connected to the first node,
are permitted. These could occur in the angular direction around
a sphere or cylinder. APPAC also checks the Al column structure
read by READCPR to make sure that no more than one implicit B or C
neighbor is addressed directly or indirectly by each node that ha.
Al connections . The AF columns generated by APFAC are printed out
so that th. user can check them to be sure they are constructed as
desired.

APIAC must follow READCPE.

— 4 6 — 
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- I
- - I CALL READSU (NBODY, NNPERS, SRPDATA) ;

nOD! FIXED BIN. Tha total number of embedding surf ace

~ I 
body stations. A body station is a
collection of embedding surface nodes
whose associated ablatin g surfaces are

I 
exposed to the same external environment.

NNPERS (*) FIXED BIN . An array of NEODY numbers giving
the number of embedding surface nodes

L in each body station. NNPERS(I) — J
means that there are J embedding stir—

- 
I 

face nodes in the body station.

- - SUDATA FILE. The file containing embedding and initial
receding surface geometry information.

~~

- I This file should not be called SURFACE.
READSU does not open or close SRPDATA.

I READSU is used to read embedding—surface data, column—
geometrical data, and related initial ablatin g—surface data. The
file SRIDATA is composed of cards that have to be arranged as de— - -

I scribed below.

Cards 1—6: Text describing information on the following

I cards, e.g., co snts, titles, and column heading..

Card 7: An asterisk in column 1.

I Card 8: The name of a file (starting in colt~~ 1) contain-
ing the distances in inches of the grid points in the embedding
co1~~~ in the ablatin g material from the fixed reference surface

1 in the A direction , i.e., the d’s in Fig. 1. This file should con—
1 tam nothing but the d’s in ascending order. The input data are

format f ree (LIST controlled) . Th. d’s given should not go beyond
t the back face of the ablating material, even if the embedding col—

umu does.

Card 9: A code indicating the type of geometry through

~ I which the embedding columns pass • This code should start in co1~~~
1. The following four codes are acceptable:

1 4 7 ,
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RECT: Rsctangular , or Cartesian, geometry. The embedding
co1*~~~s can run in any one of the three coordinate dire ctions .

CYLZ: Cylindrical geometry. Embedding column runs in the -

axial direction. .1
CYLR : Cylindrical geometry. Embedding column runs in the 

-

negative radial direction .

SPH: Spherical geometry. Embedding column runs in the
negative radial direction.

-5 

The next several cards contain information about embedding
surface nodes . The first two col~~~s of each card star t ing a new
data group contain information about the nature of the embedding
surface node as viewed in the B and C directions , th. first per—
tain(’~g to the B direction and the second to the C direction. Each -

data group describes a single embedding surface node. An S in ccl— -umn 1 indicates that the embedding surface node ’s column is a sym—
metry col*~~ in the B direction, as it i. defined in Fig. 2. An - -E in column 1 means that the embedding surface node’s column is an
edge column when viewed in the B direction. A blank or any charac— - .
ter other than S or E in column 1 means that the embedding surface
node’s column is an interior column when viewed in the B direction. -
Similar remarks apply about C dir sct ion codes in column 2 • The re—
maining eleven input items are LIST directed and may appear on the - -
first card in the data group or following cards in the same data -

group. These items have the roles described below and must appear 
-

in the order indicated. -

1. Embedding surface node number. If this number is posi—
-5 

tive, printing of the temperatures of the nodes in the fictitious -

ablating material (see Fig. 1) is suppressed ; if it is negative,
temperatures for these nodes are printed. -

2. Body station number .

3. Node number within the body station. J
4. Embedding surface area (ft 2) .

5. A coordinate of the embedding surface node. i
6. B coordinate of the embedding surface node. 

~17. C coordinate of the embedding surface node. -

-4 8 - 
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1 8. Node number of the adjacent embedding surface node in
the B direction.

1 9. Node number of the adjacent embedding surface node in
— the C direction.

1 10. The initial distance, in inches, of the ablating cur—
face in the embedding column from the reference surface
in the A direction , i.e., the initial value of ‘E ~~
Fig. 1.

11. The distance, in inches , of the embedding surface node’s -
~ 

f grid point from the reference surface in the A direction,
i.e., e in Fig. 1.

If embedding surface node 69 ii the third node in the eighth
- 

j  
body station, the first three items described above should be. 
6983.

I - If there are no 1— or no C—direction items, zeroes should
-• be entered in the appropriate places.

Each embedding distance file, giving the d’s in Fig. 1, re-
t. quires a DD card in the job’s control language. When a new embed-

ding distance file or embedding geometry type is required , the next
card should contain only an asterisk, repeating card 7 , and thet I above sequence of data entries following card 7 should be repeated.

- The significance of the A, B, and C coordinates mentioned
above depends on the type of embedding geometry under consideration,

- .• as shown in Table 2. The notation used in this table is defined
in Fig. 3.

Table 2
Definitions of A, B, and C

Embedding
Geometry A B C

I RECT x (in.) y (in.) z (in.)
1. CYLZ z (in.) r (in.) 8 (deg.)

f CYLR r (in.) z (in.) e (deg.)
SPH R (in.) $ (deg.) e (deg.)

k4

- 1 
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z

Rectangular: x, y, z x = r cos 0 = R sin ~ cos 0
Cylindrical: r , 0, z y = r sin 0 = R sin 0 sin 0 -

Spherical: R ,Ø , 0 z Rcos~

Fig. 3 Coordinate Definitions J I

I

U I
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The data supplied in the file SRFDATA pertain to a situation
before any abla t ion has taken place, when all recession rate s areI. r zero. It is not necessary to revise SRFDATA to restar t a calcula—

- I L tion after some ablation has occurred and is proceeding at a finite
I rate. The appropr iate data revisions are performed by ABAZROE , d.—I 

- 
scribed later.

1. READSU should follow STORE.

I- -
- -

Li

- t

I 
~
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_
CALL READTh (I , IND, Dl, D2 , D3, D4, D5, NE, INFILE) ;

I FIXED BIN. An index that should be differ ent each
time READTM is called . *

11W (5) FLOAT BIN. An array of independent variabl es
with N + 1 elements .

- - Dl, D2, D3, (5) FLOAT BIN. Arrays of dependent variables each
D4, D5 having N elements. J -
NE FIXED BIN . The n~~ er of it reed from the arrays

described above, esuslly O or I.

INFILE FILE. The f ile cont.imt~~ cbs list to be read.

R.EADTh (Ref.. 4 and 5) is a general table r ’4ec. ~~~(l) — N,
the number of table values. Dl(J) , D2(J) , etc. C *~Su1p~ed ts fliD
(J+1). J

When used in conjunction with SETP—E, EEAD’!tI’ s primary pur—
pose is to store the address es of time—dependent trajectory data 1for each body station. I repres ents the body stati on; I~~ is a
List of flight times (seconds); and Dl, D2, D3, D4, and D3 are
lists of recovery enthalpy (Btu/lbm) , incident radiant beat flux
(Btu/s—ft2), enthalpy—based cold—wall heat transfer coefficient -

(lb./s—ft 2), local total pressure (atmospheres) , and a d i y
variable, respectively. These data are read or calculated from
raw data produced by the three—degree—of—freedom trajectory code
(Ref . 15) prio r to calling READTM . Therefore , NE • 0 and INPILE —

SYSIN; i.e., R!ADTM does not read the data but merely stores the
addresses of the data .

READTM can also be used in conjunction with other tables ,
but care should be taken that I is not one of the body—station Inumbers. If data are being read by READTM, the first two cards in
I1IFILE are coment cards and the r athing NE cards are arranged
as described below, where 0 c 3 ~ NE. 

J
Ref. 15. L. L. Perini, “Usei’s Manual for the 3DOF Trajectory

Computer Program ,” APL/JRU ANSP-M—6, Sep 1973. 1
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[ COLUMNS DATA DESCRIPTION

1—9 IND (3+1)

1OK—1OK+9 DK(J), K—i, 2, 3, 4, or 5 (F—format, decimals
- 

- required)

• READTM can be used anywhere in the main program ahead of the
thermal—analysis computation loop.

-

-

~~ Ii
1~1

I [I

I -

I
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CALL READPR (MATFILE , ABMAT, GAPM); - -

MATFILE FILE. A file containing the names of the ther—
mal—property files. READPR opens and 

-

closes this file.

ABMAT FIXED BIN. The material code for the ablating
mat erial. - -

GAPM (5) FIXED BIN. A list of gap material codes.

READPR is used to read therma l property table s. One call
to READPR replaces several calls to READEX (Ref s. 4 and 6).

The first card in MATFILE is a comment card. The remaining
cards contain a LIST—directed list of thermal—property file names -

(quotes are required around each name) . The first file listed per-
tains to material 1, the second to material 2, and so on. A DD
card is required in the job ’s JCL for each file listed. As many
as 99 file names are allowed.

READPR counts the number of material files in MATFILE and
then allocates storage to the thermal—property pointer to cover
that many materials. It then opens •ach property file and counts
the number of cards in the file, af ter which it closes the f ile,
allocates storage for the thermal properties , reopens the property
file, and calls READRICD , a version of READRK (Refs. 4 and 6) with 

-
dynamically allocated property pointers. READRXD reads the pro-
perty data and stores their addresse e. When control is returned
to READPR , the property file is closed .

Each thermal—property file begins with two coumient cards , -followed by several cards giving property data as described below.

COLUMNS DATA DESCRIPTION
(All F format, decimals required , blank fields are

_______ 
asroes) -

1—14 Temperature (‘R) -

13—29 Volumetric specific heat (Btu/ ft 3_ hh R)

30—44 Thermal conductivity (Btu/h—ft— ’F) or
Contact conductance (Btu/h—ft 2— °F) .1

—54 —
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45—59 Emiasivity , for use in computing gap radiation.
- 60—69 Exposed surface absorptivity.

t.
- 

GAPM is a list of material property codes that are intended
— to refer to gaps. The property files for these material s are cx—

1 - 

pected to list gas conductivities and radiant interchange factors
(in the emissivity column) in the gaps. If GAP)! (I) • +3 > 0, then

I r ’  the property data for material J is unaltered after it is read. If
- GAP)! (I) — —3, then the thermal conductivity data items for material

— 

£ - 3 are mU set equal to zero and the gap medium is treated as a
- 

vacuum.

t READPR should precede READABN (described next).

- 

~
- E_~

I 
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i
READABN

CALL READABN (#PL, #BETA, LEW#, RHO, CONy, AIRPRNT, TERHOCH) ;

#PL FIXED BIN. The number of pressure entries in the
thermochemical tables (Ref. 6).

#BETA FIXED BIN. The number of ablation—to—diffu sion mass—
loss ratios in the thermochemical tables.

LEW# FLOAT BIN. The Lewis number of the fluid surround—
ing the ablating surface, usually assumed
to be l.

RHO FLOAT BIN. The density of the ablating material in

lbm/ ft3.

CONY FLOAT BIN. A conversion factor for converting the
units in thermochemical table entries
to English units. The tables are usu-
ally given in terms of calories, grams,
and K, so that CONY is usually 1.8.

AIRPR1fl~ FIXED BIN. If AIRPRNT — 1, READABN prints a listing
of the surface thermochemical tables.
If AIRPRNT # 1, the surface thermochem-
ical tables are not printed.

TBRI*CH FILE. The name of the file containing the sur-
face thermochemical tables. READABN
opens and closes TNRMOCR.

RE ADABN is used to read the eurface thermochemical tibles,
which are described in detail by Newman (Ref. 6) and to construct
a table of ablatin g material enthalpy as a function of temperature,
also described by Newman. READABN is similar to Newman’s READAB, Ibut has five fewer arguments because:

1. The list of the ablating material’s temperatures and
volumetric specific heats needed by READABN is passed
to it internally by READPR .

I
-56 - I
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2 Unifo~~~t.mper atu r~~incra .sne tables are not used In
- Dl’. ablation procedurs, ABAEROE . Tables interpolated

by pre ssure are constructed from the orig inal nonunifor m
temper ature incremen t tables by ABAEROE, a. described in
Section 5.

1.  3 • AIRPRNT is now an argument rather than an external iden—
tif j ar.

-
~~ READARN must follow READPR.

d
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THERMA L-ANALYSIS COMPUTATION LOOP

The r.as(”ing procsduras perform the repetitive thermal— janalysis couputaUons, beginning with SET’• tIns TSTART and ending
with TSTOP. During the first pass through this loop, no computa-
tions are made, but several initializations and storage allocations —
are car risd out end the final structuring of the embedding coli~~~sis performed .

The first procedure called I. CAPCONE. It may be desirable
to precede CAPCONE with a definitjon of distributed internal—heat—
source terms . For example , suppose that nodes Xl through 12 have
a heat generation rate of HINT Btu/h—ft3. To include the eftect j  -

of HINT in his model , the user should first write the declare
statement

DCL(Q(*) , XCAP(*,7)) FLOAT BIN CTh El’!;

in his main program. Then the computation loop would have the
following general appearance. -

SOURCE: DO I — Il TO 12; -
Q(I) — XCAP(I ,l) * HINT;
END SOURCE;

CALL CAPCONE ; I
other call statements I

GO TO SOURCE ; I
This looks like an infinite loop, but the called procedures keep a
record of the current time vari*ble nd CAPCONE stops the execution Iof the program when the t ime passes TSTOP .

Unless otherwise indicated , the thermal analysis computation
loop (TACL) pr ocedures must be called in the order in which they
are described on the following pages.

I
I

-58 - I
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I
1 CALL C.UC~~I;

CAPCOIIE is one of the most important of all the SHTP—E pro—
- T csdures . CAPcONE is a vers ion of CAPCON (Ref.. 4 and 5) adapted

Lb for implicit AP intern odal connections and the new material code
conventions discussed under READCPE .

On the first pass through the TACL, CAPCONE finalizes the
embedding coli structure read by READCPE. The embedding column
nodes are printed out so that the user may check to see if the de—

I sired columns have indeed been formed . On subsequent TACL passes ,
Z. CAPCONE computes the thermal capacitances of each node, internodal

conductances, sums of implicit and explicit conductances for each
node, and explicit heat flows between neighboring nodes, all of
which it does while it keeps track of the proper materia l codes

- - and the directionality of implicit internodal connections • When
TINS, the SHTP—E time variable, passes TSTOP, CAPCONE stops program
execution.

Unlike CAPCON (Ref a. 4 and 6), CAPCONE does not call a pro—
j  

cedure called COMCON to compute the effects of contact conductance..
- 1. Contact conductances are treated as described under READCPE and - -

READPR.

CAPCONE must precede STEPE.

~ 2~
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STEPE

CALL STEPE (TSWITCH, MINSTP, MAXSTP) ;

TSWITCH (*) FLOAT BIN. A list of #TSW times (seconds) at
which the minimum and maximum allow-
able time steps should be changed.

MINSTP (*) FLOAT BIN . A list of #TSW minimum allowable 1
tin. steps (seconds). 

-

MAXS~P (*) FLOAT BIN. A lilt of #TSW maximum allowable
time steps (seconds).

During each pass (except the first one) in the TACL, STEPE . 4

computes the stability time step , advances TINS by one step, com-
putes the temperatures of nodes with no implicit internoda]. links, -

and calls a procedure called BAPSUB , which makes B and C direction - )
AP temperature estimations for those nodes that have B and C AF
connections. -

The three arguments passed to STEPE should have the same
array length, say #TSW. TSWITCH should be given in ascending order ;
i.e., TSWITCH(1) ‘C TSWITCH(2) c TSWITCH(3) , etc. The minimum and -

maximum allowable time steps used by STEPE are selected from the
MINSTP and MAXSTP lists, depending ott the current value of TINS,
whose units are also seconds. The table below shows how the se-
lection is made.

Minimum Maximum -
TINS Time Step Time Step
(5) (5) — -5 (5)

‘C — TSWITQL(1) MINSTP(l) MA.XSTP(1)
> TSWITcH(I — 1) MINSTP(I) MAXSTP(I)
& ‘C — TSWITCH(I)

(1> 1)
) TSWITCH (#TSW) MINSTP(#TSW) MAXSTP (#TSW) -

— 60—
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I
I If there is no limit on the stability time step, or if the

stability time step is greater than the U.~~inum allowable timeI step, or if the maximum allowable time step is given as a negative
number , the t ime step used is the absolute value of the maximum

- time step. If the stability tine step is less than the minimum
- I allowable time step, the program is stopped . Under all other cir—
- cumatances , the time step used is the stability time step.

STEPE must follow CAPCONE and precede ABAEROE .

- I
- J
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CALL AIAIROE (ID, QIB, LEW#, VIEW, TSPACE, LAMBDA, RHO, TLIM, QLIM,
ITLIM, PRN1~(, PLTCODE, ADIABATIC, SITLIM, G); - .

ID FIXED BIN. body station number.

CMH FLOAT BIN. Stanton number ratio (Cm/Cd in Section 5).

LEW# FLOAT BIN . Lewis ~umber . 
--

VIEW FLOAT BIN . View factor for radiation incident on
the ablating surface .

TSPACE FLOAT BIN . Space temperature (‘R).

LAMBDA FLOAT BIN. Blowing correction factor. -

• RHO FLOAT BIN . Ablating material density (lbm/ft3).

TLDI FLOAT BIN. Convergence tolerance limit on surface
temperatures (‘R).

QLIM FLOAT BIN. Convergence tolerance limit on surface - I

heat flux imbalance (Etu/f t2—s).

ITLIN FIXED BIN. Maximum number of iterations allowed in
finding the ablating surface temperature. -

PRNTM (*) FLOAT BIN. List of times (seconds) at which de—
tailed information about ablation calcu-
lations is to be printed.

PLTCODB FIXED BIN. Plotter cods. If PLTCODE ii 1, nothing
is saved for plotting . If PLTCODE — 1,
data are saved for the Rubinstein—Klsin
plotter code (Ref. 16) . -1

1sf. l~. N. Rubinetein and L. E. Klein, “GENPLOT—A User
Orient d Executable Program for Linear , Semi-Log and Log—Log CALCOIG’ -~~

Plots — User’s Guide,” APL/JHU F1C(2)—75—U—035, 19 Dec 1975.

- 6 2 - 1
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- i
ADIABATIC FIXED BIN. If ADIABATIC — 1, the receding surface

is insulated, otherwise it is not.

SITLIM FIXED BIN. The number of iterations desired to in—
- prove the estimation of the current re—

cession distance. For no iterations ,
~ 1 SI T L I M — O .

F C FLOAT BIN. Ablating surface location iteration
parameter. See Eq. 61 and the follow-
ing discussion.

1. ABAEROE solves the ablating surface energy balance equation
(SEBE) for the ablating surface temperature, and calculates the

r local recession rate and distance in the A direction for sublima—
I 

tion ablation. It also calculates temperatures for the nodes in
each embedding column for both explicit and internoda]. links in the
AP B and C direction. ABAEROE has to be called for each body
station. It analyzes all the embedding columns’ ablating surfaces
for each body station . Embedding surface node numbers and areas
are obtained internally from data stored by READSU.

ABAEROE computes ablation using the Mickley.-Spalding corre—
lation (Refs. I and 6) if C)ffl > 0 or the Putz and Bartlett correla—

r tion (Ref a. 6 and 13) plus a mechanical erosion modification (Ref s.
6 and 14), if C)~ffl �0.

In many applications , the use of a Levis number of 1 is¶ adequate , but one can also use nonunity Lewis numbers in ABAEROE.
Care should be taken that the proper data have been read by READABN.

The incident—radiation view factor is usually 1, and for
reentry work the space temperature is generally assumed to be O°R.

• - The numerical value of LAMBDA, the blowing correction factor ,
- passed to ABAEROE is used only if CMH > 0. Recommended values are
• 0.5 for laminar flow over the ablating surface and 0.4 for turbulent

- flow. When CMH~~ 0, ABAEROE computes LAMBDA internally. See Sec—
tion 5 for further discussion.

The ablating material’s density is assumed to be constant,
and all accounting for thermochemical phenomena is confined to the

- ablating surface.

The SEBE solving process in ABAP.ROE tries to force the net
heat flux imbalance on the ablating surface to be zero, taking QLIM

~1 — 6 3 —
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as an acceptably small iabalauc* and maintaining a small error in Jthe ablating—surface temperature , lees than or equal to TLIM, with—
in ITLD( iterations .

Numeri cal values i~ the ?RNTh should be in ascending order
(i.e. , PMNTM(1) c PUTM (2) ‘C PRNTM(3) , etc.) . If PRNTM( l) c 0,

ABAEROE prints information at every time level. If all values of I 
- -

PRNTM are positive, AIAEROE prints information only for each of
them until TIMS, the current t ins, is greater than PRNTM’s maximum
value , after which A3AEROE prints informat ion for all subsequent --
t ins levels.

If PLTCODE — 1, ABAER$E store; current values of 19 ablating— -.
surface characteristics for each embedding column in a file called -

ARPLOT. The file AIPLOT should be allocated to a sequential card -
~~~

data set. The Rubinsteia—K].ein plotter program (Ref. 16) can be
used to plot the data saved in AULOT’s data set as a function of
time. The 19 d&ta items, in the order of their listing in the file, - ,are :

1. Current ablating—surface temperature (R);

2. Total mass loss per unit area (lbs/It 2) in the embedding
column ;

3. Current mass loss rate (lbs/s—It2); 
-

4. Integrated ablating surface energy imbalance (btu/ft 2); j

5. Current ablating eun ice energy imbalance (ltu/s—ft 2); i
6. Current recession rate (i~./s) in the A direction ;

7. Total recession distance (in.) in the A direction; —

8. Convective heating rate (ku/s—ft ) (for further expla—
nation see T(IPLOT+7), page 55 of Rof. 6);

9, Integrated convective heating (Rtu/ft2); -*

10. Heating due to ablating surface chemical reaction j
(ku/s—f t ) (for further explanation see T(IPLOT+9),
page 56 of Ref. 6);

11. Integrated cheaical bsating (Btu/ft2);

12. Radiative heat flux absorbed by ablating surface
(Btu/s—ft 2);

$
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13. Integrated radiative heating absorbed by ablating cur—

- - 

~ 
{ face (Btu/ft 2

);

• 14. Radiation relief to space from ablating surfaceI 
~ (Btu/s—ft2);

15. Integrated radiation relief to space from ablating sur—

k ~ 
face (Btu/f t2);

- 
- 

- 

16. Conductive heat flux from ablating material to ablating
( - surface (Btu/s—ft2);

17. Integrated conductive heat flux front ablating material

to ablating surface (Btu/ft 2);

18. Net external heating loss given up to material removal

- 
(Btu/s—ft 2); and

- - 19. Integrated material removal heat loss (Btu/ft2).

I -~ The times at which these data are to be plotted are read from a
file called ABPLTM, a card file containing a title card followed

-- by cards containing a LIST—directed list of tines (seconds). After
-
. TINS passes the last tine in this file, no further information is

passed to the file ABPLOT.

ADIABATIC — 1 imposes an adiabatic boundary condition on
the ablating surface. If this happens when the embedding and
ablating surfaces coincide, ~~~ 

is set equal to zero in Eq. 50.

+ *If the two surfaces do not coincide, T5 is set equal. to TE in
Eq. 44. B -

L Using Eq. 61, the estimate of the position of the ablating
surface in the embedding column can be refined by going through
SITLIM iterations using C as an iteration parameter. Equation 59
is used to obtain the first estimate of the ablating surface posi-
t ion. If SITLIM — 0, Eq. 6]. is not used at all. For fast ablation
G — 0.5 gives good results, while C — 1.5 works better for slow
ablation (Ref a. 1 and 2).

On the first pass through the TACL, ABAEROE allocates stor—
age for several identifiers and, if QOl ~ 0, sets up the 8, 8~ ,- and A( 8~) table discussed in Section 5. Subsequently, for each

L — 6 5 —
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body station at a given time level, all ablating—surface energy—
balance calculations are performed at a constant surrounding gas
pressure, which ABAEROE finds from the trajectory tables whose con-
tents can be found from the addresses saved by READTM. For the
fixed pressure , ABAEBOE sets up the constant—pressure ablating sur—
f ace thermochemical tables described in Section 5. For Le — 1.,
ABAEROE calls DIICI*, a procedure that corrects the table in the
diffusion kinetic ablation regime. There is no correction proce—
dure for nonunity Lewis number.

DIKI performs the required table corrections using several
default parameters that can be overridden using data introduced
in a file called LOWABF. If there is no DD card for LOWABF, the
default table corrections are made. If LOWABF has a DD card and
the file contains only the entry

ITB — O ;

the default table corrections are made. On the other hand if

ITB — (any negative number) ;

appears in LOWABF, no table corrections are t~.ade. For values of
ITB that are neither negative nor zero , the following additional
data are expected by DIKI in the LOWABF file. The first group of
data is DATA direc ted .

1(0: Reaction rate constant (lbm/ft3”~
2s atm~

”2).

E: Activation energy (cal/mole).

ZD: Diffusion limited CO/CO2 ratio.

TLOW : Lowest temperature ( R )  at which table corrections are H
to be made.

THIGH: Highest temperature (R) at which table corrections
are to be made.

-0

The semicolon should follow the THIGH assignment. Following these
data is a LIST—directed list of ITE pairs of wall temperatures (°R)
and CO/CO2 ratios in ascending order of wall temperature (Table 3).
The first wall temperature should be TLOW and the IT)~~ one should
be THIGH. Reference 10 shows how to select the parameters to over-
ride DIKI defaults, listed in Table 4.

* Private comeunication with L. L. Perini, APL/JHU, 1977.
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Table 3

Wall Temperature and CO/C02 Ratio

Wall
Temperature CO/CO2

(°R) Ratio

1800 0.001

1980 0.245
2070 0.945
2160 1.910

2250 4.560

2430 12.520

2610 16.580
2880 117.000
3600 200.000

Table 4
Default Parameters for DIKI

(Graphite Values)

1(0 9.65 x ibm/ f t3”2 s atm~
’2

E — 4.4 x lO~ cal/mole
ZD — 17

TLOW — l800°R
THIGH 3600°R -

L —67 —
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ABAEROE sets up a thermochemical table as described above
and treats wall or gas entha lpy, mass—loss ratio , and chemical
heating as functions of wall temperature. - -

In the process of preparing to solve and solving the SEBE, —

ABAEROE has to search three different types of tables: those hav-
ing surrounding gas pressure, ablating surface temperature, and
(for CMH ~ 0) ablation—to—diffusion mass—loss ratio as independent
variables. In any of these cases, the independent variable may
fall outside the range of table values. If this happens , a message
is printed but the calculations continue. If the independent van —
able is less than the lowest table value, the values of the depen-
dent variable corresponding to the lowest independent variable are
used. On the other hand, for independent variables higher than the
highest table value, a linear extrapolation from the end of the
table is used to find the dependent variable.

Once the constant—pressure surface—thermochemical table is A
set up, ABAEROE solves the SEBE for the ablating—surface tempera-
ture for each embedding column passing through the body station.
In each embedding column, ABA!ROE calls BACKSUB, a procedure that
computes the adiabatic and unit incremental thermal—response vec-
tors for that column . After this is done , ABAEROE calls SURFACE,
a procedure that computes the local surfa c. inclination with re—
spect to the A direction , 4 and T~ for use in Eq. 44 , and the .1

adiabatic and unit incremental temperatures on the ablating surface.
These tasks are performed using geometry information obtained from
READSU. Now the Newton—Raphson solution of either Eq. 51 or 52 is
car ried out to find the ablating—surface temperature. Once it is -,
found , ABAEROE computes the fictitious heating rate on the embed—
ding surface node and uses Eq. 29 to find the temperatures of all
the nodes in the embedding column.

If one desires to stop the job or job step using the SHTP—E
procedures and to restart the ablation calculation on a subsequent
job or job step, ABAEROE can save ablating—surface heat—balance
data needed to do this at the end of one job or job step and read
it at the beginning of a subsequent job or job step. Output data
are saved in a file called RECRSTO. If there is no DD card for
this file, the file is ignored . RECRSTO should be allocated to a
sequential data sat. Input data are read from a file called
RECRSTI, consisting of data saved by a previous job’s or job step’s
RECRSTO file. As with RECRSTI, if there is no DD card for RECRSTO,
the file is ignored. The contents of either file are cards or card
images (logical record length of 80) . The first card in the file
gives the time at which the job producing the cards stopped, and
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r the remaining cards contain ablating—surface heat—balance data in
groups of four cards for each embedding column. This information
is useful for settin g aside space for a data set on the RECRSTO DD
card.

File Summary

There are five files that can be used with ABAEROE , although
it is not necessary to use any of them. If PLTCODE — 1, the user
has to supply DD cards for the files ABPLTM (input) and ABPLOT
(output). The default diffusion kinetic modification to the abla-
ting surface thermochemical tables can be overridden using the file
L$WABF. If there is no DD card for LOWABF, DIKI is executed using
default graphite parameters. Data can be saved for restarting the
thermal analysis simply by supplying a DD card for the file RECRSTO,
an output file. If there is no DD card for this file, no attempt
is made to save any ablating surface data for future use. Data
from a previous job ’s or job step’s RECRSTO file can be read by
ABAEROE through the file RECRSTI. No attempt is made to read such
data if there is no DD card for RECRSTI. The output files ABPLOT
and RECRSTO should be allocated to sequential, not partitioned,
data sets. All of the files are card files; i.e., their logical
record length is 80.

ABAEROE must follow STEP E and precede WRITEE and PLTSTRS.
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WRITEE

CALL WRITEE (TINEP); 
- -,

TINEP (*) FLØAT BIN. A list of times (seconds) at which
temperature distributions are to be
printed. This list should be in
ascending order; i.e., TIMEP(1) <

TII4EP(2) < TIMEP(3) etc. *

WRITEE serves the same function as WRITE (Ref a. 4 and 6),
printing out temperature distributions (°F) at selected times.
WRITEE suppresses the printing of fictitious node temperatures if
the embedding—surface node numbers read by READSU are positive but
prints those temperatures if the embedding—surface node numbers
read by READSU are negative . After printing the temperature disti—
bution of the body being analyzed, WRITEE prints the ablating—cur—
face temperatures (°F) and recession distances (in.) and rates s V

(in./s) in the A direction for each embedding column, dist inguished
in the output by its embedding—surface node number.

Each temperature distribution listing has the following
general appearance:

25 — 1025.3 26 — 1040.9

This means that the temperature at node 25 is 1025.3°F and the I
temperature at node 26 is 1040.9°F. The ablating surface listing
has the appearance

1 • 7055.2 4.562E—04 3.4llE—02

for each embedding column. The numbers signify that the ablating
surface in the embedding column with embedding surface node 1 has

a temperature of 7055.2°F, is located 4.562 x 1O~~ in. from the
inertial reference surface (see Fig. 1) in the A direction , and is
moving at a rate of 3.411 x 10 2 in ./s in the A direction away
from the inertial reference surface. There is no node number asso-
ciated with the ablating surface, each point of intersection be-
tween the ablating surface and an embedding column is identif ied
by both WRITEE and ABAERØE by the associated embedding -surface node
number.

— 7 0 —
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I I When WRITEE prints temper ature and ablating -surface infor—
- 

mation, it prints the time at which these data apply before print—
I ing anything else. After everything is printed, WRITEE causes- STEPE to print the time step used and the maximum allowable time

step, based on the temperatures printed. STEPE also prints a line
-5 of asterisks to separate the current temperature distribution from

- I the next one to be printed.

- When TINS is greater than the largest value of TIMEP, and
— there is more than one value of TIMEP, WRITEE prints temperature

- - - and ablating surface information at every time level. If TIMEP(l)
- < 0, WRITEE prints information at every time step. If TIMEP(1)

- , — ±999, additional information useful for debugging is printed.- If there is only one value of TIMEP, TIMEP(l) is treated as a print—
time interval if it is positive, and WRITEE prints information every
TINEP(l) seconds. If there is more than one value of TIMEP, and

-

- 

- 
- TSTART (saved by SET) is greater than the first several values of

- 
-5 - TIMEP, no printing is done by WRITEE for these times.

WRITEE must follow ABAERØE but may either precede or follow
- 

PLTSTRS (described next).

I Li
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PLT$TRS

4 .

CALL PLTSTRS (PLTM, #CAPS, A , B);

PLTM (C) FLOAT BIN. A list of times (seconds) at which
PLTSTRS is to save data for plottin g 

-

or thermal—stress purposes.

#CAPS FIXED BIN . The number of nodes in the finite—dif-
ference model. -

A (*) FLOAT BIN . A list of #CAPS A coordinates.
A(I) — node I’s A coordinate. The B or
C coordinates can also be used here.

B (*) FLOAT BIN. A list of #CAPS B coordinates.
B(I) — node I’ s B coordinate. The A or 

j 
-

C coordinates can also be used here. - 
-5 

-

PLTSTRS is an optional procedure that can be used for say— J
ing data for the Rubinetein—Klein (Ref. 16) plotter code, thermal 1
stress calculations, and restarting the thermal analysis computa-
tions. PLTSTRS has six files (two input and four output) available
for these purposes. All of the files are card files with a logical
record length of 80. The temperature field should depend on only
one or two spatial variables. -ì -

JIMROG (named after APL’s J. T. Stadter and R. 0. Weiss, -

whose need for temperature data in a special format for thermal
stress computations first motivated the writing of PLTSTRS) is an
input file used to supply co~~ents for use in the four output -

files. Up to twelve lines of co1~ ents, each line being no more
than forty characters long, can be read from JIMROG . Only the -
first forty columns of each card should be used . There has to be .1
a DD card for J IMR OG . —

NRPLOTS is an output file. For each value of PLTM and all I -

times large r than the maximum PLTM, PLTSTRS stores the time (sec—
onds), the A and B coordinates, temperature (‘F), and index of 

-

each real nods and uses the entire contents of JINROG . Fictitious
node data are also stored if the embedding surface node numbers .3
read by READSU are negative . In addition to node data , PLT STP.S H
saves the A and B coordinates and temperatures (‘F) of the ablating
surface ’s intersection points with each embeddi ng co1~.mn and iden-
tifies these points by minus the embedding surface nods iumb.rs in

- — 7 2 — 
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H I NRPLOTS. There is one card Image generated for each node in a f or-
mat suitable for both thermal stress calculations and use with the

I Rubinstein—Klein plotter. If there is no DD card for NRPLOTS, the
file is ignored .

I 
STRESS is an output file very similar to NRPLOTS, differing

only in that it is always used to store both real and fictitious
node data and it does not store any ablating—surface temperatures.
If there is no DD card for STRESS, the file is ignored .

1 RECPLOT is an output file used to store times (seconds), A—
direction recession distances (in.) and rates (in./s), and embed—

I ding—surface node numbers for each embedding column at times cot—
I responding to each value of PLTM and greater than the maximum value

of PLTM. These data can be used with the Rubinstein—Klein plotter.
RECPL$T uses the first line in the JIMR$G file as a descriptive

1 title. If there is no DD card for RECPLOT, the file is ignored.

NEXTRUN is an output file that saves the final temperature

J distribution and time for use in a subsequent job or job step. It
uses the entire contents of JIMROG, and its formatting is the same
as that used for NRPLOTS and STRESS. If there is no DD card for

J 
NEXTRUN, the file is ignored.

PREVRUN is an input file containing the contents of the
NEXTRUN file of a previous job or job step . When there is a DD
card for PREVRUN, PLTSTRS overrides SET and initializes the time
and temperatures as they are read from the PREVRUN file. The final
time in this case is taken to be the maximum value of PLT M. All

I this is done on the first pass through the TACL. If there is no
‘I DD card for PREVRUN, the f ile and the actions associated with it

are ignored .

1 If PLTM(l) is less than the starting time, PLTSTRS will stop
program execution. All of the output files used by PLTSTRS should
be allocated to sequential data sets if they are used at all.

I
I

I
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8. DEBUGGING AIDS AND USEFUL EXTERNAL
IDENTIFIERS

As it is with other SHTP procedures , the SHTP—E procedures
have several external identifiers that the user need not know.However, there are some external identifiers that a user may Is—sire to use in his main program; the purpose of this Section is
to describe them. Each identifier will be introduced by its DCL -

statement, which will be followed by a description.

DCL (DBGEB INIT (‘O’ B)) BIT(l) EXT ;
4 .

DBGEB is a bit flag used to print debugging massages throughout theSHTP—E procedures. These messages are printed when DBGEB — ‘l’B.A job using DBGEB — ‘l’B should be run for only very few time steps
because of the copious output produced.

DCL (DBPTAB INIT (‘O’B)) BIT(1) EXT;

When DBPTAB — ‘l’B, ABAEROE prin ts the constant—pressure thermo-
chemical tables that it generates from the raw data obtained f romREADABN. This iø done only when ABAEROE prints ablating—surface
information as dictated by its print—time argument .

DCL XCAP (*, 7) FLOAT BIN CTL EXT; -,
XCAP is the array of geometric parameters read by READCPE. XCAP(I l)
through XCAP(I,7) are the numerical data entries read in columns 10
through 79 on the cards in READCPE’s geometry file.

DCL T(*) FLOAT BIN CTL EXT;

T(I) is the temperature of node I in Rankine degrees.

DCL Q(*) FLOAT BIN CTL EXT ; 1
Q(I) is the sum of internal source heating and explicit internodal
heating (in Btu/h) for node I. For each time level, Q should not
be altered after calling CAPCWNE.

I
I
I
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DCL TINS FLOAT BIN Err;

I TINS is the current thermal model time, in seconds.

I D~ PP(*) ~~~~~~~ ~~~~

PP is an array of addresses for thermal properties. Its dimension
is five times the number of material files read by READPR , when PP

I is used to access a particular property, a based variable with the
declaration , DCL PRDUM(l00) BASED(PR) FLOAT BIN ; is needed .

For the ~th data listing of material , I, PP , and PRDUM can
be used to retrieve the properties listed below.

PP(5*I_4) — > PRDUM(1) Number of entries in property list, maxi-
mum value of J.

pp(5*I—4) — > PRDUM(J+1) Temperature (°R) .
I pp(5*I—3) — > PRDUM(J) Volumetric specific heat (Btu/ft 3— °R).

PP(5*I—Z) — > PRDUM(J) Thermal conductivity (Btu/h—ft— °R).
PP(5*I—]) — > PRDUM(J) ~~issivity or gap radiation factor.

PP(5*I) — > PRDUM(J) Surface absorptivity.

- 
1

- 1
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9. SHTP-E COMPUTER LIBRARIES ~~
.

Computer libraries for PL/I source code, PL/I optimizer—com— -

piler cross—referenced listings, and compiled and link—edited load -

modules for the SHTP— E procedures have been created under the index —

EBE.RANDALL.

BBE.RANDALL.~~~EDPLI contains the PL/I source code for all
the procedures needed to support SH’rP—E. Included are all of the 

-
procedures described in Section 7. It also contains the source
code for DIKI, BACKSUB, and SURFACE which are called by ABAEROE;
BAPSUB which is called by STEPE; READRKD which is called by READPR;
and DECIDE (Ref. 3) and PIF1D (Ref. 3) which are two general—purpose *

interpolation subroutines. The library member names for the source
code are the procedure names; e.g., ABAEROE’s source code is con—
tam ed in BBE .RANDALL . ~ 4BEDPLI (AMEROE) .

In addition to the procedure source codes, BBE.RANDALL.~~thEDPLI
has three other members: ENTRIES , COMMENTS , and LINKS .

ENTRIES contains the DCL statements for all of the procedures •
described in Section 7. COMMENTS contains a main program heading
that can be used with ENTRIES to avoid blocksize difficulties when
one attempts to compile a main program from card input. Compiling
a main program from card input is done by arranging the P.SYSIN -

cards in the following way:

//P SYSIN DD DSN—BBE.RANDALL.EMBEDPLI(COMMENTS),DISP—SHR i
/ I DD * 

.1

User supplied source code.

II DD DSN BBE.RA}1DALL.~~tBEDPLI(ENTRIES),DISP—SHR :.
// DD *

More user supplied source code. - ì H

Use of COMMENTS AND ENTRIES in this way makes it unnecessary - -~
for the user to write DCL statements for the embedding procedures
he has to call. If the user ’s source code is in a data set (e.g.,
BBE.USER.SOURCE) with a blockaize of 6160 or larger , the following

T
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I arrangement can be used .
- 

I 
//P.SYSLIB DD DSN ’BBE.RANDALL.EMBEDPLI,DISP SHR

// P.SYSIN DD DSN—BBE.USER.S OURCE ,DISP ’SHR

~ ( 
The data set BBE.USER.SOURCE should contain the statement

ZINCLUDE SYSLIB(ENTRIES);

in the calling program.

-. LINKS is a set of linkage editor input cards that can be
used to take advantage of the linkage editor overlay feature when
an executable load module is created. These cards can be accessed

- 
by using the JCL card

1. //L.SYSIN DD DSN BBE.RANDALL.EMEEDPLI(L INKS), DISP SHR

- - - after the //L .SYSLMOD statement in the job used to create the axe—
I. cutable load module.

A listing of the contents of any or all of the members of
BBE.RANDALL.EMB EDPLI can be obtained by using the LISTSRC or LISTPCH
utilities described in Ref. 17.

F Listings of the PL/I procedures cross referenced by the PL/I
optimizer in BBE.RANDALL.EMBEDPL I are kept in members of a parti-
tioned data set designated by

BBE.RANDALL.EBXREF(Procname)

where Procname is the name of one of the procedures . The CSDS
utility program (Ref. 18) can be used to obtain these listings.
For example , to obtain a hard copy of ABAEROE ’ s Pt/I cross refer-
enced listing, one can use the following JCL cards.

I //LIST EXEC PGM—CSDS ,TIME (0 , lO)

//SYSPRINT DD DUMMY

- I Ref. 17. “System 360 Model 9]. User’s Guide,” APL/JHU
BCS—l:40, Nov 1973.

f Ref. 18. C. L. Bennett, 3. C. Hagan , and D. C. Tantino ,
“Evaluating Aeroshell Materials for the MJS/Multihundred Watt Heat
Source,” APL/JHU ANSP— M—l4 , Jul 1976.

I 
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Ii
//INPUT DD DSN BBE .RANDALL EBXREP(ABAEME) ,DISP—SHR

L.
//OUTPUT DD SYs0UT—A,DCB~1(RECF~~VIA,LRECL—l37 ,BLKSIZE— 1922) 

-

A microfiche copy is obtainable by replaci ng SYSOUT—A with SYSOUT—Q
on the //OUTPUT card .

Compiled and link edited gHTP—E procedures have been stored
in the library BBE.RANDALL.EMBEDLIB whose member names are:

ABAEROE, APFAC. BACKSUB, BAPSUB , CAPCONE, DECIDE
5
, DIK!, PIF1D*,

PLTSThS, READA3N , READCPE , READPR, READRXD, READSU , READTM*, SET*, -

STEP!, STORE , SURFACE, and WRITEL The members with asterisks were
copied directly from BBE.FRAZER.MS1CO2. BEE.RANDALL.EMIEDLIB is
needed in the OL, OPL , or OPLC st*tement when an executable load
module is created , and is acces~5d as follows:

I/STEP EXEC OPL ,LtB..~BBE.RANDALL EMBEDLTh’ ,...

:1
ii
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I
10. EXAMPLE PROBLEM

I
The EM procedures have been used successfully in reentry

I thermal analyses of a General Electric Multihundred Watt Generator
Heat Source Assembly (110W/lISA) full—sphere assembly (FSA) (Ref. 18)
and a Mound Laboratory radioisotope heater unit (Ref . 19) . A
specific PSA reentry analysis will be described here to show how
the EM procedures are used

The FSA consists of a Pu02 fuel sphere surrounded by an
.1 iridium post—impact containment shell (PZCS), that, in turn, is

surrounded by a T—50 wound graphite impact shell (GIS). The fuel

I sphere is 1.498 in. in diameter. The inside diameter of the PICS
is 1.578 in. and it has a thickness of 0.020 in. The inside diem—
eter of the GIS is 1.646 in. and its thickness is 0.460 in. In the
example given here, the MOW/lISA breaks up at 11.06 s into a reentry

I flight and bore FSA’s fall from this point to impact at 191.66 s.
• Breakup occurs at an altitude of 117 443 ft at a flight path angle

of —47.14° at a speed of 29 830 f t /s .  The GIS’s exterior surface

I temperature is initially 2599°R and the PSA’s temperature distri—
bution is steady at breakup time. The fuel—PICS gap contains heli—
um and the PICS—GIS gap is evacuated. 

-5 

-

~ J 
A cross section of the FSA thermal model used is shown in

Fig. 4. The true model can be visualized by rotating the cross
section about the external flow field’s axis of symeetry. It is

I assumed that the temperature distribution i~ axisymmetric so thatI it depends on time, radius from the fuel center, and angle from
the forward stagnation point.

I The FSA analysis was carried out using thermal properties,
thermochemical data, and heating—rate and pressure—distribution
data obtained from various sources. PL/I procedures, JCL, and data

I 
needed to perform the analysis are stored in the partitioned data
set BBE.RANDALL.FSAEX, a listing of which ia obtainable using the
LISTSRC utility (Ref. 16). Table 5 lists and describes the members

- - j of BBE.RANDALL.FSAEX.

I Ref. 19. ‘~Safety Analysis Report for the 1435—Radioisotope
Heater Unit ,” Report ZILM—ML-76—48—0003, Mound Laboratory, Miamis—
burg, OH, Aug 1976.
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Table 5

I BBE.RANDALL.FSAEX

Member Description

GEOPLI PL/I source code for generating geometric data for the

j  

contents of the members GEØDATA , SURFACE, ABCOORDS,
RSNPHIS, and ONEDS.

U GEODATA Node geometry data read by READCPE for the thermal model
sketched in Fig. 4.

SURFACE Embedding—surface geometry data read by READSU .
- ABCØORDS Node distance from reference—surface data read by READSU.

RSNPHIS List of node numbers and radial and angular spherical
coordinates of nodes needed by PLTSTRS.

ONEDS Node geometry data for a purely radially dependent FSA
temperature distribution, used to find initial steady
state.

FUELTU Thermal property list for Pu02 fuel.

- - GPPTH Thermal property list for Pu02—PICS gap.

1. GPSTH Thermal property list for PICS—GIS gap .

- T5OTH Thermal property list for CIS .

IRIDIUM Thermal property list for PICS .
- I ICPLI PL/I source code for filAding initial radially dependent

• FSA using steady—state procedure described in Ref. 20.

STJOB JCL necessary to execute PL/I procedure in member ICPLI.

IC2599 Steady—state temperature distribution generated by
steady—state program.

Ref. 20. R. K. Frazer, “An Alternate Solution Technique for
Steady State Temperature Analysis,” APL/JHU EM—4505, Rev. 1, 26
Oct 1973.

1 -81 -
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Table 5 (cont ’d)

Member Description

FCONV List of convective heating rate factors used to define
convective heating distribution on the FSA’ s outer sur-
face.

TRAJ Traj ectory data generated by program described in Ref .
15.

ANPLI PL/I source code for the main program using the SHTP—E
procedures to solve the FSA reentry problem .

LIBCR JCL for creating a compiled and link—edited library
using the contents of member ANPLI.

LIBREP JCL for replacing the libary created by the job in mem-
ber LIBCR with a revised library .

CHANGE JCL for creating an executable load module using the
contents of BBE.RANDALL.EMBEDLIB and the library created
by the job in member LIBCR or revised by the job in mem-
ber LIBREP .

JØB1 JCL for a job using the executable load module created
by the job in mem)~er CHANCE in the FSA thermal analysis
beginning with the initial FSA steady—state data in mem—
ber 1C2599. The JCL shove how to create output data
sets f rom the contents of the output files used by the
procedures ABAERØE and PLTSTRS .

JOBM]. JCL for a job that begins with the data created at mem-
ber JØB1’s last time level. The JCL shows how to revise
the data sets created by the job in member JØB1.

The aero thermochemical data were taken from

BBE.FRAZER.MHWDATA(TCH 14X39).

A PL/I optimizer—compiler cross—referenced listing of the 
- -

contents of BBE.RANDALL.FSAEX(ANPLI) is kept in the sequential data
set BBE .Ra~NDALL.FSAXREF. The printed outputs from the jobs listed
in BBE.RANDALL.FSAEX(JØB1) and BBE.RANDALL.FSAEX(JØBM1) are kept in
the sequential data sets BBE.RANDALL.FSAPR1 and BBE.R.ANDALL.FSAPRN1,
respectively. Listings of the contents of these three sequential

— 8 2 —
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data sets can be obtained using the JCL given in Section 9 for list-
ing the contents of BBE.R.ANDALL.EBXREF(AMERØE).

I A microfiche or hard—copy listing that includes Pt/I cross—
referenced listings of all the embedding procedures, the members
of BBE.RANDALL.FSAEX discussed above, the aerothermochemical data,

I a PL/I cross—referenced listing of the main FSA thermal—analysis
procedure , and the two printed outputs kept in BBE.RANDALL.FSAPR1
and BBE.RANDALL.FSAPRZ~il can be obtained using the following JCLI and data cards.

- 
//Job statement

I f/LIST EXEC PGM—CSDS,TIME—(0,lO)

r //SYSPRINT DD DUMMY
1P / / IN PUT DD DATA

//JØBNAI4E JØB (ACCT#,C,U,N) , “Title”

• // ‘USER ID ’ ,R D R

I //*RØUTE Destination

II DD DSNaBBE.RANDALL.FSAEX(Member) ,DISP’ SHR

I f/øutPu’r DD SYSOUT”J

//  DCB— (RECFM..FB,LRECL”80,BLKSIZE’.6160)

1 1*
The above .JCL contains a job that submits another job. The

I 
file INPUT is a concatenation of a user—supplied job statemenL and
destination card with JCL necessary to produce the desired output.
Using SYSOUT — 3, the file OUTPUT submits the job assembled in

I INPUT . The JCL of this job is printed at remote terminal destine—
1 tion (e.g. RMOO1), but the printed (Member — PRXREF) or microfiche

(Member a FICRXREP) output is produced at the APL computing center
(Building 3).

I

1 -83 -

I 
-•———----•-~~---5— — — -5- ~~-5•--5-5~-•-5 -5 ~~~~~~~~~~~~~~~~~~ — _.L~—~~~~~~~~~ ~~~~



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
~~~~~~~~~~ -—~~~-- -

THE JOHNS HOPKINS UNIVERSITY
APPLIED PHYSICS LABORATORY

LAUREL MARYLAND

ACKNOWLEDGMENT

This work was conducted as part of the Applied Physics
Laboratory’s Aerospace Nuclear Safety Program, supported by the
Safety Branch, Advanced Materials and Production Division, U.S.
Department of Energy .

The author wishes to thank his coworkers at APt for their
advice and patience while he was performing this work. Useful
discussions with R. K. Frazer, R. V. Newman, and L. L. Perini were
especially helpful .

— 84 —

-~~~ - - ~~~~-- — — , L 
- -



-~~~~~~~~~-~~ r— ~~~~~~~~~~~~

I
THE JOHNS HOPKINS UNIVERSITY

APPLIED PHYSICS LABORATORY
I LAUREL MARYLA ND

I
REFERENCES

1. 3. D. Randall, “An Investigation of Finite Difference Reces—

I sion Computation Techniques Applied to a Nonlinear Recession
Problem,” APL/JHU ANSP—M— 15 , Mar 1978.

I 2. J. D. Randall , “Finite Difference Solution of the Inverse
Heat Conduction Problem and Ablation ,” Proc. 1976 Heat
Transfer and Fluid Mechanics Institute , Stanford University
Press , Stanford , CA , 1976 , pp. 257—269.

3. R. K. Frazer, “Further Additions and Improvements to the
EBE Heat Transfer Program,” APL/JHU EM—4274, 16 Jun 1969;

I Rev. 1, 29 Oct 1969; Rev. 2 , 22 Mar 1971; Rev. 3, 29 Mar
1972; Rev . 4 , 22 Jan 1973.

I 4. R. K. Frazer , “URLIM—A Unified Radome Limitations Computer
Program, Volume 2 — Users Guide ,” APLIJHU TG 1293B , Apr 1978.

5. “OS PL/I Checkout and Opti mizing Compilers : Language

I 
Reference Manual ,” IBM File No. S360/S370—29 , Order No.
GC33—0009—4, Oct 1976.

I 6. R. 1,1. Newman, “A User ’s Guide for the Continuous Wave Laser
Damage Computer Program ,” APL /JHU TG 1268 , Dec 1974.

I 7. G. b. Smith , Numerical Solution of Partial Differential
Equations , Oxford University Press , London , 1965.

I 
8. P. D. Lax and H. D. Richtmeyer , “Survey of the Stability of

Linear Finite Difference Equations,” Communications on Pure
and Applied Mathematics, Vol . 9 , May 1956, pp. 112—113.

I 9. S. D. Conte, Elementary Numerical Analysis, McGraw—Hill Book
Co., New York, 1965.

I 10. L. L. Perini, “Graphite Oxidation Modelling in Subsonic Flow,”
APL/JHU ANSP—lll , 9 Aug 1977.

11. H. S. Mickley, R. C. Ross, A. L. Squyers, and W. E. Stewart,

I Heat, Mass1 and Momentum Transfer for Flow Over a Flat Plate
with Blowing or Suction , NACA TN 3208 , Jul 1954 . —

I
1 -85 -

I



-
‘
---5— 

-~—-~ .‘----5- — —

THE JOHNS HOPKINS UNIVERSITY
APPLIED PHYSICS LABORATORY

LAUREL. MARYLAND

12. K. E. Putz and E. P. Bartlett, “Heat Transfer and Ablation
Rate Correlations for Reentry Heat Shield and Nose Tip
Applications,” AIAA Prsprint No. 72—91, Jan 1972.

13. “Ussr ’s Manual Aerotherm Charring Material Thermal Response
and Ablation Program,” Version 3, Aerotherm Corporation ,
Mountain View, CA, Report UM-70—14 , Apr 1970.

14. L. L. Perini , “Review of Graphite Ablation Theory and Experi-
mental Data ,” APL/JHU ANSP—M—l, Dec 1971.

15. L. L. Perini, “User’s Manual for the 3DOP Trajectory Computer
Program,” APL/JHU ANSP—M—6, Sep 1973.

16. N. Rubinstein and L. E. Klein , “GENPLOT—A User Oriented - —

Executable Program for Linear, Semi—Log and Log—Log CALCOMP
Plots — User ’s Guide,” APL/JHU F1C(2)—75—U—035, 19 Dec 1975.

17. “System 360 Model 91 User’s Guide,” APL/JHU BCS—l :40 , Nov
1973.

18. C. L. Bennett, 3. C. Hagan, and D. C. Tantino, “Evaluating -

~~~

Aeroshell Materials for the MJS/Multihundrsd Watt Heat 
- -

Source,” APL/JHU ANSP—M—l4, Jul 1976.

19. “Safety Analysis Report for the MJS—Radioiaotope Heater Unit,”
Report MLM—ML—76—48—0003, Mound Laboratory, Miaaisburg, OH,
Aug 1976. J

20. H. K. Fraser, “An Alternate Solution Technique for Steady
State Temperature Analysis,” APL/JHU EM—4505, Rev. 1,
26 Oct 1973. - -

I

-86 - 1
I

- -- - - 5 - - -

~

—- -—-

~

-5

~ 

- ---~~~~ ~~~~~ -5~~~ - - - - -~~~ --~~~--
___



— ~~- -~~~~~~ - -~~~---- —--~~~~~--- ------------ ——~~~— —~~ — ——--
~~

~1 ?N5 JOHNS HOPKINS UNIVE RSITY

APPLIED PHYSICS LABORATORY
LAUREL. MARYLAND

NOMENCLATURE

Engi.ish

A, B, C Orthogonal coordinates, m or in.

LB Embedding surface node area, m2 or f t2

aj Lagrange interpolation coefficient for temperatures

ajj Neat flux weighting factor

b(E ,E ) Lagrange interpolation coefficient for finding

ablating surface gradient, m or ft

b Logorithmic ablation—to—diffusion mass—loss ratio

C~ Thermal capacitance, 3/K or Btu/°R

CH Heat transfer Stanton number

C Mass transfer Stanton number

c~ Lagrange interpolation coefficient for finding -5 
-

ablating surface temperature gradient, m~~ or ft~~

di Distance of node i in embedding column from iner—
tial reference surface, m or in.

e Distance of embedding surface from fixed reference
surface, m or in.

G Recession distance iteration parameter

H(T8) Functional relationship describing ablating sur-
face temperature dependence of the ratio of me-
chanical erosion nasa—loss rate to thermochemical
mass—loss rate

Thermal conductance for heat flow between nodes I
and j, V/K or Btu/h—°R

- 8 7 -
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k Thermal conductivity of ablating material, W/m—K
or Btu/h—ft— R

4 Equivalent conduction path, in or f t

‘-I
Le Lewis number

Mass loss flux due to ablation, kg/m2—s or

ibm/ f

p Tabular pressure in thermochemical table; local
pressure , atm -

Fictitious heating rate applied to embedding sur— Iface, V or Btu/s

Q Sum of distributed heat source and explicit inter—
nodal heating rates, W or Btu/h

%hsm 
Ablating surface heat flux due to chemical reaction,
Vim2 or Btu/ft2—s

q Heat flux conducted frr~rn ablating material to 
-

coed 2 2
ablating surface, W/In or Btu/ft —s

External convective heat flux to ablating surface, 
]

V/m or Btu/ft -S

Total external heat flux to ablating surface, I H
2 2 - .

V/m or Btu/ft —s

Internal heat generation rate for node i~ V or
Btu/h -

~

q
1 0  

Incident radiative heat flux on ablating surface, j
Win or Btu/ft —s

Radiation relief from ablating surface to space, IV/m2 or Btu/f t2—s -

Energy flux required to remove ab1~iting material, I
V/in or Btu/ft —s

1
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- 

8E 
Sum of explicit conductances for node 1, V/K or

- - i Btu/h— °R

- 
- 

I S1 Sum of implicit conductances for node 1, V/K or
i Btu/h—°R

— { 
- 

s A—direction recession distance, m or in.

-
- 

T Temperature, K or

L TA 
Adiabatic thermal response, K or

ç T~ Unit incremental thermal response, K/V or °R—s/Btu

- 
- 4 Temperature used to estimate ablating surface

{ temperature gradient , K or

t Time , s o r h

L . U1 
B—direction temperature approximation , K or

- - 
- V1 C—direction temperature approximation , K or

x Surfac e thermochemical table dependent variable
- 

L
Greek

U Ratio of actual ablation mass—loss rate to
- - -‘ diffusion limited mass—loss rate , uncorrected for

- 
blowing

Blowing—corrected ratio of actual ablation mass--
loss rate to diffusion—limited mass—loss rate

~ iE Kronecker delta: — 1, if I — B; 6iE 
— ~~~

- 
i # E

- 

~
- Li ~T Ablating surface temperature change during material

re~-oval ; temperature change during rough search for - -

ablating surface temperature, K or °R

L At Time step, tL+l — tL $ s or h -

- 8 9 -
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1 -
c Newton Raphson error function, V/in2 or Btu/ft2—a

for embedded ablating surface, K or °R when ablat—
lug and embedding surf aces coincide

c’(T) dc/dT

A Blowing parameter

Il Cosine of angle between A direction and ablating I
surface normal

VA Lagrange interpolation polynomial approximation Iof aTA/aA , K/rn or °R/ft

v~ Lagrange interpolation polynomial approximation 1of aTU/aA , K/V—rn or s— R/Btu—ft

Logarithmic tabular pressure in thermochemical I
tables ; local logarithmic pressure

p Density of ablating material , kg/in3 or ibm/ft 3 I
a Sum of temperature coefficients, J/K or Btu/°R

Subscripts - -

b Blowing corrected value 1
E Embedding surface node

C Gas flowing over ablating surface

I, 3, K Three successive nodes in embedding column 
- I

i Node being analyzed; tabular pressure entry in
thermochemical tables

j Neighboring node; tabular mass—loss ratio entry
in thermochemical tables

MC Mechanical erosion

a Ablating surface 1
Ablating surface intersection with embedding
column having embedding surface node E 

i
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TC Thermochemical ablation

r Superscripts
a.,

- 

A, B, C A—, B—, C—direction implicit internodal links

I E Explicit internodal link

I & Time level index , time step

:- 
- 

+ Time level £ + 1. No superscript: time level 9.

n Iteration number

Operators

Difference operator, 
~ij

Ti 
— T1 — T3

VBC Gradient in B—C plane, m’~
’ or ft~

’

- 
IL Product

- E Summation

- 
Miscellaneous

F Vector of all values of F for all nodes

Acronyms

AF Approximate factorization

EBB Energy—balance equation

— 
EM Embedding method

FD Finite difference

1 SEBE Ablating—surface energy—balance equation

Ii SHTP Standard Heat Transfer Program

I ¶ 1 SHTP—E Embedding Standard Neat Transfer Program
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STT Surface thermochemical table

TACL Thermal—analysis computation loop

.1

:1

j

e. -

:1 
H

-
i

I
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