
A STUDY OFTHERMAL RESPONSE 

OF THE LUNAR SURFACE AT THE LANDING S I T E  

DURING THE DESCENT OF THE LLWAF. EXCLrFSION YODL'LE (LEY! 

Jerome T. H o l l a n d  and H e c t o r  C. Ingrao 

H a r v a r d  C o l l e g e  O b s e r v a t o r y  

C a m b r i d g e  , Massachusetts (USA) 

Technical R e p o r t  
****************** 

A p r i l  1, 1966 

Prepared For 
ARTHUR D. L I T T L E ,  INC.  

C a m b r i d g e  , Mass. 
and 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

NASA RESEARCH GRANT NO. N s G  64-60 

https://ntrs.nasa.gov/search.jsp?R=19660023008 2020-03-16T21:10:50+00:00Z
brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by NASA Technical Reports Server

https://core.ac.uk/display/85250703?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


NOTE - 

W e  a r e  indeb ted  t o  Mr. Alf,-ed Wechsler of Arthur  D. L i t k l e  

who supplied t h e  boundary condi t ions  of the h e a t  t r a n s f e r  
problem given i n  Sec t ions  I11 and I V .  



A STUDY OF THERMAL RESPONSE OF THE 

LUNAR SURFACE AT THE LANDING SITE D U R I N G  

THE DESCENT O F  THE LUNAR EXCURSION MODULE (LEM) 

Jerome T. Holland* and Hector  C. Ingrao** 

ABSTRACT 

J 

This  r e p o r t  ana lyzes  t h e  thermal  response of t h e  l u n a r  
s u r f a c e  a t  t he  l and ing  s i t e  due t o  t h e  r a d i a t i v e  and convec t ive  h e a t  
t r a n s f e r  from t h e  LEM exhaus t  nozzle. A computer program has  been 
w r i t t e n  t o  analyze t h e  thermal t r a n s i e n t s  as a func t ion  of 1) t h e  
thermal  model of t h e  l u n a r  s u r f a c e  materials;  2)  depth  benea th  t h e  
l u n a r  s u r f a c e ;  3)  d i s t a n c e  from the touchdown p o i n t .  The p h y s i c a l  
meaning of t h e  answers ob ta ined  i n  ou r  a n a l y s i s  depends on how ac- 
c u r a t e  the  h e a t  t r a n s f e r  parameters a r e  f o r  t h e  assumed model, du r ing  
t h e  LEM descent .  Therefore we p r e f e r  t o  stress t h e  method o f  a n a l y s i s  
r a t h e r  than t h e  numerical  conclusions.  
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NOTATIONS AND UNITS 
____-__. 

C = e q u i v a l e n t  c a p a c i t a n c e ,  F 

c = spec i f ic  h e a t  of l u n a r  m a t e r i a l ,  ,J qm-l0K-l 
d = d i s t a n c e  from LEM p o i n t  of touchdown, f t  

= view factor from d i f f e r e n t i a l  s u r f a c e  element t o  rocke t  Fns 
nozz le  

F = . * 4 - . 7  "IC* 4=- . -+rrr  LUbLVL from d i f f e z n t i s l  su r f s , ce  elcmcnt t= LE'y cxh;.dst 
ss  

s h i e l d  
g (H,d) = convection h e a t  t r a n s f e r  c o e f f i c i e n t  from LEY, W cm-20C-1 

C 
g ( t )  = gas h e a t  t r a n s f e r  c o e f f i c i e n t ,  d c o n s t a n t ,  lq cm -20c-1 

C 

C g ( d )  = gas h e a t  t r a n s f e r  c o e f f i c i e n t ,  t c o n s t a n t ,  W cm-20C-1 

H = e l e v a t i o n  of LEM above s u r f a c e ,  f t  

Hn = h e i g h t  of LEM nozz le  above s u r f a c e ,  f t  
Hs = h e i g h t  of t h e  h e a t  s h i e l d  above t h e  s u r f a c e ,  f t  

I = e q u i v a l e n t  c u r r e n t ,  A 
J = i r r a d i a n c e  by t h e  sun on l u n a r  s u r f a c e ,  W c m  -2 

OLE, = i r r a d i a n c e  by t h e  L E M  on t h e  l u n a r  s u r f a c e ,  W c m  -2 
Qrs = r a d i a n t  emi t tance  from t h e  l u n a r  s u r f a c e ,  W cm -2 

= f l u x  d e n s i t y  a t  depth,  x ,  and t i m e ,  t ,  W c m  -2 

Jo = i r r a d i a n c e  by t h e  sun on l u n a r  s u r f a c e  a t  z = 0 ,  W cm-* 

P ( x )  = approximate phase a n g l e  of thermal  wave a t  depth,  x 

Q(x,t) 
R = e q u i v a l e n t  r e s i s t a n c e ,  : 

n 

t = t i m e  e l a p s e d  from beginning of LEM descent ,  sec 

Ei = e f f e c t i v e  r a d i u s  o f  rocket  n o z z l e ,  f t  
Rs = r a d i u s  of t h e  LEM h e a t  s h i e l d ,  f t  

To = s u r f a c e  temperature  a t  i n i t i a t i o n  of l u n a t i o n ,  OK 

Tz = temperature  a t  bottom of deepes t  l a y e r ,  OK 
T = e f f e c t i v e  exhaus t  gas temperature ,  O K  

Tm = l u n a r  s u r f a c e  temperature ,  OK 

Tn = e f f e c t i v e  exhaus t  n o z z l e  tempera ture ,  O K  

Ts = temperature  of the subsolar  p o i n t ,  OK 

g 

Tr;l = g r a d i e n t  a t  t h e  s u r f a c e ,  O K  cm -1 

Tno = e f f e c t i v e  exhaust  nozz le  temperature  b e f o r e  enqine c u t o f f ,  OK 

T ( x )  = temperature  a t  depth,  x ,  OK 
U ' s  = e q u i v a l e n t  p o t e n t i a l ,  V 
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w =  
x =  
z =  

8 =  

n 
m 

E =  

E =  

K =  

r a d i a n t  emi t t ance  of the s u r f a c e ,  W cm-’ 
distance measured along t h e  propagat ion  of t h e  h e a t  wave, f t  

z e n i t h  distance of the sun, deg 
r e c i p r o c a l  of t h e  thermal wavelength,  c m  
radiant e m i t t a n c e  of n o z z l e  
r a d i a n t  emi t t ance  of l u n a r  surf ace 
thermal conduc t iv i ty  of lunar s u r f a c e  mater ia l ,  ca l  sec-’ 

-1 

m- 1 OK- 1 

d e n s i t y  of l u n a r  s u r f a c e  material ,  gm 
S t e f  an-Boltzmann cons t an t  , 5.66 86 x 
minimum t i m e  cons tan t  of the e q u i v a l e n t  c i r c u i t ,  sec 
t i m e  cons t an t  of the  tempera ture  decay of t h e  nozz le  a f t e r  
l and ing ,  sec 

W cmq2 



I - INTRODUCTION 

An i n t e g r a l  p a r t  of the  Apollo 
curs ion  Module known a s  LEM. The Apollo 
LEM and adap te r ,  the Service Module, the 

Program i s  t h e  Lunar Ex- 
s p a c e c r a f t  c o n s i s t s  of the 
Command Module, a Boost 

Cover, and a Launch Escape System. Powered by a th ree - s t age  Sa turn  V 

launch v e h i c l e ,  t h e  craft  w i l l  o r b i t  the Moon. The manned l u n a r  
mission w i l l  then  employ a technique  known as Lunar-Orbit rendezvous. 
This te&r.iqce will d l ~ x  t h e  LE:.; te, separate from the  L-uiiar Orbiting 
Apollo and Se rv ice  Module. 

The func t ion  of LEM w i l l  be t o  c a r r y  the  a s t r o n a u t s  dur ing  
. t h e i r  descent  t o  t h e  luna r  s u r f a c e  f o r  exp lo ra t ion .  Following this 

e x p l o r a t i o n ,  L E M  w i l l  return t h e  a s t r o n a u t s  t o  l u n a r  o r b i t  f o r  rendez- 
vous and docking w i t h  t h e  Apollo Command and Se rv ice  Module. Once the 
docking i s  accomplished, the  s p a c e c r a f t  w i l l  then c a r r y  ou t  the neces- 
s a r y  maneuvers for  i t s  r e t u r n  t o  e a r t h .  

Among t h e  important  problems f a c i n g  t h e  LEM i s  the  ques t ion  
of t h e  i n c r e a s e d  t e m p e r a t u r e  of the l anding  s i te  dur ing  descen t ,  and 
t h e  cool ing  rate of t h e  su r face  a f t e r  landing.  The s o l u t i o n  t o  t h e s e  
ques t ions  is  v i t a l  i n  t h e  p lanning  and execut ion  of t he  Apollo mission.  
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11. SCIENTIFIC OBJECTIVE 

The a n a l y s i s  presented  i n  t h i s  report a i m s  t o  determine: 

1. The l u n a r  s u r f a c e  temperature b r i g h t n e s s  a t  the landing 
si te ,  as a func t ion  of t i m e  during and a f t e r  the  descent  
of t h e  I S M .  

2. The v a r i a t i o n s  of temperature b r i g h t n e s s  a t  the l anding  
s i te  a t  s p e c i f i e d  depths below t h e  s u r f a c e ,  a s  a func t ion  
of t i m e  dur i i  3 and a f t e r  t h e  descent  of t h e  LEM. 

The computations have been c a r r i e d  o u t  f o r  models of t h e  
l u n a r  s u r f  ace composed of the  fo l lowing  : 

1. 
2 .  

3.  

4. 

5 .  

6. 

7. 
8. 

Homogeneous p a r t i c u l a t e  ma te r i a l .  
Homogeneous v e s i c u l a r  m a t e r i a l .  
Homogeneous s o l i d  ma te r i a l .  
P a r t i c u l a t e  s u r f a c e  l a y e r  w i t h  a substrate of v e s i c u l a r  
material. 
P a r t i c u l a t e  s u r f a c e  l a y e r  wi th  a s u b s t r a t e  of so l id  
material. 
Ves i cu la r  s u r f a c e  with a s u b s t r a t e  of so l id  material. 
P a r t i c u l a t e  s u r f a c e  wi th  a rubble s u b s t r a t e .  
Homogeneous rubble .  

The output  d a t a  from t h e  computer program are  p resen ted  i n  
the fo l lowing  form: 

1. Temperature b r igh tness  a t  the  s u r f a c e  and t o  depths  down 

t o  five subsu r face  levels a t  the beginning of t h e  LEM 

descent .  
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2 .  Temperature b r i g h t n e s s  a t  t h e  s u r f a c e  and t o  depths  down 
t o  f i v e  subsu r face  l e v e l s  du r ing  the  LEM descen t .  

3 .  Temperature b r i q h t n e s s  a t  t h e  s u r f a c e  and t o  depths  down 
t o  f i v e  subsu r face  l e v e l s  a f t e r  t h e  LEM d e s c e n t ,  u n t i l  
the tempera ture  change a t  each  l e v e l  has  been reduced t o  
f i v e  p e r  c e n t  of t h e  maximum tempera ture  change induced 
by t h e  LEM descent .  

1 
I 
I 
I 
I 
1 
8 
II 
t 
1 
8 
I 
I 
I 
I 
I 
I 
I 
I 

. 
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111. HEAT TRANSFER ON THE LUNAR SURFACE 

A. I r r a d i a n c e  on t h e  Surface Produced by LEM 

The i r r a d i a n c e  QLEM on t h e  l u n a r  s u r f a c e  produced by t h e  
LEN exhaus t  is  given by t h e  following equa t ion :  

where g c ( H  , d )  i s  the convection h e a t - t r a n s f e r  c o e f f i c i e n t  given 
i n  T a b l e  I, T is -uie s f f ec t ive  eiirkaust gas tem-Frature, T is the 

lunar s u r f  ace tempera ture ,  o i s  t h e  S t e f  an-Boltzmann c o n s t a n t ,  
E i s  t h e  r a d i a n t  emi t t ance  o f  the nozz le ,  Tn i s  t h e  e f f e c t i v e  

tempera ture  of t h e  exhaus t  nozz le ,  and Fns is t h e  v i e w  f a c t o r  
f r o m  t h e  d i f f e r e n t i a l  s u r f  ace element t o  r o c k e t  nozz le .  

9 m 

n 

Eq. (1) is v a l i d  f o r  27.5866 sec a f t e r  t h e  i n i t i a t i o n  of 
L E M  descent .  T h e r e a f t e r ,  QLEM = 0 .  

The values o f  Fns are ob ta ined  from t h e  fo l lowing  equa t ion :  

2 

(2 )  
(d - Rn) (d + Rn) + H 

f - */I(d + Rn)2 + H 2 ]  [ ( d  - R n ) 2  + H2]  I 
where H ,  t h e  e l e v a t i o n  of LEM above t h e  s u r f a c e ,  i n  f e e t ,  i s  given 
as a t a b u l a t e d  func t ion  of t i m e ,  d i s  t h e  d i s t a n c e  i n  f e e t  from LEM 

p o i n t  of touchdown and Rn i s  the  e f f e c t i v e  r a d i u s  of t h e  rocke t  
nozz le  i n  f e e t ,  

For t h e  computation we have taken  t h e  fo l lowing  va lues :  

T = 2493'K 
Tn = 1611'K 

9 

u = 5.6686 x 

n 

W ~ r n - ~ ' K - ~  

E = 0.90 
Rn = 2.386 f t  
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B. R a d i a n t  Emit tance From Lunar Surface  t o  Space 

The r a d i a n t  emi t tance  Qrs from the a r e a  of t h e  l u n a r  
surface a f f e c t e d  by t h e  L E M  descent  i s  expres sed  by t h e  equa t ion  

4 
Q, = (1 - Fss)Tm , m ( 3 )  

where Tm is t h e  l u n a r  s u r f a c e  tempera ture  i n  OK, 
emittance of t h e  l u n a r  s u r f a c e ,  Fss is  a view f a c t o r  t h a t  t a k e s  
i n t o  account t h a t  t h e  s u r f a c e  "sees"  p a r t  of t h e  s h i e l d  surround- 
i n g  the L E M  exhaus t ;  t h e  o t h e r  terms are as de f ined  f o r  Eq. (1). 

i s  t h e  r a d i a n t  

The term Fss is  given by t h e  fo l lowing  express ion:  

(d-Rs) ( d+Rs) + (H+2.450) 2 
Fss = +{I - 

i[(d+Fts)2 + (H+2.450)2] [(d-Rs)' + (H+2.45Ol2I 

where Rs is t h e  radius of t h e  h e a t  s h i e l d  i n  f e e t .  Equation ( 4 )  is 
v a l i d  f o r  a l l  times. 
0 ,  5, 1 0 ,  20, 50 and 100 feet for the va lues  of d. 

For  t h e  computation w e  take R~ = 6.750 feet and 

C. I r r a d i a n c e  on the  Sur face  by t h e  S u n  

I f  we t a k e  z as t h e  zen i th  d i s t a n c e  of the sun and a s s m e  
a smooth s u r f a c e ,  t h e  i r r a d i a n c e  J on a g iven  p o i n t  on t h e  l u n a r  
s u r f a c e  is given by 

J = Jo cos z , (5) 

where 

4 
m s  ' Jo = UE T 
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and 

Ts = t h e o r e t i c a l  t empera ture  of t h e  s u b s o l a r  p o i n t ,  
O K  (assuming n o  h e a t  conducted inward ) .  

For  the  purpose of computation t h e  fo l lowing  va lues  are used: 

E = 0.93 m 

and 

Ts = 395'K. 

Moreover, t he  r a d i a n t  emi t t ance  W of  t h e  s u r f a c e ,  which i s  assumed 
smooth, obeys the Lambert Law and i s  given by 

4 
m m '  W = U E T  ( 7 )  

Calcula t ion  o f  pos t -descent  h e a t  f l u x  produced some 
problems during checkout.  A s  i n i t i a l l y  s p e c i f i e d ,  T went t o  0 

a t  LEM c u t o f f ,  b u t  i t  w a s  a lso r e q u i r e d  t o  r e t a i n  t h e  a t t e n u a t i o n  
of r a d i a t i v e  coo l ing  occur r ing  because t h e  LEM's  h e a t  s h i e l d  c u t  
o u t  p a r t  o f  the sky. These assumptions w e r e  f i n a l l y  found t o  account 
f o r  an e l u s i v e  "bug", whose e f f e c t s  w e r e  p a r t i c u l a r l y  s t r i k i n g  a t  
ground zero .  The f i r s t  and most obvious i m p o s s i b i l i t y  w a s  t h a t ,  w i th  
p a r t  of t h e  sky "missing" , c a l c u l a t i o n s  gave an equ i l ib r ium tempera- 
t u r e  a f t e r  cool ing t h a t  w a s  much h i g h e r  than  t h e  s u r f a c e  temperature  
p r i o r  t o  the LEM descent .  According t o  Eq. (3)  , t h e  equ i l ib r ium su r -  
f a c e  temperature  would rise up t o  150' or  200'K. 

g 

C lea r ly  the a n a l y s i s  of h e a t  exchange between LEM and s u r -  
f a c e  a f t e r  descent w a s  d e f i c i e n t .  A p rope r  a n a l y s i s  should  more 
c a r e f u l l y  take i n t o  account t h e  coo l ing  of t h e  n o z z l e ,  t h e  h e a t  ex- 
changed wi th  t h e  h e a t  s h i e l d  ( s i n c e  t h e  h e a t  s h i e l d  i s  r a d i a t i n g  
and the  LEM is st i l l  a h e a t  source)  , and t h e  s o l a r  f l u x  ( t h e  p o i n t  
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under c o n s i d e r a t i o n  on t h e  s u r f a c e  could be shaded by t h e  LEM) . 
Unfor tuna te ly ,  schedules  d i d  n o t  a l low t h e  t i m e  f o r  the r e q u i s i t e  
an , j lys i s .  

I n  o r d e r  t o  g e t  reasonable r e s u l t s ,  i . e . ,  c o r r e c t  
equ i l ib r ium temperatures ,  during t h e  p o s t  descent  phase,  and d u e  

t o  t h e  e x i g e n c i e s  of t i m e  and programming d i f f i c u l t i e s ,  t h e  i n p u t  
s o l a r  flux was a t t e n u a t e d  by t h e  same (1 - Fs,) term a s  t h e  r ad i -  
a n t  emi t tance  of t h e  s u r f a c e .  The use o f  t h i s  t e r m ,  a l though 
dubious,  may be j u s t i f i e d ,  t o  some e x t e n t ,  by viewing it a s  an 
"average" o v e r  shaded and unshaded p o i n t s  i n  t h e  v i c i n i t y  o f  t h e  
p o i n t  under c o n s i d e r a t i o n ,  and because it g i v e s  answers t h a t  a r e  
more reasonable  than  wi thou t  it. 

The second problem was due t o  numerical  a r t i f  a c t s  caused 
by t h e  sudden "cool ing" of t h e  nozz le .  I n  o r d e r  t o  smooth them 
out, an exponent ia l  decay of nozzle  temperature  Tn a f t e r  LEM cut-  
o f f  was added. Thus, measuring t i m e ,  t ,  from LEM engine  c u t o f f ,  
w e  have 

v&e re r l  is t!!e t i m e  constaxxt. 
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TV-  ASSUMED THERMAL PARAMETERS FOR TIIE LUNAR SURFACE 

The thermal  parameters r equ i r ed  i n  o u r  a n a l y s i s  are 
thermal  conduc t iv i ty  K ,  dens i ty  p and s p e c i f i c  h e a t  c. 

Table  I1 gives these  parameters f o r  the assumed 
mzterials of t h e  different models. 

TABLE I1 

THERMAL PARAMETERS 

? - 
I 

Densi ty  ( p ) ,  S p e c i f i c  H e a t  (c)  Thermal Conduct iv i ty  ( v )  

Mater ia l  I 

1 g cm-3  i J g-loK-l I W cm- lo K - l  

i 
! 1 

0 .502+7.4 x 10-4T14.62 x 10-6+3.05 x 10 -13*3 Powder 1.1 

R o  ck 
I ! 
I 2 . 6  10.502+7.4  x 10-4T 0.02+1.0 x 10-5T 

I 
I 
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V. L A N D I N G  SITE AND TIME 

The LEM w i l l  l a n d  a t  a p o i n t  + 5 O  of a g i v e n  l a t i t u d e .  

From t h e  l a w  o f  v a r i a t i o n  o f  lunar t e m p e r a t u r e  and a c c u r a c y  of 

t h e  a s s u m p t i o n s  it w i l l  s u f f i c e  t o  assume t h a t  t h e  LEM w i l l  l a n d  

on t h e  e q u a t o r .  The  exact l o n g i t u d e  i s  n o t  y e t  d e t e r m i n e d ,  b u t  

t h e  l a n d i n g  s i te  is s p e c i f i e d  t o  be a t  a l o n g i t u d e  of 45'  w i t h  

respect t o  t h e  t e r m i n a t o r .  
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V I .  HEAT PLOW EQUATIONS 

The h e a t  f low equat ion i n  one dimension is simply a 

s t a t emen t  of the l a w  of conservat ion of energy,  i .e . ,  dur ing  a 
t i m e  d t  the n e t  h e a t  f l u x  i n t o  a sl ice of m a t e r i a l  of t h i ckness  
dx must be mani fes t  as a rise i n  temperature  of t he  substance.  
A t y p i c a l  approach is t o  w r i t e  t h i s  c m d i t i o n ,  pas s  t o  the  l i p i t  

as dx and d t  approach 0 ,  and ob ta in  a p a r t i a l  d i f f e r e n t i a l  equa- 
t i o n  such as 

where p = d e n s i t y ,  
c = s p e c i f i c  h e a t ,  
T = t empera ture ,  
t = t i m e ,  
x = depth beneath the  lunar s u r f a c e ,  
K = thermal  conduct iv i ty ,  

Q ( x , t )  = f l u x  d e n s i t y  a t  depth,  x ,  and t i m e ,  t. 

For  numerical  computations it is t hen  necessa ry  t o  undo t h e  l i m i t -  
i n g  process  and approximate the  p a r t i a l  d i f f e r e n t i a l  equat ion  wi th  
a d i f f e r e n c e  equat ion .  Usually t h i s  process  t ends  t o  mask t h e  
p h y s i c a l  s i g n i f i c a n c e  of the d i f f e r e n c e  equat ion .  I n  f a c t ,  it i 3  

p o s s i b l e  t o  w r i t e  t h e  conservat ion l a w s  d i r e c t l y  f o r  t h e  given 
slices of material ,  and t h u s  "lump" parameters.  The r e s u l t i n g  
equa t ions  t u r n  o u t  t o  be i d e n t i c a l  t o  those  obta ined  by the d i f -  
f e rence  equat ion  technique ,  but  they a l s o  r e t a i n  p h y s i c a l  s i g n i f i -  
cance so t ha t  t h e  p h y s i c a l  i n t e r p r e t a t i o n  of t h e  numerical  approxi- 
mation is c l e a r .  See, fo r  example, Volynski i  and Bukhman (1) or 
Saul 'yev  ( 2 ) .  

As a f u r t h e r  advantage the s i g n i f i c a n c e  and method of 
t r e a t i n g  d i s c o n t i n u i t i e s  becomes clear. It is u s e f u l  t o  cons ide r  
t h e  electrical analogy of t h e  h e a t  f low equa t ion  given i n  Figure 1. 
A slice of th i ckness  Ax is represented  by t h e  R-C network where 



FIG. 1 

- 

R 1 R 

=Fc 
E l e c t r i c a l  Analogy f o r  t h e  h e a t  f low 
e q u a t i o n  and f o r  a t h i n  homogeneous 

l a y e r .  

UI -u2 I. 

FIG. 2 .  E l e c t r i c a l  analogy f o r  t h e  h e a t  f low 

e q u a t i o n  and f o r  a series of  t h i n  

homogeneous l a y e r s .  
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R = A X / ~ K  (10) 

C = p c A x  . (11) 

In  t h i s  analogy the p o t e n t i a l  Uo is  p r o p o r t i o n a l  t o  t h e  
temperature a t  t h e  c e n t e r  of the  slice, U-l and U+l are propor- 
t i o n a l t o  the tempera tures  a t  t h e  ends of t h e  slice. 
p o r t i o n a l t o  t h e  f l u x  i n t o  the  slice, and I2 is p r o p o r t i o n a l  t o  
f l u x  o u t ,  so t h a t  II - I2 i s  propor t iona l  t o  t h e  r a t e  of change 3f 

Uo- 
equ iva len t  to t h e  i n p u t  f l u x  a t  the s u r f a c e .  If w e  n e g l e c t  feed- 
back,  t h e  minimum t i m e  cons tan t  of t he  e q u i v a l e n t  c i r c u i t  is 
given by 

I1 is pro- 

For  n slices, t h e  analogy is given i n  F igu re  2 ,  where I,, is .. 

T = min {RiCiI , 
i = l , n  

(12 )  

as is obvious from i n s p e c t i o n  of t h e  c i r c u i t  diagram. Also, it 
can r e a d i l y  be seen t h a t  i f  the lower boundary c o n s t r a i n t  is 
given by 

(13) 3T - = cons tan t  , ax 

t he  system is unstable. 
y i e l d s  a s t a b l e  system. 

The cons t r a in ing  Un+2 = c o n s t ,  however, 

Figure 2 y i e l d s  a s e t  of o rd ina ry  d i f f e r e n t i a l  e q u a t i o i s .  
In spec t ion  shows t h a t  t h e s e  may be so lved  by any of a number of 
techniques .  
hand is E u l e r ' s  method, o r  t he  method of forward d i f f e r e n c e s ,  which 
g i v e s  a stable system i f  the i n t e g r a t i o n  s t e p  s i z e  is taken s h o r t e r  
than T. This  y i e l d s  a technique for au tomat ic  s t e p - s i z e  c o n t r o l .  

The s i m p l e s t  andmos t  convenient  f o r  t h e  problem a t  
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Since &e lumped parameters  ana log  system given i n  
Figure 2 y i e l d  t h e  same e q u a t i o n s  a s  do second c e n t r a l  d i f f e r -  
e n c e s ,  it i s  easy  t o  see t h e  assumptions i m p l i c i t  i n  t h e  numeric11 
i n t e g r a t i o n  technique. The d e n s i t y  , s p e c i f i c  h e a t ,  and conduc- 
t i v i t y  a r e  assumed c o n s t a n t  over  one t i m e  s t e p .  The v a l u e s  a r e  
c a l c u l a t e d  from t h e  depth of t h e  s l i c e ,  and t h e  temperature  a t  
t h e  c e n t e r  of t h e  s l ice  a t  t h e  beginning of t h e  t i m e  s t e p .  Fur- 
thermore,  t he  i n p u t  f l u x  i s  h e l d  c o n s t a n t  o v e r  an i n t e g r a t i o n  

s t e p .  
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V I I -  THERMAL MODELS OF THE LUNAR SURFACE 

The fol lowing model was used t o  determine t h e  thermal  

parameters of t he  luna r  m a t e r i a l  a s  a func t ion  of temperature  T: 

c = co + clT , 

where co, c,,  K cl, K ~ ,  as w e l l  as p were presumed t o  be piece-  
w i s e  cons tan t  func t ions  of depth x. For t h e  purposes of t h e  proqram 
and t h i s  r e p o r t ,  we  c a l l e d  the regions of cons tan t  c ' s  and IC's 
" l a y e r s " ,  as opposed t o  t h e  " s l i c e s "  a s s o c i a t e d  wi th  t h e  lumping 
of parameters.  In  f a c t ,  t he  number of "slices" t o  be a s soc ia t ed  
wi th  each " l a y e r "  i s  an input  parameter  f o r  each l a y e r .  The set 

of s i x  numbers c o ,  cl ,  K ~ ,  K ~ ,  K ~ ,  and P is c a l l e d  a "model". 
Provis ions  a r e  made for s t o r i n g  up t o  20 models i n  the  proqram. 
The exac t  se t  of parameters  t o  use is  then  s p e c i f i e d  on inpu t  a s  
a func t ion  of t h e  l a y e r  number. 
l a y e r s ,  and up t o  100 slices. 

+ CI'  

Provis ion  i s  made f o r  up t o  20 
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V I I I .  INITIAL CONDITIONS 

I t  seemed d e s i r a b l e  t h a t  t h e  program should be able t o  
allow the i npu t  thermal d i s t r i b u t i o n  t o  r e l a x  over  a l u n a r  day o r  
so, t o  reduce s e n s i t i v i t y  t o  e r r o r s  in t h e  i n i t i a l  temperature  
d i s t r i b u t i o n .  The f i r s t  p lan  w a s  simply t o  i n p u t  a temperature  
p r o f i l e  and allow it t o  relax over  a t i m e  pe r iod  s p e c i f i e d  i n  t h e  

i n p u t  data. During checkout,  it became obvious t h a t :  

1. The t r a n s i e n t  response was s u b s t a n t i a l l y  una f fec t ed  
by the v a r i a t i o n s  i n  i n i t i a l  cond i t ions ,  so long a s  
they w e r e  cons i s t en t  wi th  t h e  thermal  model of t h e  
moon. 

2.  The " s t eady- s t a t e "  thermal  d i s t r i b u t i o n  v a r i e s  r a t h e r  
s u b s t a n t i a l l y  with t h e  model of lunar composition. 

In  o r d e r  t o  provide a set of c o n s i s t e n t  i n i t i a l  condi t ions  
f o r  the LEM descent  which represented  t h e  model under cons ide ra t ion ,  
and t o  avoid hand computations o r  r e l i a n c e  on e x t e r n a l  sources  f o r  
i n p u t ,  t h e  fo l lowing  scheme was adopted. 

For a homogeneous medium, with cons t an t  c o e f f i c i e n t s ,  t h e  
thermal  d i s t r i b u t i o n  a t  a p a r t i c u l a r  p o i n t  i n  t i m e  due t o  a s inu-  
s o i d a l  i npu t  of angular  frequency, w ,  can be w r i t t e n  i n  the form 

T ( x )  = e'6x(A cos 8x + B s i n  8x1 + D , 

where A, B,  and D are appropr ia te  cons t an t s  and 

is t h e  r e c i p r o c a l  of t h e  thermal wavelength. 
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To c r e a t e  approximate i n i t i a l  c o n d i t i o n s ,  w e  chose as 

appropr i a t e  the  t i m e  immediately b e f o r e  l u n a r  s u n r i s e .  A s  i n p u t  
parameters  , the  program accep t s  s u r f a c e  tempera ture  , Tm, and t h e  

tempera ture ,  T d ,  a t  t he  maximum depth under c o n s i d e r a t i o n ;  x ,  P , 
c ,  and K are then  c a l c u l a t e d  on t h e  assumption of a l i n e a r  tempera- 
t u r e  d i s t r i b u t i o n :  

From t h i s ,  an approximate phase angle  

P (x )  = i,' JpCW/K dx 

i s  ca l cu la t ed .  T(x)  is  then  c a l c u l a t e d  from t h e  formula 

T ( x )  = e [A cos ~ ( x )  + B s i n  P ( X )  1 + D , 

where A, B, D are chosen so  t h a t  

and t h e  g r a d i e n t  a t  t h e  s u r f a c e ,  TA, i s  c o n s i s t e n t  w i th  t h e  n e t  
f l u x  a t  the su r face .  This  y i e l d s  a wave-type s e t  of i n i t i a l  con-  
d i t i o n s  which i s  roughly c o n s i s t e n t  w i th  t h e  thermal  parameters  
of t h e  model. Th i s  d i s t r i b u t i o n  i s  then  r e l axed  over  a t  l ea s t  
one l u n a r  day b e f o r e  it i s  used as a s e t  o f  i n i t i a l  cond i t ions  
f o r  t h e  LEM descent .  In  t h i s  manner, t h e  program au tomat i ca l ly  
gene ra t e s  a reasonable  s e t  of  i n i t i a l  c o n d i t i o n s ,  s i m p l i f y i n g  
program us age. 

A t  t h i s  p o i n t  a f u r t h e r  problem crops  up. Because of  
t h e  "high frequency'' o f  t h e  inpu t  dur ing  LEM d e s c e n t ,  much 
t h i n n e r  s l i c e s  are needed than  dur ing  t h e  l u n a t i o n .  Furthermore , 

(19) 

( 2 0 )  
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t h e  depth of m a t e r i a l  which must be cons idered  is s u b s t a n t i a l l y  
less. I n  o r d e r  t o  t a k e  account of t h i s ,  a set of " t h i c k "  slices 
i s  inpu t  f o r  use  du r ing  luna t ion  and a " t h i n "  s e t  of slices i s  
used dur ing  and a f t e r  t h e  descent phase. Accordingly it is neces- 
s a r y  t o  i n t e r p o l a t e  t h e  temperature p r o f i l e  ob ta ined  from t h e  
l u n a t i o n  t o  t h e  f i n e r  mesh r equ i r ed  f o r  the descen t  phase. As 

became apparent dur ing  checkout of t h e  program, t h i s  m u s t  be done 
wi th  some care to  i n s u r e  t h a t  no  a r t i f i c i a l  t r a n s i e n t  behavior  i s  
induced by i n t e r p o l a t i n g  ac ross  d i s c o n t i n u i t i e s .  

A t  a boundary s e p a r a t i n g  reg ions  of h igh  and of low con- 
d u c t i v i t y ,  simple l i n e a r  i n t e r p o l a t i o n  w i l l  produce t h e  same thermal 
g r a d i e n t  on both  s i d e s  of the  boundary, Thus, on t h e  s i d e  w i t h  l o w  
conduc t iv i ty  t h e  g r a d i e n t  w i l l  be steeper than  j u s t i f i e d  by t h e  f l u x  
across t h e  boundary. On t h e  side w i t h  high c o n d u c t i v i t y ,  t h e  grad i -  
e n t  w i l l  n o t  be s t e e p  enough. T h i s ,  of course ,  i n i t i a t e s  a wave 
which w i l l  propagate i n  bo th  d i r e c t i o n s  from t h e  d i s c o n t i n u i t y .  
Th i s  behavior  t e n d s  to  confuse t h e  r e s u l t s ,  b u t  i s  e a s i l y  avoided 
by c a r e  i n  t r ea tmen t  of t h e  d i s c o n t i n u i t y .  
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I X .  BOUNDARY CONDITIONS 

Three types  of boundary problems e x i s t :  a t  t h e  s u r f a c e ,  
a t  t h e  i n t e r f a c e  between l aye r s  i n  t h e  m o d e l ,  and a t  the l o w e r  
l e v e l  of t h e  region of i n t e r e s t .  A s  has  a l r eady  been remarked, 
t h e  use of a cons t an t  temperature a t  t h e  lower boundary is  m o s t  
s a t i s f a c t o r y  from a t e c h n i c a l  p o i n t  of view, and o f f e r s  no pro- 
gramming d i f f i c u l t y .  A t  t h e  boundaries between l a y e r s ,  the d i s -  
c o n t i n u i t y  i n  a T/W2 o f f e r s  no d i f f i c u l t y  s i n c e  t h e  lumped 
paranreter method makes no  assumptions of c o n t i n u i t y .  The d i f -  
f i c u l t i e s  i n  t h e  use of t h e  d i f f e rence  equat ion  s t e m  from t h e  
l i m i t i n g  process  used i n  def in ing  a T/ax ; they  a r e  n o t  i n h e r e n t  
i n  t h e  phys ics  of  t h e  s i t u a t i o n .  Since t h e  lumped parameter  ap- 
proach avoids  l i m i t s ,  it avoids t h e  problem. Consequently,  t h e r e  
are no programming d i f f i c u l t i e s  a t  t h e s e  boundaries .  

2 

2 2 

A t  t h e  s u r f a c e ,  the  condi t ion  i s  s u b s t a n t i a l l y  d i f -  
f e r e n t .  From Figure  2 it is apparent t h a t  t h e  system of d i f -  
f e r e n t i a l  equat ions  does n o t  determine t h e  s u r f a c e  temperature  
d i r e c t l y ,  b u t  only the temperature  a t  t h e  midpoint of t h e  topmost 
slice. I n  t h e  numerical  i n t e g r a t i o n  method used, the i n p u t  f l u x  
i s  assumed cons tan t  over the i n t e g r a t i o n  s t e p .  How then  should  
the su r face  temperature  be updated? The f i r s t  approach is  simply 
t o  n o t e  t h a t  

Uo - U1 = I O R  , 

and then  update Uo i n  such a manner t h a t  it fo l lows  U1 p r e c i s e l y .  
During t h e  course of checkout,  a series of bad runs  c a s t  doubt on 
t h e  v a l i d i t y  of t h i s  procedure. As it tu rned  o u t ,  t h e  basic 
trouble w a s  e lsewhere,  b u t  i n  t h e  i n t e r i m  this problem came under  
s c r u t i n y .  Obviously,  i f  Uo changes over an i n t e g r a t i o n  s t e p ,  the 
f l u x  r a d i a t e d  by t h e  s u r f a c e  and t h e  convect ive f l u x  from t h e  LEY 

also change, t h u s  changing t h e  n e t  i n p u t  f l u x .  I f  t h e  s u r f a c e  
temperature  i s  s imply updated as desc r ibed  above, the updated 
g r a d i e n t  w i l l  n o t  be compatible wi th  t h e  updated f lux .  I n  fact ,  
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t h e  g r a d i e n t  w i l l  " lag"  one i n t e g r a t i o n  s t e p  behind  t h e  f l u x .  
Since it appeared t h a t  t h i s  s i t u a t i o n  might be caus ing  some of  
t he  observed i n s t a b i l i t y  , t h i s  procedure was abandoned i n  f a v o r  
of an i t e r a t i v e  procedure t o  s o l v e  f o r  an updated Uo which would 
y i e l d  a compatible g r a d i e n t  and f l u x .  

A f t e r  t he  program w a s  running , t h e  i t e r a t i v e  procedure 
i n  t u r n  came i n t o  q u e s t i o n .  Obviously wi th  t h i s  t echn ique ,  t h e  
s u r f  ace temperature  responds i n s t a n t a n e o u s l y  t o  any s h a r p  change 
i n  f l u x ,  such a s ,  f o r  example, LEM i g n i t i o n ,  and LEM c u t o f f .  This  
response w a s  f e l t  t o  b e  p h y s i c a l l y  u n j u s t i f i a b l e ,  y e t  a s tudy  o f  
p o s s i b l e  a l t e r n a t i v e s  provided  no easy  s o l u t i o n .  The problem l ies  
i n  both  t h e  phys ics  and t h e  mathematics of  t h e  s i t u a t i o n .  In  t h e  
f i r s t  p l a c e ,  abso rp t ion  and r a d i a t i o n  do  n o t  t a k e  p l a c e  p r e c i s e l y  
a t  t h e  su r face :  t h e r e  i s  some p e n e t r a t i o n  of t h e  s u r f a c e  by i n -  
c i d e n t  radiation and some r a d i a t i o n  from benea th  t h e  s u r f a c e .  A t  

any depth ,  t h e  p a r t i a l  d e r i v a t i v e  o f  absorbed energy wi th  r e s p e c t  
t o  depth ,  f o r  example, must be f i n i t e .  This  would be an accep tab le  
model t o  program, given t h e  necessa ry  d a t a  and t i m e .  On t h e  o t h e r  
hand, i n  order  t o  adequate ly  s imula t e  t h e  response of t h e  system t o  
a h igh  frequency i n p u t  ( t h e  frequency response of  t h e  s imula t ed  
system i s  p ropor t iona l  t o  t h e  square  o f  t he  s l i ce  th i ckness )  , w e  
must choose s l i ce s  t h i n  enough s o  t h a t  t h e  t i m e  cons t an t  o f  t h e  
system is  s u b s t a n t i a l l y  s h o r t e r  than  t h e  s h o r t e s t  p e r i o d  ( h i g h e s t  
frequency) i n  the i n p u t  s i g n a l .  Given a s t e p  f u n c t i o n  i n p u t ,  w e  
f ace  d i f f i c u l t i e s ,  s i n c e  a s t e p  func t ion  has  energy  a t  eve ry  f r e -  
quency. Thus it i s  b a s i c a l l y  imposs ib l e ,  w i thou t  u s ing  very 
s o p h i s t i c a t e d  t echn iques ,  t o  s imula t e  t h e  c o r r e c t  response t o  a 

s tep  funct ion.  A f t e r  t h e s e  c o n s i d e r a t i o n s  it was dec ided  t o  l e t  
w e l l  enough alone. 
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X -  COMPUTER OUTPUT ... 

W e  ran t h e  computer program for t h e  proposed e i g h t  models. 
Data from t h e  computer o u t p u t  a r e  p re sen ted  i n  Tables 111, IV, V, 
VI, VII, VIII, IX and X. 

Figure  3 g i v e s  the homogeneous v e s i c u l a r  mater ia l  tempera- 
t u r e s  a t  d i f f e r e n t  depths  and as a func t ion  of t i m e  e l a p s e d  from t h e  
beginning  of the descent  of t h e  LEM. 
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TABLE I11 

MAXIMUM TEMPERATURES (OK) AT SURFACE AND SUBSURFACE LOCATIONS 
MODEL 1. HOMOGENEOUS PARTICULATE MATERIAL 

D i s t  . from p t  . 
of touchdown , 
d ,  ( f t )  0 5 10 2 0  5 0  1 0  0 

Predes cen t 
T e m p e r  a t  u r e  s 

Depth ( c m )  

0 1 6 4 0  811 6 0 0  4 76 3 8 3  36 3 36 1 
( 2 8 )  ( 2 2 )  ( 2 1 )  ( 1 3 )  ( 5 )  ( 5 )  

0 . 1  80 7 42 5 3 80 365 3 5 8  3 5 6 * *  356 
( 4 6 )  ( 9 0 )  ( 9 0 )  ( 1 0 0 )  (110) 

0 . 2  5 39  375 3 5 8  35 4 352 352""  352 
(170) ( 3 5 0 )  ( 3 5 0 )  ( 3 5 0 )  ( 4 0 0 )  

0 . 5  3 8 3  342 * 3 3 8 *  3 3 7 *  3 3 7 *  3 3 6 * *  3 36 
( 1 8 0 0 )  

1 . 0  3 1 3 "  3 1 1 * *  3 1 1 * *  311""  3 1 1 * *  3 1 1 * *  310 

2 . o  2 6 2 " "  2 6 2 " "  2 6 2 * *  2 6 2 * *  2 6 2 * *  2 6 2 * *  2 6 1  

~ 

Notes : 

A t  depths  g r e a t e r  than those  i n d i c a t e d ,  t h e  tempera ture  approaches 230 O K  

Values i n  parentheses  are  t i m e s  ( i n  seconds a f t e r  i n i t i a t i o n  of descent )  a t  which 
maximum tempera ture  occurs 

*Temperature r i s i n g  a t  end of c a l c u l a t i o n s  ( 2 0 0 0  sec) 

**Temperature w i t h i n  one degree of predescent  tempera ture  a t  2 0 0 0  sec 
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TABLE I V  

MAXIMUM TEMPERATURES ( O K )  AT SURFACE AND SUBSURFACE LOCATIONS 
MODEL 2. HOMOGENEOUS VESICULAR MATERIAL 

- 
Dist-frorn p t .  
of touchdown, 
d ,  (ft) 

P re de s c e n t  
0 5 10 20 SO 10 0 Tempe r a t  u re s 

Depth (cm) 

0 1490 
(2 8) 

0.2 718 
(34) 

0.5 527 
(60) 

1.0 437 
(160) 

2 .o 3 86 
(550) 

5.0 346 * 

5 73 
(26) 

446 
(30) 

39 4 
(60) 

369 
(150) 

35 3 
(500) 

334* 

383 
(15) 

36 7 
(23) 

35 7 
(44) 

351 
(130) 

345 
(450) 

332** 

356 
(81 

35 3 
(20) 

(44) 

(130) 

351** 

348** 

344** 

332** 

353** 352 
8) 

352** 351 
18) 

351** 350 

348** 34 8 

344** 344 

332** 331 

Notes : 

A t  depths  g r e a t e r  than those  ind ica t ed ,  t h e  temperature  approaches 2 30 OK 

Values i n  pa ren theses  a r e  times ( i n  seconds a f t e r  i n i t i a t i o n  of descent )  a t  which 
maximum temperature  occurs  

*Temperature r i s i n g  a t  end of c a l c u l a t i o n s  (2000 sec) 

**Temperature wi th in  one degree of predescent  tempera tures  a t  2000 sec o r  a t  maximum 
temperature  
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TABLE V 

MAXIMUM TEMPERATURES ( O K )  AT SURFACE AND SUBSURFACE LOCATIONS 
MODEL 3. HOMOGENEOUS SOLID MATERIAL 

Dis t . f rom p t .  
of touchdown, 
d ,  ( f t )  

P redes  cen t 
0 5 10 20 50 100 Temperature 

Depth ( c m )  

0 70 5 365 3 34 32 1 315** 315"" 3 15 
(28) (26) (22) (15) ( 8 )  (7) 

0.4 405 
( 36 

1.0 354 
(70 

2 .o 3 32 
(180 

6.0 3 11 
(1100) ( 8 0 0 )  

10.0 302 * 300** 300** 300"" 300** 300"" 299 
( 1 8 0 0 )  

334 32 3 317 314** 314** 3 14 
(32) (2 7) (23) (21) (19) 

32 2 317 314 313** 314** 313 
(60 1 (60) (48) (48) 

3 16 313 312** 312** 312** 311 
(160 1 (170) 

306** 306** 306** 306** 306"" 305 

Notes : 

Values i n  parentheses  are t i m e s  ( i n  seconds a f t e r  i n i t i a t i o n  of descen t )  a t  which 
maximum tempera ture  occur s  

*Temperature r i s i n g  a t  end of  c a l c u l a t i o n s  (2000 sec) 

**Temperature wi th in  one degree of p redescen t  tempera ture  a t  2000 sec o r  a t  m a x i m u m  
tempera ture  
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TABLE V I  

MAXIMUM TEMPERATURES ( O K )  AT SURFACE AND SUBSURFACE LOCATIONS 
MODEL 4 .  PARTICULATE SURFACE LAYER WITH SUBSTRATE OF VESICULAR MATERIAL 

( P a r t i c u l a t e  Layer 0 . 1  cm t h i c k )  

Dist-from p t .  
of touchdown, 
d. (ft) 5 10 20 50 

P re des c e n t  
100 Temperatures 

Depth ( c m )  

0 1640 775 600 4 72 377 35 7 35 5 
(28) (2  8) (21)  (13) (5) (3)  

0 . 1  60 7 348 32 3 316 312** 312** 311 
(38)  (60) (70)  (70)  (80) 

0.2 433 320 3 12  310 309** 309** 30 8 
(60)  ( 120 1 (120) (130) 

(110) (180) (180) (200) 

(250) (300) (300) 

0.5 381 3 16 310 30 B**  30 8** 30 8* 30 7 

1 . 0  348 311 30 7** 306** 306** 306** 30 6 

6 . 0  295* 291** 29 1** 291** 290** 290** 29 0 

~~~ ~ 

Notes : 

A t  depths  greater than those i n d i c a t e d ,  t h e  temperature  approaches 230°K 

Values i n  p a r e n t h e s e s  are times ( i n  seconds af ter  i n i t i a t i o n  of descen t )  a t  which 
maximum temperature  occurs  

*Temperature r i s i n g  a t  end of c a l c u l a t i o n s  (2000 sec) 

* *Temperature 
temper a t u r e  

w i t h i n  one degree of predescent  tempera ture  a t  2000 sec o r  a t  m a x i m u m  
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TABLE V I 1  

MAXIMUM TEMPERATURES (OK) AT SURFACE AND SUBSURFACE LOCATIONS 
MODEL 5 .  PARTICULATE SURFACE LAYER WITH SUBSTRATE OF SOLID MATERIAL 

( P a r t i c u l a t e  L a y e r  0 . 1  c m  t h i c k )  

D i s t . f r o m  p t .  
of touchdown , P r e d e s c e n t  
d ,  ( f t )  0 5 10 2 0  50 1 0 0  T e m p e r a t u r e  - 

D e p t h  ( c m )  

0 1 6  39 7 7 3  59 7 46 8 3 70 350** 349 
( 2 8 )  ( 2 8 )  ( 2 1 )  (13)  ( 5 )  

( 3 8 )  ( 6 0 )  ( 7 0 )  ( 8 0 )  

( 6 0 )  ( 1 3 0 )  ( 1 5 0 )  ( 1 7 0 )  

0 . 1  5 3 1  2 9  4 2 6 9  262 259* 259" 2 5 7  

0 . 3  2 75 2 5 3  251** 251** 251** 251** 250 

0 . 5  2 70 2 52 251"" 251** 251** 251** 250 
( 8 0 )  ( 1 5 0 )  ( 1 6 0 )  ( 1 8 0 )  

1.1 26 3 251"" 250** 250** 250** 250** 250 
( 1 3 0 )  ( 2 0 0 )  ( 2 5 0 )  

2 . 1  2 5 7  250** 250** 250** 250"" 250** 250 
(300) ( 3 5 0 )  ( 4 5 0 )  

Notes : 

A t  depths  greater  t h a n  those i n d i c a t e d ,  t h e  t e m p e r a t u r e  approaches 2 30 O K  

V a l u e s  i n  parentheses  are t i m e s  ( i n  seconds a f t e r  i n i t i a t i o n  of descent) a t  w h i c h  
maximum t e m p e r a t u r e  o c c u r s  

* T e m p e r a t u r e  r i s i n g  a t  e n d  of c a l c u l a t i o n s  ( 2 0 0 0  sec) 

* * T e m p e r a t u r e  w i t h i n  one degree of p r e d e s c e n t  temperature a t  2000 sec o r  a t  maximum 
temper a t  u r e  



MAXIMUM TEMPERATURES ( O K )  AT SURFACE AND SUBSURFACE LOCATIONS 
MODEL 6 .  VESICULAR MATERIAL SURFACE LAYER WITH SUBSTRATE OF S O L I D  MATERIAL 

(Ves icu lar  Layer 1.25 cm t h i c k )  

D i s t - f rom p t .  
of touchdown, 
d ,  ( f t )  5 10 20 50 

P re de s con t 
Temper a t  u re  s 10 0 

Depth (an) 

0 1435 
(28)  

0 . 1  8 74 
(32)  

0 .5  500 
(60)  

1.25 333 
(170) 

4 . 0  30 8 
( 7 0 0 )  

3.0 297 

5 49 
(26 

465 
(27 

4 1 4  354 
(22)  (15) 

384 343 
(25)  (20)  

(60) (50)  (45) 

310 306 304** 
150) (150) ( 150 1 

300** 300** 299** 
550)  (800) 

294** 294** 294** 

36 1 335 32 2 

(1700) (1300) 

326 
(7)  

32 3 
(13) 

315 ** 
(45)  

304** 

299** 

294** 

323** 322 
(7)  

321** 32 1 
(13) 

315** 3 1 4  

304** 30 3 

299** 299 

294** 29 3 

~ _ _ _ _  

h'otes: 

A t  dep ths  g r e a t e r  than t h o s e  i n d i c a t e d ,  t h e  temperature  approaches 230°K 

Values i n  p a r e n t h e s e s  are t i m e s  ( i n  seconds a f t e r  i n i t i a t i o n  of descen t )  a t  which 
maximum temperature  occurs  

*Temperature r i s i n g  a t  end of c a l c u l a t i o n s  (2000 sec) 

**Temperature w i t h i n  one degree of predescent  temperature  a t  2000 sec o r  a t  Taximum 
tenpe r a t u r e  
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TABLE I X  

MAXIMUM TEMPERATURES ( O K )  AT SURFACE AND SUBSURFACE LOCATIONS 
MODEL 7. PARTICULATE SURFACE LAYER W I T H  SUBSTRATE O F  RUBBLE 

( P a r t i c u l a t e  Layer 0 . 1  cm t h i c k )  

D i s t - f r o m  p t .  
of touchdown, P r e  de s cen t 
- d ,  ( f t )  0 5 10 2 0  50 100 Temperatures 

Depth ( c m )  

0 16  40 
( 2 8  

0 . 1  5 7 8  
( 3 8  

0 . 2  36 7 
( 6 0  

809 5 9 9  4 7 1  375 354** 35 3 
( 2 5 )  (21) ( 1 3 )  ( 5 )  ( 3 )  

( 6 0 )  ( 7 0 )  ( 7 0 )  (100) 
330 306 2 9 9  2 9 6 * *  2 9 6 * *  2 9 5  

29 8 29 3 2 9 2 " "  2 9 1 * *  2 9 1 * *  29 1 
(130) ( 1 3 0 )  ( 1 5 0 )  

0.5 3 3 1  295 29  1** 
(140) ( 2 0 0 )  ( 2 0 0 )  

1 . 0  310 2 9 1  2 8 9 * *  
( 3 5 0 )  (400) (450) 

6 .O  274""  2 7 3 * *  2 7 3 * *  

2 9 0 * *  2 9 0 * *  290" "  290 
250)  

2 8 9 * *  2 8 9 * *  2 8 9 * *  2 8 8  

2 7 3 * *  273" "  2 7 3 * *  2 7 3  

Notes : 

A t  depths g r e a t e r  than those  i n d i c a t e d ,  t h e  tempera ture  approaches 2 30 O K  

Values i n  parentheses  a r e  t i m e s  ( i n  seconds a f t e r  i n i t i a t i o n  of descen t )  a t  which 
maximum temperature occur s  

*Temperature r i s i n g  a t  end of c a l c u l a t i o n s  ( 2 0 0 0  sec) 

**Temperature wi th in  one degree of predescen t  tempera ture  a t  2000  sec o r  a t  maximum 
temper a t  u r e  
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TABLE X 

MAXIMUM TEMPERATURES (OK) AT SURFACE AND SUBSURFACE LOCATIONS 
MODEL 8. HOMOGENEOUS RUBBLE 

3:st. from p t  . 
of touchdown, 
- 2 ,  (ft) 0 5 10 20 50 10 0 Tempe r a t  ure  s 

P redes  c e n t  

Depth (cm) 
.7 
v 

3 . 2  

1 . 5  

1.0 

2 - 0  

5.0 

1370 
(25) 

556 
(38) 

438 
(90)  

388 
(250) 

35 8 
( 9 0 0 )  

326* 

506 
(26) 

39 7 
(32) 

366 
( 8 0 )  

352 
(250) 

340 
(750) 

322* 

40 7 
(22) 

36 8 
(27) 

35 3 
( 7 0 )  

345 
(200) 

338 
(850 1 

321** 

36 7 
(14) 

354 
(25) 

347 
(70) 

34 3 
!250) 

337* 

321** 

349 
(7) 

346 
(21) 

(60) 
344** 

341** 

336** 

321** 

347** 
(6) 

345** 
(20) 

344** 

341** 

336** 

321** 

346 

345 

344 

341 

336 

320 

P t  depths  g r e a t e r  than  those  i n d i c a t e d ,  t h e  tempera ture  approaches 2 30°K 

V~l i ies  i n  pa ren theses  are t i m e s  ( i n  seconds a f t e r  i n i t i a t i o n  of descent )  a t  which 
i- ?x i rum temperature occurs  

‘Tsnperature r i s i n g  a t  end of c a l c u l a t i o n s  (2000 sec) 

* 4.- i e z p e r a t u r e  w i t h i n  one degree of predescent  tempera ture  a t  2000 sec or  a t  maximum 
z i n s e r a t  u re  
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APPENDIX A 

DISCUSSION O F  THE COMPUTER PROGRAM 

I n  the I n f r a r e d  Group a program has  been w r i t t e n *  t o  so lve  
t h e  heat-conduction equat ion i n  t h e  l u n a r  su r face .  A t  t h e  beginning 
of the p r o j e c t  w e  planned t o  modify the e x i s t i n g  program b u t  t h i s  
p lan  was abandoned. For the  fol lowing reasons  a new program was 
w r i t t e n :  a)  t he  e x i s t i n g  program d i d  n o t  have models of conduct iv i ty  
and s p e c i f i c  h e a t  s u f f i c i e n t l y  genera l :  b) the i n t e g r a t i o n  step s i z e  
c o n t r o l  seemed inadequate ,  c) t h e  e x i s t i n g  program c a r r i e d  o u t  sev- 
e r a l  complex computations which w e r e  no t  germane t o  t h e  problem a t  
hand, d) t h e  e x i s t i n g  program f a i l e d  t o  decouple t h e  luna r  thermal  
model from t h e  heat equat ion .  Thus each thermal model would have t o  
be s u b s t i t u t e d  a n a l y t i c a l l y  i n t o  t h e  h e a t  equa t ion  t o  m a k e  a heat 

equat ion  €or each model. This  r i sky  programming procedure r e q u i r e s  
m u l t i p l e  t r a n s c r i p t i o n s  of the b a s i c  equa t ions ,  m u l t i p l i e s  t h e  
chances of error, i n c r e a s e s  "debugging" t i m e ,  and decreases  conf i -  
dence t h a t  a l l  bugs have been found. 

S ince  t h e  FORTRAN l i s t i n g s  provide a d e t a i l e d  and abso- 

l u t e l y  unambiguous d e s c r i p t i o n  of the program, w e  s h a l l  conf ine  t h e  
Engl i sh  language d i scuss ion  t o  a ske tch  of t h e  g e n e r a l  flow of the  

program. 

The l o g i c a l  s t r u c t u r e  of t h e  program approximates,  so fa r  
a s  i s  p o s s i b l e ,  the  s t r u c t u r e  of t h e  problem. T h e  program i t se l f  
decomposes i n t o  s e v e r a l  sub rou t ines ,  each charged w i t h  a s p e c i f i c  
t a s k .  Each subrout ine  r ep resen t s ,  i n  a s e n s e ,  an a b s t r a c t i o n  of a 
p a r t i c u l a r  p a r t  of t h e  problem. Subrout ine HFSTP, f o r  example, 
which a c t u a l l y  does t h e  i n t e g r a t i o n ,  simply s o l v e s  t h e  analog sys- 
t e m  of Figure 2 .  Subroutine EVMODL e v a l u a t e s  the  c o e f f i c i e n t s  of 

* A  Comuuter  Proaram to  Solve the Heat-Conduction Eauat ion i n  t h e  
2- - 

Lunar Surface  f o r  Temperature-Dependent Thermal P r o p e r t i e s ,  by 
J e f f r e y  L. Linsky, S c i e n t i f i c  Report NO. 7,  NASA Grant N s G  64-60. 
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t h e  system, paying no a t t e n t i o n  t o  t h e i r  p o s s i b l e  u s e s .  Subrou t ines  
BMDLEM and SFMODL c a l c u l a t e  i n c i d e n t  f l u x  on t h e  s u r f a c e  due t o  t h e  
LEM and t h e  Sun r e s p e c t i v e l y ,  aga in  wi th  no r ega rd  t o  t h e  use of 
t hese  c a l c u l a t i o n s .  Subrout ine  HETFLO c o n t r o l s  t h e  p rogres s  o f  t h e  
numerical i n t e g r a t i o n  , b a s i c a l l y  i n  a manner which depends n e i t h e r  
on t h e  p a r t i c u l a r  choice  of i n t e g r a t i o n  t echn iques  n o r  on t h e  par- 
t i c u l a r  conf iqu ra t ion  of t h e  s y s t e m .  Subrout ine  SAMPLE samples t h e  
r e s u l t s  and p r i n t s  o u t  selected r e s u l t s  w i thou t  concerning i t s e l f  
wi th  the  m a n n e r  i n  which those  r e s u l t s  a r e  gene ra t ed .  

Th i s  program uses s e v e r a l  f e a t u r e s  p e c u l i a r  t o  FORTRAN I V ,  

Version 13. These inc lude  l a b e l e d  COMMON, NAMELIST , and m u l t i p l e  
subrout ine  e n t r i e s .  Labeled COMMON p rov ides  a simple method of 

making d a t a  a v a i l a b l e  t o  a sub rou t ine  i n  t h e  case  where it func- 
t i o n s  as pa rame t r i c  d a t a  r a t h e r  than as i n p u t  o r  o u t p u t .  NAMELIST 

provides  t h e  c a p a b i l i t y  € o r  f ree-form parameter  i n p u t .  Mul t ip le  
subrout ine  e n t r i e s  provide a means f o r  i n i t i a l i z i n g  s u b r o u t i n e s  and 
f o r  s impl i fy ing  d a t a  l o g i s t i c s .  These f e a t u r e s  of t h e  FORTRAN I V  

language a r e  d i scussed  i n  r e f e r e n c e  ( 3 ) .  
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APPENDIX B 

SAMPLE DECK MAKE UP 

1. $JOB card .  "$JOB" i n  columns 1-4 ,  account number and name 
s t a r t i n g  in column 1 6 .  

2 ,  $EXECUTE I B J O B  card.  "$EXECUTE" beginning i n  column 1, 
"IBJOB" beginning i n  column 16. 

3 .  S I B J O B  card.  "$IBJOB" i n  column 1, "FIOCS" i n  column 16. 

4 .  Program decks,  i n  any order .  These m u s t  i nc lude  M A I N ,  QMODLD, 

MISCD, SBTND, NTRPLT, EVMDLD, SAMPLD, SFMDLD, HETFLD, CREDEP, 
and HFSTPD. 

5.  End-f i le  card.  7-8 punch i n  column 1. 

6 .  Data f o r  NAMELIST DATA. "$DATA", fol lowed by a t  least  one 
b l ank ,  beginning  i n  colunm 2 .  

The v a r i a b l e s  which m u s t  be e n t e r e d  are: 

X I ,  ETA: 

SLONG: 
ESST : 

EB : 

SB : 

EMOON : 

TNOZ : 

TGAS : 
DIST - 

NDIST : 

NLMDP : 
MODELS : 

lunar coord ina tes  of t h e  p o i n t  t o  be s tud ied .  
i n i t i a l  longi tude  of t h e  sub-solar p o i n t .  
t h e o r e t i c a l  subsolar p o i n t  temperature .  
r a d i a n t  emis s iv i ty .  
S t e f  an-Boltzmann cons t an t .  
e m i s s i v i t y  of the  moon. 
temperature  of L E M  n o z z l e  ( i n  degrees  Kelv in) .  
temperature  of L E M  exhaus t  ( i n  degrees  Ke lv in ) .  
table of d i s t ances  from ground z e r o  for  which 
LEM data i s  t o  be inpu t .  
number of  distances f o r  which descen t  is t o  be 

s t u d i e d  (<6). 
number o f  da t a  p o i n t s  i n  L E M  descent  p r o f i l e .  
number of models of l u n a r  material t o  be i n p u t .  

- 
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7 .  Table of times i n  LEM descen t .  Exac t ly  NLMDP p o i n t s  must 
b e  e n t e r e d  i n  a 6E12.8 format.  

8 .  T a b l e  of LEM a l t i t u d e s .  Exac t ly  NLMDP p o i n t s  must be  e n t e r e d  
i n  a 6E12.8 format.  

9 .  Table of gas c o e f f i c i e n t s .  Exac t ly  one c a r d  f o r  each  of NLMDP 

po in t s  i n  the  t r a j e c t o r y .  Each c a r d  mus t  con ta in  a t  least  
NDIST c o e f f i c i e n t s  i n  6 E 1 2 . 8  format.  

1 0 .  Table of l u n a r  models. Exac t ly  MODELS ca rds  m u s t  be p r e s e n t .  
Each ca rd  con ta ins  s i x  numbers i n  6 E 1 2 . 8  format:  
The f i r s t  c a r d  r e p r e s e n t s  MODEL(1) I t h e  second MODEL(2) I e tc .  

11. Data f o r  NAMELIST LUNCON. Lunation c o n t r o l  parameters .  Thn 
v a r i a b l e s  which must be e n t e r e d  are: 

LAYERS: t h e  number of l a y e r s  t o  be  used i n  t h e  luna r  
mode 1. 

MODEL: a l i s t  of model numbers, one p e r  l a y e r .  

1 
- 1  
I 
8 
I 
8 
1 
I 
I 
8 
1 
I 
8 
8 
8 
1 
1 
8 
I 
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APPENDIX C 

PROGRAM L I S T I N G  
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D T € w P = 2 3 0 .  
C I R c T =  .TRIlF. 

R F 4 n  ( 5  rL lJNCON 1 
W R I T F  ( 6 t L U N C O N )  
M O Q c L  =MORF 

C A L L  C R E D E P ( L A Y E R S I L S L I C E I T H I C K * D E P T P L ~ N S L I C L )  

D E P T H ( 1  ) = O o  

3 0  H O R F = * F A L S F .  

107 COYT I N U F  

117 C O N T I N U E  

D F P T H ( 2 ) = O E D T H L ( N 5 L I C L )  
N T D P = 2  
T F M P ( l ) = S T E M P  
T F M P ( Z ) = D T F M P  
C A L L  N T R P L T ( D E P T H ~ T E M P I N T D P * D E P T H L * T F M P L ~ Y S L ~ C L )  

C A L L  S F M D L I ( X I r E T A r 5 L O N G )  

C A L L  E V M D L I ( L A Y E R 5 r L S L I C E )  

ANG=SL@NGD-SLONG 

T I  V L U N = A N G / S R A T E  
DIMF lh lS ION R ( l O O ) r C ( 1 0 0 )  
N S 2 = N S L  I C L - 2  
NS l = N S L  I C L -  1 
C A L L  
C U R = S F b ’ O D L ( n r T E M P L r F M S ) - S B * E M M N * T E M P L ( 1 ) * * 4  

DO 1 7 7 6  I = l r N S 2  

T M P = T E P P L  ( N S L  I C L  ) 
D IJzTEMPL ( 1 ) -TMP 
R I = Q ( l ) * C U R  
R I = - R I  
P = C ( l )  
DO 1 7 8 9  I = Z r Y S l  
T E Y P L ( ~ ) = T M P + E X P ( - P ) * ( D U * ( S I N ( D ) + C O S ( P ) ) + R I * ~ I N ~ P ) / C ( I - l ) )  
P = P + C f  1-2 ) + C (  1 - 1  1 
C A L L  H ~ T F L O ( N S L I C L I T E M P L I A L P H A I T I M L U N ~ ~ F ~ O D L ~ L ~ A X ~ D E P T H L )  

F I R < T = * F A L S E  

R E A D  5 r DFSCON 1 
W R I T E  ( 6 r D E S C O N )  

C A L L  C R E D E P ( L A Y E R S I D S L I C E , T H I C K I D E P T H D * N S L I C D )  
D I M F N S I O N  T W P L ( l O Z ) r D P T ( 1 0 2 )  
C A L L  

DO 1 8 4 8  I = Z r Y S l  

n P T  ( 1 ) = 0 0  

DO 1917 I = l r L A Y E R S  

177 C O h l t 1 N l l F  

1 7 7  C O N T I N U E  

147 C O N T I N U E  

I f ( A N G . L T . 0 . )  ANG=PNG+36Oo 

FVMOOL ( R c C  9 TFMPL ) 

OMFCA=nTR*SRATE 

1 7 7 6  C ( I ) = o S * S Q R T ( R ( I ) * C ( I ) + O M E G A )  

1789 

1 5 7  C O N T I N I I F  

20  M O R C = o F A L S E *  

167 C O N T I N U E  

EVMODL ( R  r C  r TFMPL 1 
T M P L ( l ) = T E M P L ( l )  

1848 TMPL(I)=(R(I)*TEMPL(I)+R(I-1)+TEMPL(I+1))/(R(I-l)+R(I)) 

K =  2 

L S = L S L I C E ( I  1 
D X = T H I C K ( I ) / F L O A f ( L S )  
DO 1917 J = l r L S  
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S I B F T C  QMODLD L I S T I S D D  
F U N C T I O N  QMDLEM( T I  ME * u * F W )  
D I  MFNSION U (  102 ) 
COMMON / T L E M / T L E M ( 5 0 )  /STEBO/SB/EMN/EMN/EMMN/EMMN / N L E M / N L E M  

C / V L I N Y / I * A L P H A * P F T A  
C / T G A S / T G A S  / T N O Z / T N O Z  / G C O F F / G C O E F ( 5 0 * 6 )  / H E I G H T / H E I G H T ( 5 0 )  
C / D I 4 T / D I S T ( 6 )  
C / ! -FMGFC/ R A D Y , R A D ? * S V S  
C / Q V A R l / H V , F Y S r F M ~ r D ~ T r T Y O Z 4  
C /TAUN/TALJN 

GO T O  50  
ENTRY QMODLI ( K D I S T )  
TNOZ 4=TNOZ **4 
STNOZ4=SB+EMN+TNOZ 4 
A P = 4 * / T A U N  
D S T = D I  < T  ( K D I  5 T  1 
I = )  
RETIJRN 

QYDLEM=SFMODL ( T I M F ~ D L J Y I D U V )  

I F ( I e G F * Y L E M )  GO T O  2 0  
I = I + l  
GO T O  70 

1 0  C O N T I N U E  
BETA=(TIME-TLEM(I-l))/(TLEM(I)-TLEM(I-l)) 
ALPHA = 1 *-BET A 
H V = V ( H F I G H T )  
F N ? = q S T N D (  DST ~ R A D N I H V )  
F M c = S R T h l D (  DST #RAD5 t H V + S N S  1 
OMnLEM=QMDLFM* ( 1 * -FMS 1 
Q Y D L E M = Q Y D L F w + ( T C A ~ - l J ( l )  ) * V ( C C O E F ( l r K D I S T )  ) + F N S * S T N O Z 4  

50 C O Y t I M l I E  

3 0  I F ( T I M E e L F e T L E M ( 1 ) )  GO TO 1 0  

Go TO 40 
20 F M q = S B T N D ( D S T * R A D S r S N S )  

O M D L E M = Q M D L E Y + ( l . - F ~ S )  
Q M D L E M = Q M D L E M + F N S * S T N O Z 4 + E X P ( A P * ( T L E b ~ ( I ) - T I M E ) )  

R E T U R N  
END 

40 C O R T I N l J E  

I 
4 

8 
8 
8 
1 
8 
8 
1 
1 
8 
1 
8 
8 
1 
1 
8 
8 
1 
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S I R F T C  5 R T Y n  
F U Y C T I O N  S S T Y D ( D s ! ? t H )  
Dc l=n-R  
DP=r )+R 
H S = Y * H  

R F T r J R N  
END 

SBTND=.5* (1 . - (DY*DP+HS) /SQRT( (DPUDP+HS)+(DM*D~+HS) ) )  

I 
I 
R 
I 
8 
I 
1 
I 
1 
1 
8 
8 
I 
I 
8 
8 
1 
I 
1 
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S I R F T C  FV'JDLn L I S T r 5 ~ 0  
CIJRl iClJTINF F V M O D L ( S t C 4 t U )  
C C ) W O N  / T H I C K / D E L T A ( Z n )  / T M O D L / C ( 6 t 2 q )  / M O D E L / Y O D E L ( Z O )  
GO T ?  ?O 
E N T Q Y  E V M D L I ( N L A Y F R r 1 S L I C E )  
D I M E N S I O N  ISLICEIZO) 

R E TUQ Y 
3 0  CC)NlT I N(!F 

J =  1 
DO 2 0  L A Y E R = l  r N L A Y E Q  
K = I  SL I C E (  L A Y E R  1 
D X = D E L T A ( L A Y F R I / F L @ A T ( K )  
M = v @ D E L ( L A Y F R  1 
R H O = C  ( 1 r M  1 

D t R ( l O @ ) t C A ( 1 0 0 ) r U ( 1 0 2 )  

no 7 n  r = i r K  
S H = C ( 2 t M ) + V ( J + l ) * C ( 3 r M )  
CAPPA=C(4,M)+U(J+l)*(C(5tM)+C(6tM)*U(J+1)**2) 
R ( J ) = . 5 * D X / C A P P A  
C A ( J ) = D X * R H O * S H  

2 0  J = J + 1  
RETIJRN 
END 

8 
1 
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S I R F T C  S F M D L D  L I S T I S D D  
F U N C T I O N  S F M O D L ( T I Y F I T E M P I F M S I  
COMMON / D T R / D T R  / S T E B O / S B  / T S S F / T S S F  / E B / E R  / S R A T E / S R A T E  
GO T O  107 
E N T R Y  f F M D L I  ( X I  I E T A I S L I  1 
i !ETA=SQRT( le-XI++Z-ETA**Z 1 
SFLUX=SB*EB*ZETA*TSSF**4 
R E T U R N  

107 C n h l T  I Y U F :  
F Y S = O o  
I F ( T 1 M F o L T o O e  1 R E T U R N  

SLOrVG- AMOD ( S L O N G + 1 8 @  e ,360 e 1-18 0 e 
SFYCIDL.0 
I F ( <L O N G e  L E O - 9 0 .  .OR S L O N G e G E  e 9 0 e 1 

S L O N G = S L I + S R A T E * T I M F  

RETURN 
SFMODL=SFLUX*COS(DTR*SLONG) 
R E T U R N  
E N D  

I 
4 
I 
I 
I 
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