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- 8  - In t roduct ion  

The measurement 

the  vertical thermal 

of heat  flow a t  a lunar s i te  r equ i r e s  knowledge of both 

grad ien t  and the l o c a l  thermal conduct ivi ty .  The former 

quant i ty  can be measured more o r  less s t r a i g h t  forwardly by a s u i t a b l y  

instrumented probe emplaced i n  a d r i l l e d  hole ,  but  t he  l a t te r  presents  

s p e c i a l  complications. I n  normal determinations of t e r r e s t r i a l  heat  flow, 

the  conduc t iv i t i e s  of samples cored from the  hole  a r e  measured i n  the  

laboratory.  It i s  undesirable ,  and may even be impodble ,  t o  r e l y  s o l e l y  on 

t h i s  technique f o r  lunar hea t  flow, s ince  t h e  sample may e i t h e r  be destroyed 

or may have i ts  thermal p rope r t i e s  s e r ious ly  a l t e r e d  by the  opera t ions  of 

c o l l e c t i o n  and r e t u r n  t o  ea r th .  Hence the  determination of thermal con- 

d u c t i v i t y  i n  s i t u  on the  moon is c l e a r l y  d e s i r a b l e  and perhaps e s s e n t i a l .  

This r epor t  dea l s  wi th  a preliminary s tudy of a method of making t h i s  measure- 

ment which u t i l i z e s  a c y l i n d r i c a l  r i n g  source.  

form some of the fundamental c r i t e r i a  used i n  t h e  design of a subsurface 

thermal probe f o r  ALSEP by Arthur D. L i t t l e ,  Inc.  

The r e s u l t s  presented here  

Theory 

Consider a c y l i n d r i c a l  hole of rad ius  E, i n f i n i t e  i n  length,  containing 

a c y l i n d r i c a l  probe, a l s o  of radius  R. 

of a heater of t h e m 1  conduct ivi ty  k 

For 

no thermal r e s i s t a n c e  a t  -- z = ?  2. 

has thermal proper t ies  k -3 ' -3 
- I  r = R such t h a t  a temperature drop AS occurs,  given by A2 = 

so -ca l l ed  r a d i a t i o n  boundary condi t ion) .  

s u r f a c e  of t h e  hea te r ,  k 

Between -Z and 2 the  probe cons i s t s  

dens i ty  p 

- - - 
and hza t  capaci ty  c -1' 1' -1 

and the re  i s  : 2 the  probe has thermal proper t ies  k2, P2,  and c -2 ' - -- 

The lunar  ma te r i a l  surrounding the  hole  

and the re  is contac t  r e s i s t a n c e  a t  p3, and c 
knaT -. 

(the - -  
lcn would be kl a t  t he  outer  

a t  the  outer  su r f ace  of t he  probe, and k3 a t  t he  
-2 
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inner  su r face  of t..e hole. 

and heat  is suppl ied uniformly w e r  the  su r face  of t h e  h e a t e r  a t  rate 

9 for time o - - -  < t < to. 

lt and t. 

The temperature -a i n i t i s  ly zero everyw..ere, 

We met f i n j  t he  temperature as a funct ion of L, 

3 - 
The condi t ions set f o r t h  i n  the preceding paragraph completely spec i fy  

a boundary value problem i n  hea t  conduction, bu t  s i n c e  they involve both 

r a d i a l  and axial  flow i n  a heterogeneous medium, they are i n t r a c t a b l e  

a n a l y t i c a l l y .  

way. Consider i n t e r v a l s  i n  space and time b r ,  - 6 ~ ,  6 t ,  - and i n t e r g e r s  2, 1, 
and - k such t h a t  - z = IS., 5 = _k6L, and - -  r = 16; f o r  i - < 1,. and - r = (L - 1)6r 

f o r  - -  i > A 2  =z l  + 1. 

- is 3, and - k. 
x(sl, 2, 5)  #l'(x2, As - k) because of the  contac t  r e s i s t ance ,  although 

the  two poin ts  are only i n f i n i t e s i m a l l y  separated i n  space. 

hand a t  - -  e t ~ 2 6 2 ,  the  temperature is continuous. 

are syrmaetric about t h e  axis of the  cy l inde r  and a l s o  about t he  plane 

- e = o, we need cons ider  only pos i t i ve  values  of _r and 2 .  

The problem was solved by f i n i t e  d i f f e rences  i n  the  following 

The temperature may be regarded as a func t ion  of 

z1 6: = z26r = E ,  the rad ius  of t he  hole.  However 

On the  o the r  

Since t h e  temperatures 

The equations used i n  t h e  f in i t e -d i f f ezence  ca l cu la t ion  depend on 

the  poin ts  a t  which the  temperature is  t o  be obtained. 

schematic space g r i d  shown i n  Figure 1, l e t  C1 =lcl/plcl be the  thermal 

d i f f u s i v i t y  i n  reg ion  1, the  hea ter ,a  

Also, l e t  

on t h e  axis 

R e f e r r h g  t o  the  

be the  d i f f u s i v i t y  i n  region 2 ,  etc. 

= an6t/6s* and M? = an6g6g , where n = 1, 2 ,  3. Then w e  have 

2 
2 

n - 

" ( 0 ,  3 s  k + I) = T(o, j, k) (1 - 4Mr - 2Mz) + T(1,  j, k) 4M: n n 



I 3 
. .  4 .  

e 

+ 6 t  5 
62 2 PIC1 + P*C* 

+ T(o, J + 1, k) 2- 

In the inter iors  of regions 1 and 2 

i : I* (4 1 

211 - 1 r 
n x1 - 1/4% Along the outer skin of the heater and probe, we have, setting f = 

2 11H6 t - - 
gn (I1 - 1/4)p n n  c 6r ’ 



3 .  . .  
t 4 

I 
+ T(12y J 3  k, (Il - 1/4)(p1c1 + p2c2)6r 

A t  times when the hea ter  i s  on, terms accounting for its e f f e c t  must be added 

t o  the  r i g h t  s i d e s  of ( 5 )  i n  region 1 and ( 6 ) .  We w r i t e  

c6t 

26.2896r G Z J ( I ~  - 1/4) 
9 2 9 ’  (7) 

where the numerical factor includes the  conversion from t o t a l  power input,  

g, i n  wa t t s  t o  t he  u n i t s  of c.g.8. and ca lo r i e8  i n  which the thermal proper t iea  

were expressed. Then a term q/plsl must be added i n  ( 5 )  and a term 

g / ( p p l  + p c ) must be added i n  (6) t o  account f o r  the hea t  input .  

- 
2-2 

Along the wall of the hole i n  t h e  lunar  ma te r i a l  we have, s e t t i n g  
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Fina l ly ,  along the  junc t ion  between the  hea ter  and the  rest of the  probe 

1 1 + CT(i  - 1, J, k)(1 - E )  + T ( i  + 1, J, k ) ( l  + z)] 

( 9 )  

Numerical s t a b i l i t y  proved t o  be a se r ious  problem. I n  the  i n t e r i o r s  

of t h e  t h r e e  regions,  t he  s t ab i l i t y  c r i t e r i o n  is 

r 1 - 2Mz - 2Mn : 0, n = 1, 2, 3 .  

Depending on t h e  r e l a t i v e  thermal proper t ies  of probe, hea te r ,  and moon, 

a more s t r i n g e n t  requirement may occur along the  axia 2 - 0,  s ince  here  the  

c r i t e r i o n  is  

(11) r 1 - 2M: - 4Mn : 0, n = 1, 2 

But even wi th  (10) and (11) s a t i s f i e d ,  i n s t a b i l i t y ,  which always o r ig ina t ed  

a t  - i =z l  and J2, was sometimes encountered, p a r t i c u l a r l y  f o r  r e l a t i v e l y  

l a r g e  values  of - H. Imposing the  add i t iona l  c o n s t r a i n t s  t h a t  

1 - 2M: - f n  - 8, > 0 ,  n -- 1, 2 
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and 

1 - 25 - f "  - g" > 0,  

did not remove t h e  d i f f i c u l t y .  

t h a t  the space s t e p  6r - is e f f e c t i v e l y  halved a t  - i =.El and JI, b u t  the  

This i n s t a b i l i t y  may r e s u l t  from the  f a c t  

matter remains unresolved. The t i m e  s t ep ,  6 t ,  - was simply reduced u n t i l  t he  

ca l cu la t ion  became s t a b l e .  

A second form of numerical d i f f i c u l t y ,  which may be termed semis t ab i l i t y ,  

was a l s o  encountered occasional ly .  Immediately a f t e r  the  hea te r  was turned 

on o r  off ,  thus d i s tu rb ing  t h e  system, t h e  ca l cu la t ions  o s c i l l a t e d ,  sometimes 

r a t h e r  v io l en t ly .  The o s c i l l a t i o n s  were damped, however, and t h e  results 

gradual ly  re turned t o  a smooth trend wi th  f u r t h e r  cycles  of i t e r a t i o n .  This 

s e m i s t a b i l i t y  could a l s o  be eliminated by reducing 6 t ,  thus approximating 

more c lose ly  a smooth input  of heat .  

Models 

A number of models of probes and of t h e  lunar  ma te r i a l  have been 

- 

subjected t o  numerical ana lys i s .  

more r e l evan t  ones have been se lec ted  fo r  inc lus ion  here .  

of 3 of t h e  probes are shown i n  Table 1. 

Probe 1 is too  low t o  be p r a c t i c a l  from an engineering s tandpoint ,  but  t h e  

lunar  probe is expected t o  have proper t ies  i n  the  range of Probes 5 and 6. 

Fu r the r  ca l cu la t ions  w i l l  be necessary when the final conf igura t ion  of t he  

luna r  probe is es tab l i shed  and i t s  proper t ies  are measured. 

The r e s u l t s  are ex tens ive  and only the  

Thermal proper t ies  

The thermal conduct ivi ty  of 
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Table 1. Thermal characteristics of probes. 

No. C 1 

Heater 

k, cal/cm sec°C 0 3 lom7 

- 4 x lo-* 3 
P I  gm/cm 

c, cal/gm"C I 0.2 

Probe body 

k, cal/cm sec°C 0 3 

- 4 x lo'* 3 
P I  gm/cm 

c, cal/gm°C - 0.2 

5 6 

0.5 0.5 

0.2 0.2 

0.5 0.5 

0.2 0.2 

Moon models are shown in Table 2. Three different thermal conductivities 

differing by factors of 10 were used, and for the lower conductivities, densities, 

and hence diffusivities, differing by a factor of 4 were considered. 

models cover the range of values considered likely for material close to the 

These 

lunar surface. 

a measure of its suitability. 

The ability of a probe to discriminate between them is then 

Table 2. Thermal models of moon. 

No. k, cal/cm sec°C P I  s,/,4 c, cal/gm°C 

1 0.5 0.2 

2 2 .o c.2 

6 1.6 0.2 

7 lom4 0.5 c.2 

8 2 .c  0.2 
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Another parameter en te r ing  the  ca l cu la t ions  is t h e  contac t  resistance, 
- 1ZET3 measured by t h e  quant i ty  2. 

where E is t h e  emiss iv i ty .  With blackbody condi t ions  - H = 4.4 x lo-’ a t  

200°K which is c lose  t o  t h e  mean lunar temperature. 

va lue  t h a t  - H can a t t a i n ,  and i t  is an i n t e r e s t i n g  case t o  consider  because 

the  probe may be designed t o  assure  purely r a d i a t i v e  coupling. - H can then 

be ca l cu la t ed  wi th  confidence, whereas i t  otherwise remains an unknown 

parameter t h e  value of which must somehow be ex t rac ted  from the  temperature- 

t i m e  curve. 

i t  set a t  10 times t h e  r a d i a t i v e  value. 

For purely r a d i a t i v e  contac t  H = 5.5 x 10 - , 

This is  about t h e  lowest 

The e f f e c t  of varying ,H was examined by making some runs wi th  

The lunar  probes are t o  be about 1.9 cm i n  diameter.  The quant i ty  6: 

= 2 ,  and 62 was was taken t o  be 0.475 cm, which places the  probe s k i n  a t  

taken equal t o  6r. - 
was made i n  these  prel iminary s tudies .  The s imula t ion  of a 14-hour lunar  

experiment required over 30 minutes on a 70% i n  unfavorable cases ,  and i t  

is  not  worthwhile to  choose smaller  space s t e p s  (which r equ i r e s  reduct ion 

of t h e  time s t e p  as w e l l  t o  maintain s t a b i l i t y )  u n t i l  more than hypothe t ica l  

va lues  of the  probe parameters are ava i l ab le .  

This is a r a t h e r  coarse  gr id ,  but no refinement of i t  

The length  of t h e  hea te r  was taken equal t o  i t s  diameter,  1.9 cm. I n  

rough design ca l cu la t ions  i t  may be d e s i r a b l e  t o  approximate the  probe 

conf igura t ion  us ing  the  exact  s o l u t i o n  f o r  r a d i a l  flow from a s p h e r i c a l  

hea t  source,  and t h e  “s?uare” shape chosen for the  hea te r  gives the  c l o s e s t  

poss ib l e  approximation t o  a sphere.  

compared d i r e c t l y  wi th  those obtained from the  s p h e r i c a l  approximation. It 

should be noted t h a t  i n  t h e  la t ter  approximation no account of d i f f e r e n t  

thermal proper t ies  between the  body of the  probe and t h e  lunar  ma te r i a l  

can be  taken. 

Thus t h e  r e s u l t s  of t h i s  work may be 
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Numerical results 

It is he lp fu l  a t  t h e  o u t s e t  t o  consider t h e  s o l u t i o n  f o r  an i n f i n i t e  

c y l i n d r i c a l  source of hea t  i n  an i n f i n i t e  medium. I n  t h i s  case the  

temperatures depend on t h e  thermal conduct iv i ty  and thermal d i f f u s i v i t y  

of t h e  medium, and on t h e  contac t  r e s i s t ance .  

dependence on d i f f u s i v i t y  could be removed by hea t ing  u n t i l  the  temperatures 

became steady,  but wi th  t h i s  geometry t h e r e  is  no s teady  s t a t e .  

temperature of t he  source continues t o  rise i n d e f i n i t e l y .  

f i n i t e  length  a s teady state is reached; t h i s  was an i n i t i a l  reason t o  

p re fe r  t he  geometry adopted here  t o  the  " l i n e  source" geometry, because 

the  p o s s i b i l i t y  exists of e l iminat ing t h e  d i f f u s i v i t y  as a f a c t o r  upon which 

the  temperature depends. 

conf igura t ion  is  i ts  r e l a t i v e l y  Low power requirement. 

demands a c e r t a i n  amount of power per u n i t  l ength  t o  produce a given 

temperature rise. 

case,  it was found t h a t  2 mil l iwa t t s  input  power gave adequate temperature 

rises a t  t h e  hea te r ,  and t h i s  value f o r  the  hea t  input  was used i n  a l l  t h e  

One could hope t h a t  t he  

The 

With a hea te r  of 

Another a t t r a c t i v e  f e a t u r e  of t he  present  

A l i n e  source 

Hence a long source r equ i r e s  high power. I n  the  present  

ca l cu la t ions .  

The f i r s t  ca l cu la t ions  were aimed a t  inves t iga t ing  the  p o s s i b i l i t y  of 

achieving a s teady s t a t e .  

and those  following, t he  temperatures are those of t h e  outer  su r f ace  of 

t h e  probe. 

on t h e  axis, but t h e  temperature d i f f e rence  between these  2 poin ts  is 

i n s i g n i f i c a n t  f o r  present  purposes. 

t h e  lower values  of - K t h e  s teady state is  not achieved a f t e r  14 hours,  

and s e v e r a l  days of hea t ing  may be required t o  a t t a i n  it i f  - K is less 

than 10 . I f  K = a few hours s u f f i c e .  The probe is  ev ident ly  

R e s u l t s  are shown i n  Figure 2 .  I n  t h i s  f i g u r e  

I n  a c t u a l  lunar  probes the  temperature sensors  w i l l  be located 

It is clear from the  f igu re  t h a t  f o r  

-4 
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capable of discriminating between various valuee of ,K, particularly if the 

heater is operated at low power levels for a long time. 

is best at low L X, and heating should last for the order of a day or more 

for optimum results. 

The discrimination 

Similar curves for the case of 1/10 as much contact resistance are 

shown in Figure 3. 

and the curves have a different shape. 

temperature is much reduced. 

higher conductivity are shown; the discrimination is not as good as in 

Figure 2. 

low as possible. 

The discrimination is somewhat better than in Figure 2, 

The sharp initial rise in 

In Figure 4 the results for a probe of 

Clearly the thermal conductivity of the probe should be kept as 

These results show that it is likely that the temperature rise recorded 

during the lunar experiment w P l l  depend on the 3 quantities 5, a, and ,H. 

Some process of curve fitting must be used to determine their values. 

MY be unsatisfactpry since many combinations of parameters may give virtually 

identical results. It is therefore important to try to extract more information 

from the experiment, and an obvious way to do this is to record the temperatures 

at more than one point along the probe. The temperature rise at a point on 

the surface of the probe 8 cm fromthe center of the heater is shown in 

Figures 5 and 6. 

shows the large differences in rise time that result from the different moon 

This 

Figure 5 is for a probe of unrealistically low ,K, but it 

models. 

Q and this is born out by the difference between curves 1 and 2 of Figure 6. 

The rise times are about the same for the cases shown there, in which the 

conductivity of the probe is realistic. 

than the probe discrimination still exists at short times, although it is 

not well-shown on a plot to the scale of Figure 6. 

Intuitively one would expect the curves to be highly sensitive to 

But if the moon is a better conductor 

Since this is just the 
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range of conduct ivi ty  a t  which the  temperatures a t  t h e  cen te r  of t h e  hea ter  

l o se  discr iminat ion,  complementary information can be obtained from the  

second sensor.  

So f a r  we have confined t h e  discussion t o  times when the  hea ter  was 

turned on. 

i n  which t h e  hea ter  was turned on fo r  only ha l f  t h e  t i m e .  

t h e  tests were about # hour. 

cool ing  curves were v i r t u a l l y  i d e n t i c a l  t o  the  hea t ing  curves, but of course 

inverted and displaced i n  time, 

obtained from the  cool ing curves. 

curve i n  e f f e c t  c o n s t i t u t e s  repeat ing the  hea t ing  experiment, but without 

t he  necess i ty  of expending hea te r  power. 

experiments i f  only t o  ge t  b e t t e r  s t a t i s t i ca l  control .  

But a number of short- term numerical experiments have been done 

The dura t ions  of 

The results were t h a t  t h e  appearances of t he  

Thus the re  is no new information t o  be 

On the  o ther  hand, following the  cooling 

It is always des i r ab le  t o  repeat 

Operations 2 t he  moon 

A l l  lunar  experiments must w a i t  u n t i l  d r i l l i n g  dis turbances have died 

out  near  t he  hole. The thermal gradient  w i l l  be deterinined next and then the  

h e a t e r  w i l l  be turned on a t  low power (- 2 m i l l i w a t t s ) .  The dura t ion  of t he  

hea t ing  cyc le  w i l l  be determined by the conduct ivi ty  encountered. 

w i l l  then  be turned off  and the  cooling curve followed u n t i l  ambient condi t ions 

have e s s e n t i a l l y  r ees t ab l i shed  themselves. Then, e spec ia l ly  i f  a high lunar  

thermal conduct ivi ty  is ind ica ted  by t h i s  experiment, a second hea t ing  period 

w i l l  be i n i t i a t e d .  

so t h a t  t he  second sensor,  displaced along the  probe from the  hea ter ,  w i l l  

record a r ead i ly  measured temperature rise, By a process of curve f i t t i n g ,  

which is not completely thought out as ye t ,  t he  q u a n t i t i e s  4, C%* and - H w i l l  

be determined. 

The hea te r  

The hea ter  power w i l l  be higher  (20 m i l l i w a t t s  or more) 

The f i r s t  2 of these automatical ly  y i e l d  a value of p$, which 
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- - 
: 

4 

; 

can be compared wi th  the value measured on returned material t o  give a j 
rough check on the  i n t e r n a l  consistency of the  r e s u l t s .  

would be t o  assure that 

r a d i a t i v e  coupling alone;  then  only iC: and a need be obtained from the  

An alternative scheme 

is known independently e.g. by making certain of 

- 
temperature curves and the  accuracy of the  measurements will be fncreased.  

Conchs ions 

1. It appears f e a s i b l e  t o  measure lunar  thermal conduct ivi ty  using a 

c y l i n d r i c a l  ring source of heat .  

2 .  It is des i r ab le  t o  have 2 heat ing cycles ,  t he  f i r s t  a t  a power l e v e l  of 

a few mi l l iwa t t s  and the  second a t  10 Or more times t h a t  power. 
--__ 

3 .  The dura t ion  of each hea t ing  will range from a few hours t o  a few days, 

depending on the  lunar  conduct ivi ty .  The use of 2 sensors  and 2 power 

l e v e l s  could ma te r i a l ly  reduce the  amount of hea t ing  time required.  

4. There is something t o  be said f o r  assur ing  r a d i a t i v e  coupling t o  the  moon 

s o  t h a t  the  contac t  r e s i s t a n c e  can be ca lcu la ted  with confidence. Other- 

wise it represents  a t h i r d  unknown parameter t o  be determined from the  

temperature curves.  Some d iscr imina t ion  of lunar  conduct ivi ty  is lost 

by t h i s  procedure, but nevertheless  more accura te  r e s u l t s  will probably 

be obtained. 

5 .  The bes t  way of reducing the  lunar da t a  remains t o  be determined. 
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