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ABSTRACT 

The p a t e a t i a l  f o r  grwnd coupling i n  the series 
s o l a r  heat  pump system i s  explored. The ground i s  
a thermal medium of high heat  capacity,  low conduc- 
t i v i t y ,  and a heat  source and s ink  of v i r t u a l l y  
limitless extent .  Throughout t h e  cont inenta l  Unit- 
ed S ta t e s ,  t he  na tu ra l  ground temperature a gew f e e t  
below the  surface  normally averages about 55 F. 
Thus, t he  gzwnd is a p laus ib le  addi t ional  element 
u se fu l  i n  qolar heac pump systems. Thir new re- 
source p e m i t s  seasonal energy storage and t r aas fe r .  
That is, during the summer and f a l l  surplus energy 
i s  delivered to  the ground by the  so l a r  co l l ec to r s  
which a re  otherwise unused. This energy is  pa r t i a l -  
l y  re t r ieved during the winter season. SigttiEicant- 
l y  reduced co l l ec to r  area  r e su l t s .  Likewise, heat 
deposited i n  the  ground ac t s  a s  a "bufofer" t o  keep 
t h e  water s torage  temperature above 40 F so t h a t  ex- 
pensive r e s i s t i v e  heating i s  not  used. In  t h i s  
papar, various ground coupling schemes a re  explored. 
Previous r e s u l t s  and o ~ i g i n a l  computational models . 

a r e  discussed. f.?ost+lfecrlvttrat~s i d  cmphaoizett 
heavi ly  and the  near t e r n  possLbil i ty of an econom- 
i c a l l y  viabltt so l a r  heating system v ia  ground coup- 
led  storage wirhin the  s e r i e s  s o l a r  heat pump sys- 
tem I s  projected.  

1. THE RDLE OF GROUND COUPLING 

Research i s  underway ac Brookhaven National Labor- 
a t o r y  on the  s e r i e s  s o l a r  a s s i s t ed  heat  pump sys- 
t e m .  The system cons i s t s  of so l a r  co l l ec to r s  which 
provide haat  t o  o storage device which heats the 
load when possible. If the s torage  temperature is 
too Low co do th i s ,  the  heat  pump removes heat  from 
s torage  and de l ive r s  i t  to  t h e  load. The major ad: 
vantage of t h i s  approach is t h a t  the presence of 
t he  heat  pump "in se r i e s "  with the co l l ec to r s  means 
chat t h e  col lec tors  do nor have t o  provlde energy 
a c  a high enough temperature t o  carry the load when 
the  ambiant tmperacure i s  very low t o  be useful. 
As a result, the co l l ec to r  design requirements can 
be relaxed considerably. This p e d t s  the use of 
inexpensive so lar  co l l ec to r s  unsuitable f o r  o ther  
so lar  heat ing  systems. Since so l a r  co l l ec to r  pur- 
chase and i n s t a l l a t i o n  dominate so lar  system eco- 
nbmics, c h i s  savings can be la rge .  

*Work performed under the auspices of the United 
Sta tes  Department of Energy. 

The so la r  ca l l ec to r s  provide the heat  pump with a 
eource which i s  a t  a higher ramperature than the 
cold ambient. In .ordcr  t o  exploi t  t h i s  higher tem- 
perature source, a heat  puayl is needed whose tffoic- 
iency increases v i t h  source temperature above 40 F 
a s  permitted by the Second Law of Thermodynamics. 
Existing air-co-air heat punpa do not have tbis 
property due to design concessions made so tha t  
they can operate optimally with a low temperature 
ambiant source. Heat purnps su i table  f o r  the s e r i e s  
system a re  being developed under an RFP issued by 
the Solar BhD Branch of the Department of Esrergy's 
Solar Division. The s e r i e s  system has been d is -  
cussed i n  d e t a i l  in an e a r l i e r  work [I] .  

One pa r t  of the so la r  a s s i s t ed  heat  pump research 
program discussed above is  a study of ground energy 
coupling techniques and tk& e f fec t  on the so lar  
a s s i s t ed  hear pump system. There is evidence t o  
indica te  tha t  the in t roduc tbn  of thermal coup lkg  
batweear the st:oraga devlce and the ground can in- 
prove the  performance and reduce the i n i t i a l  Coat 
of the s e r i e s  s o l a r  heat pump systarp. The ground 
a c t s  i n  two ro l e s  i n  order t o  achieve these im- 
provements : 

1. The ground can be used a s  a long term o r  "quasi- 
annual" storage device. Al l  so l a r  thermal energy 
systetms designed f o r  winter space heating have ex- 
cess col lec tor  capacity during the summer and part 
of the spring and Pal l  (even i f  the col lec tors  are 
used t o  heat the domestic hot water). Long tarm 
storage (-months) would petwit a smaller collector 
area to  carry a given load. This i s  af econpmic 
importance a s  the  co l l ec to r s  a re  the  most expen- 
s ive  pa r t  of the solar system. Several long term 
storage schemes f o r  so l a r  energy systems have been 
proposed, but they a re  large and more importantly . 
expensive. The ground is an avai lable  resource 
fo r  t h i s  purpose. r 

b 
d '  

2. The ea r th  a c t s  a s  a "buffer" o r  transient  heat  
source/sink. When the storage temperature is be- 
low the ground temperatitre, the ground provides 
heat  and thus behaves a s  a "buffer" t o  help r a i s e  
the storage temperature. This "smooths out" the 
storage temperature f luc tuat ions  and r a i se s  the 
annual minimum scotage temperature. As a r e su l t  
of the l a t t e r ,  r e s i s t i v e  heating i s  reduced or e l -  
iminated. Additionally, i n  the summer the ground 
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, t empera tu re  i s  below t h e  ambient  t empera tu re .  Thus ,  l o a d .  T h i s  sys tem provided up t o  8 . 6 ~ 1 0 ~  Btu/month. 
t h e  u s e  of t h e  e a r t h  a s  a  s p a c e  c o o l i n g  h e a t  s i n k  The ave rage  s e a s o n a l  COP ( i n c l u d i n g  compcessor,  fan  
means t h a t  t h e  h e a t  pump o p e r a t e s  w i t h  a  s m a l l e r  and pump) was 3 .05 .  T h i s  i s  c o n s i d e r a b l y  h ighe r  
l i f t  and hence  a t  a  h i g h e r  e f f i c i e n c y .  t han  t h e  e q u i v a l e n t  q u a n t i t y  (SPF) f o r  modern a i r -  

t o - a i r  h e a t  pumps! The main r e a s o n  t h a t  t h i s  i d e a  
d i d  n o t  c a t c h  on ,  d e s p i t e  i t s  a p p a r e n t  s u c c e s s ,  

2. THE FEASIBILITY OF GROUND COUPLINGS: was t h a t  t h e  c o n s i d e r a b l e  c a p i t a l  invescment was 

It i s  n o t  l i k e l y  t h a t  t he rma l  c o u p l i n g  between t h e  
ground and t h e  s t o r a g e  e l emen t  of a n  o r d i n a r y  s o l a r  
h e a t i n g  sys t em w i l l  b e  b e n e f i c i a l .  I n  such a  sys -  
tem t h e  s t o r a g e  must be  ma in t a ined  a t  a  t empera tu re  
( -100 t o  1 8 0 ' ~ )  much h i g h e r  t han  t h e  ground tempera- 
t u r e  ( - 5 5 ' ~ ) .  Thus,  therma.1 c o n t a c t  w i t h  t h e  ground 
r e s u l t s  i n  a  p e r e n n i a l  l o s s  and i s  u n d e s i r a b l e .  
C a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  magni tude  of t h i s  
l o s s  i s  u n a c c e p t a b l y  l a r g e  f o r  a n  u n i n s u l a t r d  ves -  
s e l .  T h i s  c o n c l u s i o n  was a l s o  r eached  by o t h e r  
a u t h o r s  r e c e n t l y  v i a  computer s i m u l a t i o n s  f n r  a  
p a r t i c u l a r  wacer s t o r a g e  p o o l  o f  volume 1 0 3 ~ ~  
(27,400 g a l l o n s )  (21 .  

The s e r i e s  h e a t  pump sys t em h a s  s p e c i a l  needs  which 
may b e  met by ground the rma l  c o u p l i n g .  I n  Ref.  1 
performance a n a l y s e s  ( u s i n g  t h e  U n i v e r s i t y  of Wis- 
c o n s i n  computer program TRh'SYS) and economic ana ly -  
s e s  were  performed.  An o r d i n a r y  i n s u l a t e d  s t o r a g e  
t a n k  was s i m u l a t e d .  The economica l ly  o p t i m a l l y  
s i z e d  sys t em o c c u r s  when t h e  c o l l e c t o r  a r e a  i s  
j u s t  l a r g e  enough t o  keep t h e  u s e  o f  r e s i s t i v e  h e a t -  
i n g  v e r y  low. The a v e r a g e  s t o r a g e  t empera tu re  
c u r v e  i s  rough ly  s i n u s o i d a l  ( abou t  $ c y c l e  d u r i n g  
t h e  h e a t i n g  season)  a s  i s  t h e  c u r v e  which d e s c r i b e s  
t h e  a n n u a l  ambient  t empera tu re  v a r i a t i o n .  These 
" s i n e  cu rves"  a r e  i n  phase ,  i . e . ,  t hey  r e a c h  t h e i r  
minimum tempera tu re  on a l m o s t  t h e  same d a t e  (some- 
t ime  in J a n u a r y ) .  The c u r v e s  a r e  i n  phase  because  
i t  i s  n o t  economica l ly  f e a s i b l e  t o  p rov ide  enough 
s t o r a g e  t o  c a r r y  t h e  l o a d  f o r  more than  a  few days .  
Hence, t h e  s t o r a g e  t empera tu re  i s  p u l l e d  down a s  
t h e  ambien t  d r o p s  and t h e  h e ? . ~ i n g  demand r i s e s ,  
d e s p i t e  i n f u s i o n s  of c o l l e c t e d  ene rgy .  The r e s u l t  
i s  t h a t  d u r i n g  a b o u t  two months of t h e  "hardcore"  
h e a t i n g  season  ( rough ly  December 10 t o  Feb rua ry  l o ) ,  
t h e  s t o r a g e  t e m p e r a t u r e  i s  oE ten  below t h e  ground 
t e m p e r a t u r e .  I t  i s  a t  t h i s  t ime  t h a t  t h e  sys tem 
would b e n e f i t  most from t h e m a 1  c o u p l i n g  w i t h  t h e  
e a r t h .  I f  che ground c a c  be coun ted  upon t o  p rov ide  
t h i s  "emergency" h e a t ,  t o  f a c i l i t a t e  l ong  term 
s t o r a g e ,  and pe rhaps  a s  a  s i n k  f o r  summer s p a c e  
c o o l i n g  h e a t ,  t h e  c o l l e c t o r  a r e a  can  be reduced 
a n d / o r  t h e  sys tem h e a t i n g  and c o o l i n g  e f f i c i e n c y  
can  be  i n c r e a s e d .  

The g o a l  o f  ou r  ground c o u p l i n g  i n v e s t i g a t i o n  i s  t o  
d e v e l o p  c o s t  e f f e c t i v e  h e a t  t r a n s f e r  and s t o r a g e  
d e v i c e s  s u i t a b l e  f o r  t h e  t a s k  d e s c r i b e d  above.  A  
l i t e r a c u r e  s e a r c h  i n d i c a t e d  t h a t  t h e  u s e  of t h e  
e a r t h  a s  a  h e a t  pump h e a t  s o u r c e l s i n k  i s  by no 
means a  new i d e a .  Many p a p e r s  have  been w r i t t e n  on 
t h i s  s u b j e c t  ( s e e  t h e  ASHVE T r a n s a c t i o n s  From -1948 
t o  1957 f o r  many such p a p e r s ) .  Some of t h e  e x p e r i -  
ments d e s c r i b e d  i n  t h e s e  p a p e r s  were  s u c c e s s f u l .  
For  i n s t a n c e ,  Baker (1953) r e p o r t e d  on a  h e a t  pump 
sys tem w i t h  a  146m (480 f t . )  b u r i e d  c o i l  through 
which w a t e r  c i r c u l a t e d  (31 .  A s t o r a g e  t ank  ( a l s o  
exposed t o  t h e  ground)  provided the rma l  i n e r t i a  - 
i . e .  i t  a c t e d  a s  a  s o r t  of b a l l a s t  t o  smooth t h e  

n o t  j u s t i f i e d  due t o  t h e  ex t r eme ly  low e l e c t r i c a l  
r a t e s  of t h e  1 9 5 0 ' s .  Th i s  i s  no l o n g e r  a  problem. 

A few ground c o u p l i n g  expe r imen t s  o t h e r  t han  the  
one a t  Brookhaven N a t i o n a l  Labora to ry  a r e  p r e s e n t l y  
underway. Bose ( 4 1  h a s  an  " e a r t h  c o i l "  which is  
308111 (1 ,000 f t . )  of 4  i nch  po lye thy lene  p ipe  bur- 
i e d  4  f t .  deep  i n  a  s e r p e n t i n e  a r r a y .  Heat crans-  
f e r  r a t e s  i n  t h e  r ange  of 15 ,000  t o  20,000 Bculhr 
were o b t a i n e d  throughout  t h e  w i n t e r .  The minimum 
wa te r  t empera tu re  r eached  was 3 8 ' ~ .  The Phoenix 
House h a s  a  s o l a r  h e a t  pump sys tem which has  a  
l a r g e  (7000 g a l l o n )  b u r i e d  s t e e l  s t o r a g e  tank.  
D e t a i l e d  r e s u l t s  a r e  c o n t a i n e d  i n  t h e  most r ecen t  
a n n u a l  r e p o r t  ( 5 1 .  I n  summary, t h e  sys t em was 
a b l e  t o  s u c c e s s f u l l y  h e a t  t h e  l o a d  w i t h  o n l y  a  
v e r y  sma l l  amount of r e s i s t i v e  h e a t i n g  (1975-1976 
s e a s o n ) .  S t o r a g e  l o s s e s  were low d u r i n g  t h e  win- 
t e r ,  and d u r i n g  t h e  wors t  p a r t  of t h e  h e a t i n g  
season  h e a t  f lowed from t h e  ground i n t o  t h e  s t o r a g e  
t ank .  

Thus,  t h e r e  i s  ev idence  t o  i n d i c a t e  t h a t  ground 
c o u p l i n g  i s  d e s i r a b l e  i n  t h e  s e r i e s  s o l a r  h e a t  
pump system. The nkxt  s e c t i o n  d e s c r i b e s  some of 
che r e s e a r c h  t h a t  has  been accomplished and t h e  
expe r imen t s  t h a t  a r e  p lanned.  

3 .  RESEARCH PROGRAM 

The ground c o u p l i i ~ g  r e s e a r c h  program a t  BNL is  o r -  
gan ized  i n t o  a  s e r i e s  o f  i t e r a t i o n s ,  t h e  f i r s t  of 
which c o n t a i n s  f o u r  s t e p s :  

I .  C r e a t i o n  of h e a t  f l o w  models.. 
2. De te rmina t ion  of expe r imen ta l  con f igu ra -  

t i o n s  and i n p u t s .  
3 .  A n a l y s i s  of expe r imen ta l  r e s u l t s .  
4 .  I d e n t i f i c a t i o n  of promis ing ground coup- 

l i n g  c o n f i g u r a t i o n s ,  and v a l i d a t i o n  o r  re- 
f inement  of h e a t  f l ow models f o r  n e x t  
i t e r a t i o n .  

Modeling underground h e a t  f l o w  i s  compl ica ted  a s  
t h e  p re sence  of  s o i l  inhomogenei t ies  Cause6 v a r i -  
a t i o n s  i n  t h e  s o i l  t he rma l  c o n d u c t i v i t y  t y p i c a l l y  
on t h e  o r d e r  of 5  t o  10%. Thus,  no exper iment  
based on a  t h e o r y  u s i n g  ave rage  s o i l  p r o p e r t i e s  
(even FF t empera tu re  o r  wa te r  c o n t e n t  dependent  
pa rame te r s  a r e  used)  can  be expec ted  t o  be  more 
a c c u r a t e  t han  t h i s  l e v e l .  The p re sence  of wacer 
i n  u n s a t u r a t e d  s o i l  l e a d s  t o  m o i s t u r e  movement i n  
t h e  p re sence  o f  t empera tu re  g r a d i e n t s .  T h i s  move- 
ment c a r r i e s  h e a t  which mod i f i e s  t h e  t empera tu re  
d i s t r i b u t i o n .  So i n  g e n e r a l ,  underground h e a t  
f l o w  must be  r e p r e s e n t e d  by a  s e t  of coupled  d i f f e r -  
e n t i a l  e q u a t i o n s  t o  d e s c r i b e  t h e  coupled h e a t  and 
m o i s t u r e  f l o w s .  However, t h i s  is  n o t  a  good p l a c e  
t o  b e g i n  model ing  due t o  t h e  complexi ty  o f  t h e  ' 

problem, and a l s o  because  t h e  r e l e v a n t  ground para-  
m e t e r s  ( c o n d u c t i v i t y ,  d e n s i t y ,  h e a t  c a p a c i t y ,  



<. ground w a t e r  p o t e n t i a l ,  e t c . )  must f i r s t  be  e x p e r i -  
m e n t a l l y  d e t e r m i n e d .  

T h e r e f o r e ,  o u r  f i r s t  compu ta t iona l  models were a n a l -  
y  t i c a l  c a l c u l a t i o n s  u s i n g  s i m p l e  g e o m e t r i c a l  shapes  
and t r a n s i e n t ' t e m p e r a t u r e  boundary c o n d i t i o n s .  Con- 
s t a n t  t h e r m a l  c o n d u c t i v i t y  ( k ) ,  h e a t  c a p a c i t y  ( c ) ,  
and d e n s i t y  (p)  were assumed, and m o i s t u r e  movement 
ignored. .  The v a l u e s  o f  k ,  c ,  and p used were t h o s e  
t y p i c a l  o f  a  mo i s t  sandy s o i l  [ 6 ] .  These  models 
were used t o  s t u d y  r o u g h l y  t h e  h e a t  f l o w  around a  
g i v e n  p l a n e ,  l e n g t h  o f  p i p e ,  t a n k ,  e c c .  T r a n s i e n t  
t e m p e r a t u r e  boundary  c o n d i t i o n s  t h a t  a r e  of i n t e r -  
e s t  and l e a d  t o  a n a l y t i c a l  s o l u t i o n s  i n c l u d e  a  
s i n u s o i d a l  v a r i a t i o n  ( t o  s i m u l a t e  a n n u a l  s t o r a g e  
t empera tu re  v a r i a t i o n )  and a l s o  v a r i o u s  s t e p  func-  
t i o n s  (which h e l p  t o  d e t e r m i n e  maximum "emergency" 
h e a t  FLOW r a t e s ) .  

The r ea lm o f  i r ~ t e r e s t i n g  problems t h a t  cou ld  be  
s o l v e d  a n a l y c l c a l l y  was soon exhaus t ed .  A computer 
prugraui (OROCS) was w r i t t o n  t o  s o l v e  mnre complex 
problems.  The u s u a l  way t o  s o l v e  h e a t  f l ow prob- 
lems on a  d i g i t a l  computer i s  t o  c o n v e r t  t h e  i n -  
vo lved  d i f f e r e n t i a l  equations t o  f i n i t e  d i f f e r e n c e  
e q u a t i o n s ,  and then  t o  s o l v e  t h e s e  e q u a t i o n s  on a  
"mesh" of d i s c r e t e  p o i n t s  a t  f i n i t e  t ime s t e p s .  
T h i s  i s  f e a s i b l e  i n  one  d imension,  b u t  v e r y  t ime 
consuming i n  t h r e e  d imens ions  due t o  t h e  l a r g e  
number of mesh p o i n t s  needed.  S ince  we do n o t  r e -  
q u i r e  b e t t e r  t h a n  5  o r  10% a c c u r a c y ,  i n s t e a d  of a  
mesh GROCS u s e s  up t o  30 "blocks"  ( t h i s  number 
cou ld  be  expanded g r e a t l y )  of which t h e r e  a r e  20 
" f r e e "  b l o c k s  and 10 " r igged"  b l o c k s .  The f r e e  
b l o c k s  s imu lach . ' t he  ground c o u p l i n g  d e v i c e  and i t s  
e n v i r o n s ,  w h i l e  t h e  r i g g e d  b l o c k s  su r round  t h e  
f r e e  b l o c k s  t o  p r u v i d r  boundary  c o n d i t i o n c .  A 
sub-program (TINTERP) u s e s  a  l i n e a r  i n t e r p o l a t i o n  
r o u t i n e  and pub l i shed  underground t empera tu re  d a t a  
f o r  BNL (71 LO g i v e  each  r i g g e d  b l o c k  t h e  tempera- 
r u r e  a p p r c p r i a t e  f c r  i t s  d e p t h  a t  each  t ime s t e p .  
The f r e e  b l o c k s  can  have any i n i t i a l  t empera tu re  . . 
( a  d e f a u l t  v a l u e  c a u s e s  TINTERP t o  s e t  t h i s  v a l u e ) ,  
and a l s o  can have h e a t  added o r  s u b t r a c t e d  from 
them t o  s i m u l a t e  a  h e a t i n g  l o a d ,  s o l a r  c o l l e c t i o n ,  
e t c .  To t e s t  a  proposed ground c o u p l i n g  d e v i c e ,  
a  rrodel i s  drawn by hand, w i t h  v a r i o u s  pa rame te r s  
( v o l m e s ,  h e a t  c a p a c i t i e s ,  h e a t  t r a n s f e r  a r e a s ,  
h a t  i n p u t s ,  c c c . )  s p e c i f i e d  and used a s  d a t a  f o r  
GROCS . 
The i n c e r e s t i n g ' c a s e s  i n v o l v e  v a r i o u s  h e a t  i n p u t  
s c e n a r i o s  such  a s  w i n t e r  emergency h e a t  withdraw- 
a l  o r  summer space  c o o l i n g  h e a t  r e j e c t i o n .  How- 
e v e r ,  each.mode1 can  be  t e s t e d  f o r  a c c u r a c y  by 
u s i n g  a  "dummy" h e a t  package w i t h  no  i n p u t .  Then 
t h e  f r e e  b l o c k  t e m p e r a t u r e s  de t e rmined  b y  h e a t  
f l o w  e q u a t i o n s  i n  t h e  program c a n  b e  compared t o  
t h e  experimentally ~ l c t c r n ~ i n e t l  vaLucs c i t c d  n l ~ o v c .  
T h i s  a l s o  provided a d e c e r m i n a t i ~ n  of t h e  b e s t  
v a l u e  of t h e  d i f f u s i v i t y  (k / cp )  . V a r i o u s  v a l u e s  
o f  t h i s  pa rame te r  wcrc t e s t e d ,  and t h e  one which 
produced t h e  lowes t  " X 2 "  r e l a t i v e  t o  t h e  e x p e r i -  
m e n c ~ l  d a t a  was used f o r  a l l  subsequen t  work. Wote 
t h a t  t h i s  i s  a  f u r t h e r  t h e o r e t i c a l  s i m p l i f i c a t i o n  
a s  an  e a r l y  exper iment  showed t h a t  t h e  d i f f u s i v i t y  
v a r i e s  w i t h  d e p t h  (81 .  N e v e r t h e l e s s ,  models p s i n g  
a  c o n s t a n c  d i f f u s i v i t y  were a b l e . t o  produce  f r e e  

b lock  t empera tu re s  u s u a l l y  w i t h i n  1 ' ~  o f  t h e  exper-  
i m e n t a l  v a l u e s .  I t  a p p e a r s  t h a t  a t  moderate temp- 
e r a t u r e s  a t  l e a s t ,  a  s imp le  computer model w i th  
c o n s t a n t  s o i l  thermal  pa rame te r s  can  produce accur-  
a t e  r e s u l t s .  Secause  of i t s  s i m p l i c i t y ,  t h i s  i s  a  
u s e f u l  t o o l .  

Based on t h e  compu ta t iona l  models a n d i . l i t e r a t u r e  
d e s c r i b e d  above,  t h e  f i r s t  g e n e r a t i o n  expe r imen ta l  
ground c o u p l i n g  d e v i c e s  and h e a t  i n p u t  s c e n a r i o s  
were de t e rmined .  The d e v i c e s  i n  t h i s  g e n e r a t i o n  
a r e  r e l a t i v e l y  s imp le  so t h a t  ground h e a t  f l ow i n -  
f o r m a t i o n  can  be  more e a s i l y  e x t r a c t e d .  Four tank 
expe r imen t s  a r e  i n i t i a l l y  p lanned.  These t anks  
w i l l  be  made from p r e c a s t  ( s o l i d )  c o n c r e t e  c e s s p o o l  
r i n g s ,  w i t h  a  p r e c a s t  f l a t  l i d  and a  poured con- 
c r e t e  f l o o r .  T.he i n t e r i o r  s u r f a c e s  w i l l  be water -  
p roo fed .  A c a b l e  of t h e  t ank  expe r imen t s  planned 
i s  shown below. 

'&& Volume, Hea t .  I n p u t  S imula t ion  
... . Notes 

1 10.6m3 w i n t e r  h e a t i n g  2" of s t y r o -  
(3000 g a l )  s t o r a g e  o n l y  foam on top  . 

& 112 way 
down s i d e s  o f  
tank.  

2 1 7 .  7m3 w i n t e r  h e a t i n g  & a l s o  
(5000 g a l )  summer space  c o o l i n g  

h e a t  d a i l y  s t o r a g e  w /  
n o c t u r n a l  dumping 

3  10.6m3 w i n t e r  h e a t i n g ,  & 
(3000 g a l )  s t o r a g e  of surnmer s o l a r  

c o l l e c t e d  h e a t .  

4 10.6mJ w i n r r r  t l adc i t~g ,  sum.. advanaod 
(3000 g a l )  mer space  c o o l i n g  c o n f i g u r a t i o n  

h e a t  s i n k ,  l a t e  summer 
& f a l l  s o l a r  c o l l e c -  
t i o n  s t o r a g e  

The top  of 'each tank is 1 . 2  m ( 4  f t )  underground. 
A l l  t anks  have h e g t  l o a d s  which s i m u l a t e  a  moder- 
a c e  s i z e  (1500 f t - )  w e l l  i n s u l a t e d  r e s i d e n t i a l  
b u i l d i n g .  I n  a l l  c a s e s  t e  s o l a r  c o l l e c t o r  i n p u t  2 9 
s i m u l a t e s  27.9 m (300 f t  ) of low t empera tu re  
c o l l e c t o r .  T h i s  s i z e  was found inadequa te  i n  Re f .1  
(w i th  c o n v e n t i o n a l  s t o r a g e )  and i s  used t o  make 
more e v i d e n t  any g a i n s  from ground c o u p l i n g .  

Four "coFL" expe r imen t s  a r e  a l s o  planned i n i t i a l l y .  
Each o f  t h e s e  c o n t a i n s  a  s e r p e n t i n e  a r r a y  of v a r i -  
ous  l e n g t h s  of 1 112 i n .  0 .d .  f l e x i b l e  po lye thy lene  
p i p e .  These  expe r imen t s  a r e  d e s c r i b e d  i n  t h e  
f o l l o w i n g  t a b l e .  



C o i l  Leng th  - Gross  C o n f i g u r a t i o n  

15m long  x  1.2m wide x  
2.4m h i s h ,  t o p  a t  1.2m 
d e p t h .  

7.6m x  7.6m x  2.4m 
h i g h ,  top  a t  1.2m 
dep th  

P l a n e  7.6m x 4.9m a t  
0.6m d e p t h ,  i n s u l a -  
t i o n  ove r  p i p e  

P l a n e  9 . lm x 12.2m a t  
1.2m dep th  

Heat I n p u t  
Simula t ion ,  

w i n t e r  t ank  
s h o r t f a l l ,  ,sum- 
mer space  c o o l -  
i n g  

w i n t e r  t o t a l  
s t o r a g e ,  sum- 
mer space  c o o l -  
i n g ,  l a t e  sum- 
mer & f a l l  s o l -  
a r  c o l l e c t i o n  

w i n t e r  t a n k  
s h o r t f a l l ,  
summer s p a c e  
c o o l i n g ,  f a l l  
e x c e s s  s o l a r  
c o l l e c t i o n  

w i n t e r  t ank  
s h o r t f  a i l ,  
summer space  
c o o l i n g  

A  s e t  of s econda ry  expe r imen t s  des igned  t o  measure 
t h e  p e r t u r b e d  (under  t h e  i n f l u e n c e  of h e a t  j n p u t s  
and w i t h d r a w a l s )  and unpe r tu rbed  ground pa rame te r s  
k ,  c ,  p)  h a s  a l s o  been p l anned .  S o i l  c o r e  samples  
w i l l  be t aken  d u r i n g  e x c a v a t i o n .  These  w i l l  b e ,  
weighed t o  d e t e r m i n e  t h e i r  d e n s i t y  ( p ) .  A  c a l o r i -  
m e t r i c  method w i l l  be  used t o  d e t e r m i n e  t h e i r  h e a t  
c a p a c i t y .  I f  n o s s i b l e ,  a  chemica l  a n a l y s i s  w i l l  be  
made. T h i s  w i l l  y i e l d  a n  a c c u r a t e  d e t e r m i n a t i o n  of 
t h e  h e a t  c a p a c i t y  and a  f a i r  e s t i m a t i o n  cf  t h e  t h e r -  
mal c o n d u c t i v i t y  ( s e e  Re f .  6  f o r  e l a b o r a t i o n ) .  
M o t h e r  expe r imen t  will. use a  c y l i n d r i c a l  h e a t  
s o u r c e / s i n k  c o n s i s t f n g  of a  l o n g  t h i n  copper  p i p e  
t h r o u g h  which a n t i f r e e z e ,  h e a t e d  o r  coo le?  by a  
h e a t  pump, w i l l  be  c i r c u l a t e d .  Temperature  s e n s o r s  
w i l l  p r o v i d e  i d i r e c t  measurement of t h e  t he rma l  
c o n d r ? c t i v i t y .  T h i s  se t -up p r o v i d e s  t h e  freedom t o  
t e s t  :he v a l u e  of k  under  ex t r emes  o f  t empera tu re .  
The d i f f u s i v i t y  k , c p )  w i l l  a l s o  b e  measured a t  t h e  
e x p e r i m e n t a l  s i t e  u s i n g  t h e  method d e s c r i b e d  in '  
Ref .  8 .  

I t  i s  hoped t h a t  t h e  expe r imen t s  d e s c r i b e d  above 
p r o v i d e  s u f f i c i e n t  v a r i e t y  o f  t echn ique  and redun- 
dancy  t o  o b t a i n  r e l i a b l e  v a l u e s  f o r  t h e  impor t an t  
t h e r m a l  pa rame te r s .  ' T h e s e  pa rame te r s  t o g e t h e r  w i t h  
t h e  i n f o r m a t i o n  ga ined  from t h e  t ank  and c o i l  ex- 
p e r i m e n t s  w i l l  be  used t o  g e n e r a t e  o u r  second gen- 
e r a t i o n  compu ta t iona l  models .  These  w i l l  h e  used 
t o  d e t e r m i n e  opt imized group c o u p l i n g  d e v i c e s  f o r  
f u r t h e r  e x p e r i m e n t a t i o n .  
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