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Ground-mupled h e a t  pumps are be ing  i n s t a l l e d  
i n  i n c r e a s i n g  numbers due to proven performance and 
ewmmy.  

The o v e r a l l  thermal r e s i s t a n c e  between t h e  
ground coup l ing  f l u i d  and a  g iven t y p e  of  
su r round ing  s o l l  is a f f e c t e d  by p l p e  m a t e r i a l ,  w a l l  
t h i c k n e s s ,  d iameter  and l e n g t h ,  t h e  s p a c i n g  and 
dep th  of' b u r i a l ,  and t h e  r e s i s t a n c e  o f  t h e  f lowing  
f l u i d .  An important  v a r i a b l e  a f f e c t i n g  performance 
is t h e  thermal  m n d u c t i v i t y  o f  t h e  soll i n  which 
t h e  ground m u p l l n g  d e v i c e  is bur i ed .  

The optimum ground-mupled system i l n s i d e r s  
i n i t i a l  inves tment  and o p e r a t i n g  msts o n  a  
d i s w u n t e d  b a s i s .  The l a r g e  number o f  v a r i a b l e s  
a f f e c t i n g  bo th  f i r s t  cost and perrormance makes t h e  
optimum d i f f i c u l t  to determine.  T h i s  paper 
d i s c u s s e s  d e s i g n  t r a d e o f  f s  and sl g n i f i c a n t  f a c t o r s  
whi ch de te rmine  performance. 
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INTRODWICN AND OVERVIEW 

THE GROUND COUPLED HEAT PU19 OMU3PT 

Ground coupled h e a t  pumps a r e  closed-loop 
sys tems des igned  t o  u s e  t h e  e a r t h  a s  a  h e a t  s o u r c e  
and /o r  s i n k .  Thermal m n t a c t  w l t h  t h e  e a r t h  is 
u s u a l l y  acmmpl l shed  w l t h  a  l o n g  p i e c e  o r  s e v e r a l  
p i e c e s  o f  p l a s t i c  p lpe ,  b u r l e d  h o r i z o n t a l l y  o r  
v e r t i c a l l y  i n  t h e  ground. Water o r  a  b r i n e  is 
c i r c u l a t e d  th rough  t h e  p l p e ,  t r a n s f e r r i n g  thermal  
ene rgy  t o  o r  from a h e a t  exchanger i n  t h e  hea t  
pump. T h i s  h e a t  exchanger  s e r v e s  a s  t h e  m n d e n s e r  
o r  t h e  e v a p o r a t o r ,  depending upon whether t h e  hea t  
pump is i n  a  m o l l n g  o r  a  h e a t i n g .  m d e .  A very 
good h i s t o r y  o f  ground m u p l e d  d e v i c e s  and sys t ems  
u p  through 1981 is given by B a l l ,  F i s c h e r  and 
T a l b e r t  ( 1 ) .  

Ground-mupled h e a t  pump s y s t e m s  may be p l aced  
h o r i m n t a l l y  or v e r t i c a l l y ,  a s  shown i n  F i g u r e  1 
and may be o f  t h e  series type  o r  o f  t h e  p a r a l l e l  
m u l t i p l e  type ,  F i g u r e  2. 

Advantages ove r  t h e  u s e  o f  a i r  a s  a  s o u r c e  o r  
s i n k  inc lude :  

1. The ground i s  u s u a l l y  a t  a  more f a m r a b l e  
t empera tu re  t h a n  t h e  a i r .  

2. The l i q u i d - r e f r i g e r a n t  exchanger pe rmi t s  a  
closer approach than  an  a i r - r e f r i g e r a n t  
exchanger .  

3. There  is m conce rn  w i t h  f r o s t  removal.  

The ground m u p l e d  sys tem u s u a l l y  shows 
improved s e a s o n a l  performance f a c t o r s  1 n h e a t l n g  
and improved s e a s o n a l  ene rgy  e f f i c i e n c y  r a t i o s  i n  
w o l i n g  when mmpared t o  a i r  s o u r c e  sys t ems .  The 
usua l  i n t e r e s t  i s  i n  e v a l u a t i n g  t h e  ene rgy  s a v i n g s  
v e r s u s  t h e  e x t r a  i n i t i  a1  inves tmen t .  
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n 1 / 2 )  ., x.. T ( x , t )  - Tm - A S  exp(-x(-1 365a 
( 1 )  

2n x 365 )1 /2  cos{--(t - to - - (- 365 2  na ) I  
I n  t h e  h e a t i n g  mode, a s  h e a t  is removed by t h e  

ground e x c h a n g e r ,  t h e  l o c a l  e a r t h  t e m p e r a t u r e  v' d e c r e a s e s  w l t h  time. For a g l v e n  s y s t e m ,  t h e  
. .. d e c r e a s e  I n  t e m p e r a t u r e  w i l l  depend o n  s o l 1  t y p e  

,. and  m o l s t u r e  m n t e n t .  I n  t h e  c o o l i n g  mode, where  < _, h e a t  IS added t o  t h e  g r o u n d ,  l o c a l  s o i l  
t e m p e r a t u r e s  i n c r e a s e  above  normal  v a l u e s  w l  t h  t l m e  

( a )  HORIZONTAL o f  o p e r a t l o n .  

/--. - -. TWIRIlAL BEHAVIOR OF GROUIID-COUPLED SYSTEFS 

Because  o f  t h e  changes  i n  l o c a l  ground 
t e m p e r a t u r e ,  t h e  a v e r a g e  t e m p e r a t u r e  o f  t h e  f l u i d  
c l r c u l a t l n g  I n  t h e  ground exchange r  m n t l n u a l l y  
increases i n  t h e  m o l l n g  mode a n d  a n t i n u a l l y  
d e c r e a s e s  i n  t h e  h e a t l n g  mode a s  t h e  sy s t em 
m n t l n u e s  to o p e r a t e .  The ma in  m n c e r n  i n  d e s i g n  
Ls t h a t  t h e  c l r c u l a t l n g  f l u l d  t e m p e r a t u r e s  be k e p t  
w i t h l n  some limits to p r e v e n t  wear o r  damage t o  t h e  
h e a t  pump and  t o  e n s u r e  efficient o p e r a t l o n .  The 
l o n g  t e rm  e f f e c t  o f  ground m u p l l n g  is also o f  
I n t e r e s t .  I f  t h e r e  1s a  n e t  removal  o r  a d d l t l o n  o f  
e n e r g y  o v e r  a n  a n n u a l  c y c l e  t h e n  t h e  ground 

(b )  VERTICAL t e m p e r a t u r e  w i l l  m n t i n u e  t o  change  y e a r l y .  I n  t h e  
r n r t h e r n  climates, where  o n l y  h e a t l n g  o c c u r s ,  t h e  
ground may f r e e z e  a round  t h e  e a r t h  all. I f  t h e r e  

F i g u r e  1. Types o f  C lo sed  Loop Sys t ems  Is  rnt sufficient h e a t  a d d i t l o n  t o  t h e  ground 
exchange r  d u r i n g  t h e  summer, e l t h e r  f rom t h e  sun- 
warmed s u r f a c e  s o i l  o r  o t h e r  means ,  t h e n  t h e  s o i l  
may n o t  thaw b e f o r e  t h e  b e g l n n l n g  o f  t h e  n e x t  
h e a t l n g  s e a s o n .  I f  t h l s  m n t l n u e s  e a c h  y e a r  t h e  
I c e  formed a round  t h e  ground exchange r  w i l l  
m n t l n u e  t o  i n c r e a s e  i n  slze and  t h e  h e a t l n g  
per formance  o f  t h e  sy s t em w i l l  d e c r e a s e  e a c h  
y e a r .  A s l m i l a r  o p p o s l t e  s l t u a t l o n  m u l d  e x i s t  i n  
a r e a s  where t h e  c o a l i n g  c y c l e  domina t e s .  

DETKRHINATIQI OF SOIL RESISTANCX 

(a) OERlE8 (b) PARALLEL 

F l g u r e  2 .  M u l t i p l e  C lo sed  Loop V e r t i c a l  C o u p l i n g  
S y s  tems 

EARTH TEWERATURE VARIATIONS 

E a r t h  t e m p e r a t u r e s  have a s l g n l f l c a n t  e f f e c t  
o n  t h e  per formance  o f  ground m u p l e d  sy s t ems .  The  
y e a r l y  a v e r a g e  o f  t h e  d a i l y  amb len t  t e m p e r a t u r e s  a t  
a s p e c l f i c  l o c a t i o n  is a p p r o x l m a t e l y  t h e  same a s  
t h e  deep  ground t e m p e r a t u r e  a t  t h a t  l o c a t l o n .  The 
t e m p e r a t u r e  o f  t h e  e a r t h  a t  a g l v e n  d e p t h  Is n o t  
o n l y  dependent  o n  a v e r a g e  ambient  a i r  t e m p e r a t u r e  
and t h e  annua l  e a r t h  t e m p e r a t u r e  swlng  b u t  is 
g r e a t l y  a f f e c t e d  by t h e  t y p e  o f  s o i l .  A s  t h e  d e p t h  
1 s  l n c r e a s e d ,  t h e  t e m p e r a t u r e  v a r i a t l o n s  d e c r e a s e  
and  t h e  phase  l a g  compared to t h e  s u r f a c e  
t e m p e r a t u r e  1s I n c r e a s e d .  The  annua l  t e m p e r a t u r e  
r ema lns  c o n s t a n t  a t  a v a l u e  Tm at l n c r e a s e d  
dep th .  Equa t l on  1 c an  be used  to c a l c u l a t e  t h e  
e a r t h ' s  u n d l s t u r b e d  t e m p e r a t u r e  a t  a g i v e n  d e p t h  
f o r  a  s p e c l f l c  l o c a t l o n  and  tlme o f  yea r  ( 2 ) .  

The  o p e r a t l o n  o f  a  g round -mup led  h e a t  pump 
sys t em depends  o n  t h e  h e a t  t r a n s f e r  between t h e  
ground m u p l l n g  d e v l c e  and  t h e  s u r r o u n d l n g  s o i l .  
T h i s  h e a t  t r a n s f e r  d e t e r m i n e s  tww c l o s e l y  t h e  
c l r c u l a t l n g  f l u l d ,  r e t u r n i n g  t o  t h e  h e a t  pump, c a n  
app roach  t h e  l o c a l  ground t e m p e r a t u r e .  T h i s  h e a t  
t r a n s f e r  1s m n v e n l e n t l y  d e s c r l b e d  i n  t e rms  o f  a  
tlme dependent  t h e r m a l  r e s i s t a n c e  between t h e  
c i r c u l a t i n g  f l u l d  i n  t h e  b u r i e d  p l p e  and  t h e  
u n d i s t u r b e d  s o l l .  T h i s  m n c e p t  o f  r e s i s t a n c e  
s l m p l i f l e s  t h e  description o f  t h e  e n t l r e  subground 
sy s t em - t h e  f l u l d ,  t h e  m u p l l n g  d e v i c e  and  t h e  
s o l l  s u r r o u n d i n g  t h a t  dev i ce .  T h i s  r e s l s t a n c e  
i n l ro lve s  t h e  makeup o f  t h e  p l p e  s y s t e m  a s  w e l l  a s  
t h e  characteristics o f  t h e  s o i l .  

The  r e s i s t a n c e  o f  t h e  s o i l  is u s u a l l y  a  
domlnant  f a c t o r  i n  t h l s  o v e r a l l  t he rma l  r e s l s t a n c e  
a n d  t h e  effect is sometimes r e f e r r e d  t o  a s  t h e  
t q s o l l  r e s i s t a n c e v .  A b e t t e r  d e s c r l p t i o n  f o r  t h e  
a p p a r e n t  t h e r m a l  r e s l s t a n c e  be tween t h e  o u t e r  
exchange r  s u r f a c e  and  t h e  u n d l s t u r b e d  ground might  
be ' I f l e l d  r e s i s t a n c e " .  To a c m u n t  f o r  t h e  
t r a n s l e n t  behav lo r  o f  t h e  s y s t e m ,  t h l s  f i e l d  
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r e s i s t a n c e  i n  t h e  s o l l  is m n s l d e r e d  t o  change w i t h  
t h e ,  even t b u g h  a l l  s o i l  p r o p e r t i e s  might be 
m n ~ t a n t .  The f i e l d  r e s l s t a n c e  I n  t h e  so11  s b u l d  
not be mnfused  wi th  s o i l  r e s l s t l v l t y  whlch I s  a 
t r u e  p rope r ty  o f  t h e  3011. The r e c l p r o c a l  of 
r e s l s t i v l t y  1 s  t h e  thermal  w n d u c t l v l t y ,  which i s  
a l s o  a p rope r ty .  

The thermal w n d u c t l v l t y  o f  m s t  3011s I s  
h i g h l y  dependent upon t h e  m o l s t u r e  a n t e n t  o f  t h e  
3011 and may undergo a s e a s o n a l  change dependlng o n  
t h e  c l lma te  and t h e  h l s t o r y  o f  h e a t i n g  and c o o l l n g  
t h a t  t h e  ground m u p l i n g  d e v i c e  has  undergone. 
When a p lpe  1s  transferring h e a t  t o  t h e  3011, 
m l s t u r e  t ends  to  be d r i v e n  away from t h e  v l c i n l t y  
o f  t h e  plpe.  When t h e  p i p e  is c o o l i n g ,  s o l l  
mo l s tu re  is  drawn toward t h e  p lpe .  Thus,  o n e  mlght 
e x p e c t  s o l l  drybut  and i n c r e a s e d  r e s l s t a n c e  t o  h e a t  
t r a n s f e r  t o  be a d e f i n i t e  p s s l b l l l t y  n e a r  t h e  end 
of  a d ry  c o o l i n g  s e a s o n ,  but to be of  rn m n c e r n  t o  
h e a t l n g  o n l y  h e a t  pump s y s  terns. 

A m e t b d  f o r  estimating s o l l  r e s l s t a n c e  w l l l  
mw be developed. I n g e r s o l l  and P l a s s  ( 3 )  have 
shown t h a t  t h e  Kelvln  l l n e  s o u r c e  t h e o r y  can be 
used t o  e s t l m a t e  t h e  change i n  t empera tu re  o f  a 
bur l ed  p i p e  I n  whlch h e a t  is be lng  absorbed o r  
r e j e c t e d .  The t h e o r y  has  been widely  used I n  
ground-mupl lng d e s i  gn, and when used pro pe r1  y 
appea r s  t o  g lve  u s e f u l  r e s u l t s .  I t  is especially 
u s e f u l  f o r  showing t r e n d s .  The e q u a t i o n  1 s  u s u a l l y  
expres sed  a s  

Values o f  I ( X )  f o r  X < 0.2 a r e  g lven  a t  t h e  t o p  o f  
T a b l e  1.  The s o l l  thermal  d l f f u s i v l t y  ( a )  1 s  a 
d e f l n e d  p r o p e r t y  and I s  t he  r a t i o  of  t h e  the rma l  
a n d u c t l v i t y  (ks) and t h e  h e a t  c a p a c l t y  ( p c ) .  
T h e r e f o r e  t h e  t h r e e  s o l l  p r o p e r t l e s  thermal  
a n d u c t l v i t y  ( k S ) ,  d e n s l t y  ( p )  , and s p e c i f i c  h e a t  
( c )  must be krown o r  e s t l m a t e d  t o  p r e d l c t  t h e  
thermal  behavior  o f  g m  und h e a t  exchangers .  

Equa t lons  2 o r  3 may be used t o  g l v e  an 
e s t l m a t e  o f  t h e  t empera tu re  a t  t h e  bu r l ed  p lpe  
o u t e r  s u r f a c e  a t  a g lven  t lme  f o r  a known h e a t  f low 
r a t e .  The s p e c l f l c  assumpt ions  used i n  Equa t ions  2 
and 3 a r e :  

1. S o l 1  p r o p e r t l e s  a r e  unlform and m n s t a n t ,  
i .e., s o l l  thermal  w n d u c t l v l t y  . d e n s l t y  
and s p e c l f l c  h e a t  remaln m n s t a n t  f o r  a l l  
dep ths  and time. T h l s  assumpt lon i s  
l l m l t e d  by whether s l g n l f l c a n t  changes  i n  
m o l s t u r e  may o c c u r  and whether t h e  s o l l  may 
be non-uniform. 

2. The h e a t  f low r a t e  per u n i t  o f  p ipe  l e n g t h  
I s  m n s t a n t  o v e r  t h e  t h e  pe r lod  ( t l ) .  
T h i s  1 s  m t  t h e  u s u a l  m n d l t i o n  i n  hea t  

pump o p e r a t i o n ,  s i n c e  most u n l t s  c y c l e  o n  
and o f f  i n  a n  I r r e g u l a r  manner. 

3. The h e a t  s i n k / s o u r c e  is a n s i d e r e d  t o  be a 
.. l l n e  s o u r c e ,  1 . .  ve ry  l o n g  and o f  

ext remely s m a l l  d l ame te r .  T h l s  assumption 
can be met t o  a @od approximation by most 
sys tems.  

T a b l e  1.  Values o f  t h e  I n t e g r a l  1(X) f o r  Var lous  
Values  o f  X 

( F o r  X  < 0.2, I (X)  = 2.303 l o g l O  l / X  + x2/2 - 
x4/8  - 0.2886.) 

I n  a d d i t l o n  t o  b w  w e l l  t h e  above assumpt lons  
f i t  and how well t h e  h e a t  f low r a t e  I s  known, t h e  
accuracy  o f  t h e  s o l u t l o n  w l l l  depend upon t h e  
r e l i a b i l i t y  o f  t h e  available thermal  a n d u c t 1  v i t y  , 
d e n s l t y .  and s p e c i f i c  h e a t  d a t a .  The extreme s o i l  
m n d l  t i o n s  (minimum m o i s t u r e  m n t e n t ,  e t c  .) , h e a t  
pump c h a r a c t e r i s t l c s .  t e m p e r a t u r e  1 l m l t a t i o n s  and 
b u i l d i n g  l o a d s  w i l l  de t e rmine  t h e  r e q u l r e d  ground 
exchanger  l e n g t h .  

The t i m e  ( t l )  i n  Equa t lons  2 o r  3 1 s  measured 
from t h e  beg lnn ing  o f  t h e  h e a t l n g / w o l l n g  s e a s o n  tn 
t h e  tlme where "des lgn  m n d i t l o n s ~ ~  o c c u r ,  
presumably t h e  h o t t e s t  o r  c o l d e s t  day a n t l c i p a t e d  
l a t e  I n  t h e  s e a s o n  when s o l l  m n d i t l o n s  a r e  a t  
t h e i r  wors t  due  t o  t h e  cumulative e f f e c t s  of 
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opera t ion .  The bes t  es t imate  would be t h e  t ime t o  
t h e  l a s t  'vmaximwnlv d a i l y  demand of t h e  seasons,  
obtained from a d a i l y  es t imat ion  o f  the bu i ld ing  
heat gal n / l o s s  . 

Equations 2 and 3 assume a uniform heat  flow 
r a t e  per uni t  of  pipe leng th  ( see  assumption 1 2  
a b v e ) .  Since t h i s  is r a r e l y  t r u e  i n  an a c t u a l  
heat  pump system one would n a t u r a l l y  quest ion h3u 
t h e  equat ions might be used and whether any r e s u l t s  
obtained muld  be meaningful. I t  has been found 
through a l a r g e  number of mmputations using 
Equations 2 and 3 t h a t  long  term buildup e f f e c t s  of 
heat ing can be c l o s e l y  approximated by assuming 
t h a t  a l l  of the  heat  input  (o r  removal) occur r ing  
during t h e  previous par t  o f  the season has occurred 
a t  a  uniform r a t e ,  with t h e  t o t a l  input  ( o r  
removal) equal to  t h e  ac tua l  t o t a l .  The fol lowing 
opera t iona l  m n d i  t i o n s  a l so  a f f e c t  t h e  temperature 
cycle: 

1 .  The heat  r e j e c t e d  during t h e  a o l i n g  season 
m n s i s t s  of t h e  bu i ld ing  load plus t h e  heat  
energy required t o  dr ive the  heat pump 
s y s t m .  

2. During hea t ing  c y c l e s ,  t h e  heat  energy 
supplied t o  the  bui lding is t h e  energy from 
t h e  ground plus t h e  heat  energy requi red  t o  
d r i v e  the  heat  pump system. 

The sb r t  term e f f e c t s  of  cyc l ing  can be 
superimposed on  t h e  long term s o l u t i o n s  t o  give 
temperature p red ic t ions  tha t  a r e  accura te  enough 
f o r  design purposes. Thus t h e  Kelvin l i n e  source 
theory has been found t o  be a  useful  t o o l  f o r  
determining t h e  temperature d i f fe rence  between t h e  
o u t e r  sur face  o f  a  ground m u p l i n g  devlce and t h e  
undisturbed e a r t h  temperature as  t h e  season 
progresses . 

Because i t  is  the  c i r c u l a t i n g  ( r e t u r n )  water 
temperature t h a t  is of  i n t e r e s t ,  and not t h e  pipe 
ou te r  sur face  temperature,  one must a l s o  consider  
t h e  temperature changes i n  t h e  f l u i d  and across  t h e  
pipe wall .  I t  w i l l  be convenient t o  introduce the 
mncept  of r e s i s t a n c e  to make these  ca lcu la t ions .  
Equation 3 can be rearranged i n  t h e  fol lowing form: 

2nks 
L e t t i n g  4 - Q'L and U S  - - I (X)  

S o i l  res i s tance  R s  i s  defined a s  the 
rec iproca l  o f  t h e  mnductance, US,  o r  

R is t h e  s o i l v s  r e s i s t a n c e  to heat  flow, which. 
l t k e  Us, is dependent upon o p e r a t i n g  t ime,  s o i l  

type,  and moisture m n t e n t .  Once the s o i l  
r e s i s t a n c e  is determined the  pipe r e s i s t a n c e  and 
mnvec t ive  r e s i s t a n c e  o f  the f l u i d  flowing i n  pipe 
can be added t o  give an o v e r a l l  r e s i s t a n c e  to  heat 
t r a n s f e r  between t h e  f l u i d  and t h e  undisturbed 
ground . 

The Kelvin l i n e  source m e t b d  assumes t h a t  the  
source o r  s ink is i n  an i n f i n i t e  homgeneous 
mnduct ing medi-m. The m e t b d  gives the 
temperature d i s t r i b u t i o n  with time i n  t h e  s o i l  
around a  pipe with accep tab le  accuracy when t h e  
pipe is f a r  from the  ground s u r f a c e  o r  o t h e r  pipes 
t h a t  may be hea t lng  o r  m o l i n g .  Ver t ica l  ground 
coupling devices usual ly r e q u i r e  o n l y  minor 
m r r e c t i o n s  due t o  ground s u r f a c e  e f f e c t s .  The 
nearby presence of the  ground s u r f a c e  f o r  
b r i m n t a l  systems. and t h e  presence o f  nearby 
pipes f o r  both b r i m n t a l  and v e r t i c a l  systems 
requi res  t h a t  t h e  l i n e  source m e t b d  be m d i f i e d .  

I f  one a s s m e s  t h a t  t h e  buried pipe is near an 
a d i a b a t i c  s u r f a c e ,  t h a t  is a s u r f a c e  across  which 
t h e r e  is no hea t  f low,  then one has a  semi- in f in i te  
medium ins tead  o f  the i n f i n i t e  medium which was 
assumed f o r  t h e  l i n e  source m e t b d .  The s o l u t i o n  
f o r  t h i s  case is obta ined  by imagining t h a t  an 
image o r  mirror  source of t h e  same s t r e n g t h  a s  t h e  
o r i g i n a l  source e x i s t s  i n  a  matching semi- in f in i te  
medium and is a t  an equal d i s t a n c e  o n  t h e  o t h e r  
s i d e  o f  t h e  a d i a b a t i c  s u r f a c e .  The two systems 
toge ther  then cons i s t  of t m  p a r a l l e l  l i n e  sources  
of  equal s t r e n g t h  i n  an i n f i n i t e  medium with an 
a d i a b a t i c  sur face  an equal  d i s t a n c e  from each 
source.  Since t h e  l i n e  sources  a r e  o f  equal 
s t r e n g t h  it  can be seen t h a t  t h e  plane which is 
equal d i s tance  from each must be a d i a b a t i c  because 
of  symmetry. 

The temperature d i s t r i b u t i o n  (and thus  the  
r e s i s t a n c e )  a t  any time can be obtained by so lv ing  
f o r  t h e  temperature around each source  assuming i t  
is i n  an i n f i n i t e  medium and ignor ing  t h e  o t h e r  
source. The two s o l u t i o n s  a r e  then added t o  give 
an approximation f o r  t h e  temperature d i s t r i b u t i o n  
f o r  a  s i n g l e  pipe near an a d i a b a t i c  sur face .  

The above m e t b d  m u l d  be used t o  determine 
the  temperature d i s t r i b u t i o n  and t h e  s o i l  thermal 
r e s i s t a n c e  around a buried b r i z o n t a l  pipe. The 
asswnption t h a t  t h e  s u r f a c e  o f  the ground is 
a d i a b a t i c  is not e x a c t l y  t r u e  i n  every case but 
appears  c l o s e  t o  t h e  a c t u a l  cnndi t ion  i n  t h e  
c r i t i c a l  seasons of hea t lng  and cooling. During 
t h e  m o l i n g  season f o r  example, t h e  e f f e c t  of  the  
hot ambient a i r  and s o i l  temperatures near the  
sur face  is t o  make much o f  t h e  hea t  flow from the  
pipe i n t o  the  ground. 

So lu t ions  a l s o  e x i s t  f o r  heat  t r a n s f e r  from a 
pipe o r  pipes t o  a  plane isothermal  sur face .  This  
condl t lon  e x i s t s  with buried pipes t h a t  a r e  gaining 
o r  l o s i n g  heat  with t h e  s u r f a c e  of the  ground 
(which is assumed t o  be a t  some m n s t a n t  
temperature) .  T h i s  s i t u a t i o n  would be more l i k e l y  
t o  e x i s t  when t h e  pipe and deep s o i l  temperature 1s 
g r e a t l y  d i f f e r e n t  from t h e  s u r f a c e  o r  ambient 
temperature. 
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Solut ions f o r  the lmthermal  sur face  case  a r e  
a l so  obtained by using t h e  l i n e  i n t e g r a l  m e t b d  and 
t h e  m e t b d  o f  images. In  t h e  isothermal  case 
however t h e  image o r  mirrsr is assumed to be a  
s ink ,  with equal s t r e n g t h  but of  oppos i te  s ign  t o  - 
t h e  o r i g i n a l  l i n e  source. The a d i a b a t i c  assumption 
gives decreasing thermal r e s i s t a n c e  values a s  the 
pipe is buried more deeply whereas t h e  isothermal  
a s s m p t i o n  gives thermal r e s i  s tance  values t h a t  get 
l a r g e r  with increas ing  depth of b u r i a l .  

I n  most b r i m n t a l  ground mupled systems 
t h e r e  is s u b s t a n t i a l  heat  t r a n s f e r  downward i n t o  
t h e  e a r t h  a s  well a s  some heat flow upward t o  t h e  
sur face .  The i g m r i n g  of  heat  t r a n s f e r  downward o r  
to t h e  sur face  is Likely t o  l ead  t o  some o v e r J i z i n g  
ground coupling systems. A conservat ive 
c a l c u l a t i o n  would assume t h a t  t h e  ground sur face  i s  
ad iaba t ic .  The ground s u r f a c e  e f f e c t s  would be 
ob ta ined  by using the  mlrror  image pipe o f  the  same 
s t r e n g t h  and the  same s ign  as the buried pipe. 
Thus the presence o f  a ground sur face  would make 
t h e  s o i l  r e s i s t a n c e  l a r g e r  than t h a t  f o r  a  pipe 
buried inf i n i t e l y  deep. This  s o i l  r e s i s t a n c e  w i l l  
decrease as t h e  pipe is buried more deeply. 

Using s u p e r p s i t i o n  f o r  t m r i m n t a l  exchangers, 
Equation 3 is m d i f i e d  to give: 

For t h e  buried pipe use o f  the  plus  o r  minus 
s ign  depends upon whether t h e  a d i a b a t i c  o r  
isothermal a s s m p t l o n s  is used. Values o f  s o i l  
r e s i s t a n c e  f o r  var ious piping arrangements a r e  
given i n  re fe rences  ( 2 )  and ( 4 ) .  

The placing o f  mul t ip le  pipes i n  a  s i n g l e  
t rench  decreases t h e  l e n g t h  of t rench  requi red  
ampared to a  s i n g l e  pipe system. Because o f  
thermal i n t e r f e r e n c e  between pipes i n  near  
proximity, t h e  t o t a l  l e n g t h  of  pipe requ i red  f o r  
t h e  mul t ip le  pipe system i s  g r e a t e r  f o r  t h e  same 
e a r t h  m i l  load.  The l e n g t h  of  pipe requ i red  w i l l  
vary with the  diameter o f  t h e  pipe spacing and s o i l  
p roper t i es .  The r e s i s t a n c e  of  m u l t i p l e  pipes can 
also be determined by using the  superpos i t ion  of 
l l n e  source s o l u t i o n s .  The equat ions a r e  o f  the  
same form a s  Eq. 7 ,  using t h e  a d i a b a t i c  assumptlon, 
and a r e  app l ied  w n s e c u t i v e l y  t o  a  pipe f o r  each 
surrounding pipe. Symmetry usual1 y reduces t h e  
work somewhat. The r e s u l t  is an increased  pipe 
temperature f o r  a  given heat  f l u x  from m u l t i p l e  
pipes. This  can be r e l a t e d  to  increased s o i l  o r  
f i e l d  r e s i s t a n c e  f o r  t h e  ground a u p l e d  a r r a y .  
When wmpared t o  t h e  soil r e s i s t a n c e  o f  a  s i n g l e  
pipe buried a t  t h e  same depth i n  t h e  same s o i l  a  
reduction r a t i o  can be determined. The reduc t ion  
r a t i o  is a r a t i o  of t h e  t rench  l e n g t h  requ i red  f o r  
a  m u l t i p l e  pipe system ampared  t o  a  s i n g l e  pipe 
system f o r  t h e  same load. I f  a  s i n g l e  pipe system 
required 1000 f e e t  of  t rench and t h e  reduc t ion  
r a t i o  f o r  two pipes i n  a  t rench  is 0.57, t h e  t rench  
leng th  f o r  a  two pipe system would be 1000 x 0.57 
570 f e e t .  The pipe l e n g t h  requ i red  is 11 40 f e e t .  

Drier, l e s s  w n d u c t i v e  soil w i l l  r e s u l t  11  
lower performance of  s i n g l e  pipe i n  comparison t c  
mul t ip le  pipe systems. This  is a r e s u l t  of greater 
thermal i s o l a t i o n  by t h e  l e s s  mnduct ive s o i l  
between t h e  pipes.  I n  g e n e r a l ,  a s  the s o i l  bemmer 
d r i e r ,  l a r g e r  diameter pipe and mul t lp le  pipes 11 
t h e  same t rench  i n d i c a t e  improved thermal 
performance. Based on  thermal a n a l y s i s ,  ewnomlc 
a n a l y s i s  t h a t  m n s i d e r s  a s  ts assoc ia ted  w i  t l  
t r ench ing ,  pipe and labor  m s t s  w i l l  d i c t a t e  thi 
e a r t h  exchanger m nf lgura t ion .  

The v e r t i c a l  ground mupled  system sometime! 
shws an advantage o v e r  t h e  b r i m n t a l  system: 
because ground sur face  e f f e c t s  a r e  l e s s .  11 
a d d i t i o n  the v e r t i c a l  system o f t e n  has a  largr  
por t ion  o f  its l e n g t h  below the  water t a b l e ,  givinl  
low s o i l  r e s i s t a n c e  e f f e c t s ,  and is o f t e n  helped b! 
ground water movement. 

I t  i s  d i f f i c u l t  to w n s t r u c t  a  v e r t i c a l  syster 
t h a t  is  f r e e  of  p lpe  i n t e r f e r e n c e  e f f e c t s  (therma: 
s h r t  c i r c u i t i n g )  s i n c e  both r e t u r n  and de l iver ;  
p ipes  must be placed i n  t h e  same b l e .  Heat 
t r a n s f e r r i n g  between t h e  descending and ascending 
pipes reduced performance, and t h i s  e f f e c t  
increases  with l e n g t h  of  b l e .  The s b r t  
c i r c u i t i n g  e f f e c t  is usua l ly  small enough, mmpared 
t o  t o t a l  heat exchange, t o  make t h i s  system 
performance accep tab le .  

Ver t ica l  ground heat  exchanger piping 
conf igura t ions  can be c l a s s i r i e d  a s  U-tubes, 
d iv ided  tubes ,  and a n c e n t r i c  tubes ,  Figure 3. The 
heat  exchanger was f a b r i c a t e d  Prom PVC with 
in te rconnec t ing  piping o f  p l y e t h y l e n e .  Divlded 
v e r t i c a l  tubes a r e  s u b j e c t  t o  r e l a t i v e l y  high s h o r t  
c i r c u i t  heat l o s s  when used i n  p a r a l l e l  flow 
arrangements. I n  s e r i e s  flow p a t t e r n s  t h e  
temperature d i f fe rence  between t h e  up and &wn 
tubes i s  smal le r  than i n  the  p a r a l l e l  arrangement 
and s-brt c l r c u i t i n g  is  l e s s  s i g n i f i c a n t .  
PVC (k - 0.08 Btulhr-f t  OF) is a b e t t e r  mate r ia l  
f o r  a  flow d iv ider  than Polyethylene (k  = 0.23). 

HEAT TRANSFER PIPE CONFIGURATIONS 

(a) 'U' TUBE8 

Figure  3. V e r t l c a l  
(b) DIVIDED TUBE (c) CONCENTRIC 

TUBE8 
~ r o i d  Heat Exchariger Pipe 

Configurat ion 
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U-tube mnf lguratlons have been f abrlcated 
from pipe s lzes  ranglng Prom 3/4 to 2 Inches, and 
depth range from 50 to 600 fee t  In toth se r l e s  and 
parallel systems. Heat exchanger bore length range 
from 150 to  200 fee t  of wetted tore  hole per ton of 
heat pump capaclty. Flgure 4 describes several  U- 
tube and concentr ic type  heat exchangers atudled by 
Kavanaugh a t  Oklahoma S t a t e  Unlverslty (5). 
Concentrlc type heat exchangers are generally of 
larger outslde dlameter and w l l l  have a larger  
Llquld mlume. The larger dlameter pipe w l l l  
r e su l t  In lower f l e l d  reststance and the  larger  
water volume w l l l  r e su l t  In smoothing the transient  
peaks when cycllng. 

/ 
HIGHLY ORGANIC AND 
PEATY SOILS FALL 
ABOVE THIS LINE SOIL PROPERTIES 

\C rCOHESIVE SOIL I Solutions to the Kelvln equations show the 
s o i l  thermal conductlvlty to be the s lngle  most 
slgnif  lcant fac tor  1 n determlnl ng s o l l  thermal 
resistance.  Flgure 5 shows that  the  thermal 
mnductlvlty of several solLs is re la t lve ly  
mnstant ( f l a t  portlon) fo r  a range of molsture 
levels  d3wn to a c r l t l c a l  amount (6) .  Below t h i s  
molsture l eve l ,  s o l l  r e s l s t l v l t y  increases rapldly 
for  small decreases In molsture mntent .  
Therefore, for a glven dry denslty, the et'fects on 
thermal mnductlvlty of the ground heat exchanger 
are small fo r  a range of molsture oontents down to 
a c r l t l c a l  p l n t .  For a given dry denslty,  adding 
s lgnl f icant  amounts of water above the c r l t l c a l  
molsture a n t e n t  wlll  have l l t t l e  ef fec t  on I t s  
thermal r e s l s t lv l ty .  Thermal d i f fus lv l ty  1s also 
affected by changes In denslty, however ground 
exchanger performance I s  affected more strongly by 
thermal mnductlvlty than by thermal d l f fus lv l ty .  

MOISTURE CONTENT, % 

Flgure 5. The Effect  of Molsture Content and Dry 
Density on the  Thermal Reslstance of 
So l l s ,  Salomone (6) .  

PARALLEL EARTH COUPLING DESIGNS 
WlTH THERMOCOUPLE LOCATIONS 

NOTES: I. .-DENOTE8 TliEW4OCOUPLE LOCAlIONI) 
I. ALL EARTH COUPLINOI) 100 FT. IN LENOTW 
3. P.E. -POLYETHYLENE, P.9. - POLV9UTALEYE 

6.00 I I LOUID LIMI~=  77% 
PLASTIC LIMIT -30% 

\ SHRINKAGE LIMIT = 16% 
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MOISTURE CCNTENT. % 

IIC P.E. 

I!= 
Flgure 6. Thermal Reslstance and Thermal 

S t a b l l l t y  In Terms of the Atterberg 
L i m l t s  ( 7 ) .  

3' POLYETHYLENE 
(.OR 21, 

2' POLVETHYLENE 

j j  WITH 314. CONCENTRIC WITH 314. CONCENTRIC 
PVC DIP TUBE PVC DIP TUBE 

In  Flgure 6, Salomone def lnea the thermal 
s t a b l l l t y  range as that  portlon of the m o l s t w e  
denslty curve where small changes In molsture 
mntent r e s u l t  In small changes In  s o l l  thermal 
r e s l s t l v l t y  (7) .  The determlnatlon of s o i l  thermal 
s t a b i l i t y  l l m l t s  I s  important i n  the deslgn of 
ground heat exchangers f o r  smmer mol lng load In 

Flgure 4. Vertlcal Ground-Exchangers 
Kavanaugh (5).  

Studled by 
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r e g i o n s  wl th  low mols tu re  m n t e n t s  i n  t h e  upper 
s o i l  l a y e r s .  

Salomone de f ined  t h e  c r i t i c a l  mol s tu re  m n t e n t  
f o r  both  f ine -g ra lned  and marse -g ra ined  s o i l s  I n  
terms o f  t h e i r  r e s p e c t i v e  index ( e n g i n e e r i n g )  
p r o p e r t i e s  ( 8 ) .  

He def ined t h e  approximate  c r i t i c a l  m o i s t u r e  
m n t e n t  f o r  v a r i o u s  s o l l  t y p e s ,  I n  Tab le  2. 

T a b l e  2. Approximate C r i t i c a l  Mois tu re  Content  (8) 

Granu Irr I20 to  115 1.92 lo 2.16 ' I2 
Sllls 110 co 120 1.16 10 1.92 I2 to 16 

100 10 110 1.60 to 1.16 I6 lo 22 

Thermal probe m e t b d s ,  developed to q u a n t i f y  
s o i l  thermal s t a b i l i t y  l i m i  ts f o r  underground 
e l e c t r i c  power c a b l e s .  1s accomplished by i n s e r t l n g  
a  thermal  probe i n t o  t h e  s o l l  and de te rmin ing  i f  
h igh ly  thermal  resistive soils a r e  p resen t  ( 1 0 ) .  
While t h e  work c o n s i d e r e d  c a b l e  sys t ems  w i t h  much 
higher  hea t  r a t e s  t h a n  normal ly  found i n  h e a t  pump 
ground l o o p s ,  t he1  r approacn and m n c l u s i o n s  are 
d i r e c t 1  y  a p p l i c a b l e .  

The thermal  s t a b i l i t y  was s b w n  t o  be 
independent o f  c a b l e  o  p e r a t l n g  t empera tu res  bu t  is 
dependent upon l n i t i a l  mo i s tu re  m n t e n t ,  s o i l  
d e n s i t y ,  c a b l e  d l ame te r ,  and t h e  h e a t  r a t e  pe r  u n l t  
l e n g t h .  

The c l i m a t e  is lmportant  s i n c e  i t  i n f l u e n c e s  
l o a d s  o n  t h e  b u i l d l n g  and t h e  h e a t l n g  and c o o l i n g  
requirements .  I n  many l o c a t i o n s  o n l y  h e a t l n g  is 
r e q u i r e d ,  whereas i n  o t h e r s ,  o n l y  c o o l l n g  may be 
r e q u i r e d .  Water may be used a s  t h e  h e a t  t r a n s f e r  
f l u i d  i n  t h e  ground where t h e r e  is m concern a b u t  
f r e e z i n g .  I n  m l d  c l i m a t e s  a  b r i n e  ( a n t i f r e e z e )  
must be used f o r  win te r  o p e r a t i o n .  The s o i l  may be 
an important  f a c t o r  i n  f r e e z i n g  and I n  t h e  p o s s i b l e  
e f f e c t s  o f  heaving. 

Some hea t  pumps a r e  des lgned  p r i m a r i l y  f o r  
c o o l i n g ,  o t h e r s  p r l m a r l l y  f o r  hea t lng .  S e l e c t i o n  
would l i k e l y  be f i x e d  by t h e  r e l a t i v e  r a t i o  o f  
h e a t i n g  and c o o l i n g  l o a d s .  

I n  m l d  c l i m a t e s  w i t h  l o n g  p e r i o d s  o f  low 
t empera tu res ,  t h e  h e a t  pwnp may r u n  a  l a r g e  
percentage o f  t h e  t lme.  I n  b t ,  humid c l i m a t e s ,  
t h e  l o a d s  may a l s o  be f a i r l y  m n t l n l o u s ,  and t h e  
u n l t  may c y c l e  o f f  f o r  o n l y  s b r t  p e r i o d s .  

ECOUOHtC CONSIDERATIONS 

E m m m i c  f a c t o r s  a r e  impor t an t  i n  m n s l d e r  
t h e  ground-mupled hea t  pump. The p r i c e  
a l t e r n a t i v e  f u e l s  such a s  o i l ,  propane or  n a t ~  
gas  must be cons ide red .  The l o c a l  c o s t s  
d r i l l i n g  and  d i t c h i n g  a r e  q u i t e  v a r i a b l e  and 
de te rmine  t h e  economic f e a s i b i l i t y  o f  any prop: 
sys tem.  These m s t s  t end  t o  d e c r e a s e  s h a r p l y  I 
m n t r a c t o r  e x p e r i e n c e  and wi th  l a r g e  s( 
i n s t a l l a t i o n s ,  s u c h  a s  i n  b u s i n g  developmer 
Compet i t ion between m n t r a c t o r s  have a l r c  
brought  t h e  m s t s  o f  ground m u p l e d  sys t ems  I 

s i g n i f i c a n t l y .  

The energy r equ i remen t s  o f  t h e  b u i l d i n g  
s l g n l f  i c a n t .  S m a l l ,  we l l - in su la t ed  b u i l d i n g s  I 
low h e a t i n g  and /o r  m o l  ing  ws t s  and t h e r e  is ol 
l i t t l e  j u s t i f i c a t i o n  f o r  any f ront- rend investmc 
to reduce  t h e s e  m s t s  f u r t h e r .  Ground-mu] 
d e v i c e s  t e n d  to be more e m n o r n i c a l l y  f e a s i b l e  
l a r g e  bmes and b u i l d i n g s ,  a n d  where Campi 
e l e c t r i c  r a t e s  e x i s t .  

As w l t h  many ene rgy  sys t ems  t h e r e  is t h e  u s u a l  
t r a d e o f f  between f i r s t  c o s t  and o p e r a t i n g  mst .  
F i r s t  m s t  w i l l  u s u a l l y  be cbminated by c o s t  o f  t h e  
ground exchanger ,  t h e r e f o r e  o n c e  t h e  h e a t i n g  and 
c o o l i n g  l o a d s  have been c a l c u l a t e d  and  b e f o r e  a  
m d e l  of  h e a t  pump has  been s e l e c t e d ,  a n  important  
d e c i s i o n  inws lves  t h e  s i z i n g  and l a y o u t  o f  t h e  
e a r t h  a m p l i n g  dev ice .  The c h o i c e  o f  v e r t i c a l  o r  
b r i z o n t a l ,  s e r i e s  o r  p a r a l l e l ,  s m a l l  d lameter  
v e r s u s  l a r g e  d l ame te r .  and t y p e  o f  p i p e ,  all depend 
upon m s t .  Many c o n t r a c t o r s  and d e s i g n e r s  have 
t h e i r  own r u l e s  f o r  c b o s i n g  t h e  l l bes t l l  o r  l owes t  
m s t  sys tem.  C o s t s  va ry  w i t h  tlme and l o c a t i o n ,  
and because  o f  v a r i a t i o n  i n  l o a d ,  c l l m a t e s ,  and 
s o i l  m n d l t i o n s ,  no s i n g l e  optimum des ign  o r  set o f  
d e s l g n s  can be  s p e c i f i e d .  Once a  p a r t i c u l a r  des ign  
has  been s e l e c t e d  t o  f i t  l o c a l  m n d l t i o n s  a  
s u i t a b l e  l e n g t h  o f  p i p e  can be specif ' ied whlch w i l l  
permit  o p e r a t i o n  o f  t h e  h e a t  pump w i t h i n  some 
s p e c i f i e d  maximum and minimum e n t e r i n g  water  
t empera tu re  (EWT) . 
CONCLUDING REmRlCS 

I t  is d i f f i c u l t  to d e s i g n  a l e a s t  m s t  sys tem 
because  i t  i n v o l v e s  a lmost  an  i n f i n i t e  number o f  
c h o i c e s ,  and i t  r e q u i r e s  p r e d l c t i o n  o f  performance 
a t  e v e r y  m n d l t i o n  under whlch i t  w i l l  o p e r a t e .  
The l a t t e r  p r e d l c t i o n  r e q u i r e s  more s k i l l  and much 
more m m p u t a t i o n  t h a n  t h e  more e a s i l y  o b t a i n e d  
p r e d i c t i o n  o f  performance o f  a  g iven sys tem a t  t h e  
imposed extreme m n d l  t l o n s .  

O p t i m i z a t i o n  i n  t e rms  o f  l o w e s t  l i f e  c y c l e  
c o s t ,  r e q u i r e s  t h a t  t h e  performance o f  t h e  sys tem 
be s i m u l a t e d  under realistic o p e r a t i n g  
m n d i t l o n s .  T h l s  i n  t u r n  i m p l i e s  t h e  u s e  o f  
numerical  m e t b d s  and dig1 t a l  computers.  I t  a l s o  
r e q u i r e s  t h a t  g o d  weather  d a t a  be a v a l l a b l e ,  t h a t  
t h e  dynamic performance o f  t h e  e n t i r e  sys tem 
( b u i l d i n g ,  h e a t  pump and ground exchanger )  can be 
s i m u l a t e d ,  and t h a t  bo th  p r e s e n t  and f u t u r e  
e l e c t r i c a l  c o s t s  be a v a l l a b l e  o r  p r e d i c t e d  wi th  
some r e a s o n a b l e  r e l i a b i l i t y .  
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