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ABSTRACT 

A heat Transfer model of t h e  Annular type 
downhole hea t  exchanger (DHE) i s  presented. Based 
o n . t h i s  model and t h e  'U' tube type model 
descr ibed  by Pan (1983), *an optimum design:-of t h e  
DHE u s i n g  Powell 's method is .programmed and 
descr ibed  i n  t h i s  paper. It is analysed 
q u a l i t a t i v e l y  and some parameters of DHE and well 
a f f e c t s  on the  heat ou tput  are shown. 

Most of our count ry ' s  geothermal wells are low 
t empera t u re  a nd no n-a r t es i an. For no n-a r t es ian 
w e l l s  t h e  conventional means of c i r c u l a t i n g  the  
geothermal f l u i d s  i s  t o  use a downhole t u r b i n e  
pump, wi th  the  geo-fluids being e i t h e r  re turned  t o  
t h e  r e s e r v o i r  by a second r e i n j e c t i o n  w e l l  o r  
r e j e c t e d  a s  waste water. 
common, with r e s u l t s ,  i n  some cases , . o f  excess ive .  
drawdown of the  r e se rvo i r  and. consequent 
environmental  problems such  a s  chemical o r  thermal 
p o l l u t  ion. 

The l a t e r  i s  more 

The downhole hea t  exchanger (DHE), c o n s i s t i n g  
of a .  p ipe  system suspended in t h e  well, can  
a l l e v i a t e  t he  above mentioned problems. 
o r  c l e a n  secondary water is  c i r c u l a t e d  i n s i d e  t h e  
DHE system absorbing downhole hea t  only from t h e  
w e l l  no geothermal f l u i d  is withdrawn. 
t h e r e  are two types of DHE, namely the  'U' tube  
type  (Fig.  1 & 2) and t h e  Annular (Coaxial)  o r  
pipe in pipe type (Fig. 3). "he foxmet is t h e  
most popular i n  hea t ing  i s t a l l a t i o n s  s i n c e  i t  is 
e a s i e r  t o  i n s t a l l ,  c o n s i s t i n g  gene ra l ly  of 
s t anda rd  lengths  of mild s tee l  pipe jo ined  
toge the r  by screwed cmpl ings .  

Tap water 

Bas i ca l ly  , 

There are more than  500 homes i n  Klamath 
F a l l s ,  Oregon U.S.A. using DHE system i n s t a l l e d  i n  
s i n g l e  wells. Typica l ly  these  c o n s i s t  of a 254 mm 
diameter  wells with an average dep th  of 100 m, 
cased t o  depth with 203 mm diameter s t e e l  ca s ing  
pe r fo ra t ed  j u s t  below the  s t a t i c  water l e v e l ,  
where the temperature is about 10°C t o  t h e  bottom 
of the  a q u i f e r  where the  temperatures a r e  about ' 

95°C. Two DHE's,  using a 50.8 mm diameter loop  
a r e  used f o r  the  heating system and a 19.5 mm 
diameter p ipe  is used for  t h e  hot water system. 
C i ty  water is c i r cu la t ed  through both loops t o  
supply space hea t ing  devices and t h e  domestic ho t  
water (Bloomquist, R.G. e t  al. 1980). 

A t  Moana Reno, .Nevada U.S.A. A l l i s  (1981) 
t h e r e  are reports of a l a rge  i n c r e a s e  in t h e  rate 
of d r i l l i n g  new geothermal wells using DHE f o r  
domestic h e a t i n g  purposes,  a t  a r a t e  of about one 
every 1-2 weeks (1951). A t y p i c a l  i n s t a l l a t i o n  
c o n s i s t s  of a 200 mm diameter well d r i l l e d  to  a 
depth  between 50 t o  200 m dependant upon the  
th i ckness  of t h e  hot water aqu i f e r .  They use  a 20- 
50 mm 'U' t ube  type DHE extending the  f u l l  l eng th  
of well i n  which c i t y  suppl ied  water i s  
c i r cu la  t ed . 

In New Zealand seve ra l  DHE i n s t a l l a t i o n s  can  
be found a t  Rotorua and Taupo a c i t y  of over 400 
geothermal w e l l s  (Lorentz & Mountford 1980). 
Three wells have been d r i l l e d . t o  about 200 mm and 
f i t t e d  w i t h  D H E ' s  t o  supply hea t  f o r  space hea t ing  
and hot water a t  the '  Tauhara Col lege ,  Taupo. 

A t  Tauhara College,  Taupo, .New Zealand , t h r e e  
DllE systems preheat t h e  water t o  the o i l  f i r e d  
b o i l e r  s e rv ing  the  school  hea t ing  system. The 
b o i l e r  comes i n t o  opera t ion  t o  boost t h e  
tempera ture  of t he  water on very c o l d  days. 
1981, t h e  f i r s t  yea r  of f u l l  ope ra t ion ,  t h e  
geothermal hea t ing  system cut  f u e l  o i l  usage from 
40,000 t o  2,650 l i t r e s ,  a t  a s av ings  of $16,000. 
I f  f u e l  o i l  c o s t s  continue to  e s c a l a t e  the  
a n t i c i p a t e d  payback period f o r  t h i s  scheme is  
about 3 yea r s  (Shannon, R.J. 1982). 

I n  

Ryan, G.P. (1982) shows t h e  economical 
f e a s i b i l i t y  of a DHE system for heat ing  and 
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cooling. Based on t h e  pred ic ted  performance of 
DHE, a closed hot  kiter C i rcu la t ing  system t h a t  
fu rn i shes  space hea t ing  and h e a t s  domestic hot 
water i s  t echn ica l ly  and econauica l ly  f e a s i b l e .  
Based on a t o t a l  incrementa l  c a p i t a l  c o s t  of 
$31,000 the  savings in t he  cos t  of n a t u r a l  gas  and 
e l e c t r i c i t y  t h a t  t h e  conventional system would 
consume would gene ra t e  a simple payback of 4 
years.  
eva lua t ion ,  t h e  DHE system would save  
approximately 74,000 therms of n a t u r a l  gas  and 
500,000 k i lowat t  hours of e l e c t r i c i t y .  

During t h e  20 year system l i f e  used i n  t h e  

The l i t e r a t u r e  on DHE is not ex tens ive .  Most 
of t he  e a r l i e r  work has  o r ig ina t ed  from t h e  
s t u d i e s  of Culver and Reis tad  (1978),  centered  on 
t h e  GeoHeat Center a t  Klamath F a l l s  and the  
Univcrsi  t y  of Oregon, U. S. A m .  

The l a t e r  work i n  which l abora to ry  tests of 
f u l l  s ca l e  experimental  work and a computer 
analogy f o r  a ' U '  t ube  type DIiE have been ou t l ined  
by Pan e t  a l .  (1982) and Frees tone  & Pan 
(1983,1985). The work was c a r r i e d  out  by the  
Geothermal I n s t i t u t e  and t h e  Department of 
Mechanical Engineering a t  the  Univers i ty  of 
Auckland, New Zealand. 

These papers d e s c r i b e  a mathematical 
de r iva t ion  on Annular type DHE i n  which a hea t  
t r a n s f e r .  governing equat ion  is der ived  in orde r  to 
e s t a b l i s h  a convec t ion  hea t  t r a n s f e r  model. The 
computer s imula t ion  presented in t h i s  paper is 
based on the  'U' tube  type DHE model descr ibed  by 
Pan (1983). The major work of t h i s  s imula t ion  a r e  
(1) A model of convec t ive  hea t  t r a n s f e r  f o r  
Annular DHE and i t s  des ign  i s  l i nked  t o  the  
s imula t ion .  
t h i s  program as a method t o  achieve t h e  optimum 
DHE parameter computation. The p r i n c i p a l  
a p p l i c a t i o n  of t he  s imula t ion  l eads  t o  a n  opt iona l  
geometric parameter design f o r  ' U '  tube  type and 
Annular type D H E ' s ,  which is very use fu l  t o  ob ta in  
t h e  maximum energy output f o r  g iven  w e l l  
conditions.  Also, t h e  s imula t ion  can  be used to  
des ign  the  thermodynamic optimum DHE system before 
d r i l l i n g  to  meet a g iven  duty. 

(2) Powell 's  a lgor i thm is used i n  

A HEAT TRANSFER MODEL OF ANNULAR TYPE DHE 

A heat t r a n s f e r  model of 'U' tube type DHE i s  
o r i g i n a l l y  repor ted  i n  Culver d Reis tad  (1978). 
This work was extended and developed by Pan (1983) 
f o r  the design and eva lua t ion  of a ' U '  tube  type 
DHE. A heat t r a n s f e r  model of a n  Annular type DHE 
i s  described in t h i s  sec t ion .  Some t y p i c a l  
experimcnts f o r  an  Annular type DHE were presented 
by Pan e t  al .  (1982). The conclus ions  show t h a t  
t he  performance of t h i s  type DHE i s  comparable t o  
t h a t  of the ' U '  tube  type. Although experiments 
have been done and inves t iga t ed ,  t h e  hea t  t r a n s f e r  
mechanism has  not been analyzed i n  g r e a t  d e t a i l .  

I n  order t o  eva lua te  and des ign  t h e  Annular 
type DHE parameters,  a hea t  t r a n s f e r  model is  
requi red  and a governing equat ion  h a s  t o  be 
derived. The governing equat ions  of a f u l l  l eng th  

Annular DHE and a DHE t h a t  does not extend t h e  
e n t i r e  d i s t ance  from t h e  top to  the  bottom of the  
geothermal wells a r e  derived by applying 
conse rva t ion  of mass, monentum, and energy t o  nods 
and paths.  
t o  t he  following po in t s :  

temperature of t h e  DHE c i r c u l a t i n g  f l u i d s  are 
assumed. 

(2)  The hea t  l o s s  from the  bore hole  wall is 
neg l ig ib l e .  

(3) The na tu ra l  c i r c u l a t i n g  mass 'f low ra te  i n  
t h e  well is unres t r i c t ed .  

The model d i scussed  below cor responds  

(1) The r e s e r v o i r  temperature and t h e  i n l e t  
, 

Considerfng a n  Annular DHE t h a t  does not 
extend t h e  e n t i r e  d i s tance  from the  top t o  t h e  
bottom pe r fo ra t fons ,  t h e  conf igu ra t ion  is shown i n  
F igure  3. The r e s e r v o i r  flow is up t h e  o u t s i d e  
cas ing  and r e tu rns  back down ins ide  cas ing  by 
thermosyphon; however, t h e  c i r c u l a t i n g  water in 
t h e  DHE is down the  annulus and r e tu rns  back up 
t h e  c e n t r e  tube as t h i s  d i r e c t i o n  of DHE flow has  
achieved b e t t e r  performance t h p  the  r e v e r s e  flow 
(Frees tone  & Pan 1983). 

Since  the  pe r fo ra t ion  a t  the  bot ton  of cas ing  
would a l low t h e  coo le r  b r ine  from i n s i d e  t h e  
cas ing  t o  mix wi th  t h a t  of t he  r e se rvo i r  before  i t  
goes up t h e  ou t s ide  of t h e  cas ing ,  a n i x i n g  r a t i o  
is being used i n  the following equations.  The . 
a c t u a l  temperature of t h e  b r ine  flowing up t h e  
o u t s i d e  of t he  casing would the re fo re  be less than 
t h a t  of t h e  r e se rvo i r .  A Schematic Network model 
f o r  DHE t h a t  does not extend the  e n t i r e  d i s t a n c e  
from t h e  top t o  t h e  bottom pe r fo ra t ions  is shown 
i n  F igure  4. The Network model is based on 
modeling t h e  well and DHE system a s  a Network wi th  
two types  of flow: f l u i d  flow and hea t  f low 
alone. 
w i l l  now be e s t ab l i shed :  

The governing equat ion  f o r  t h e  Network 

Mass Conservation: 

Energy Conservation: 

<1> 

<2> 

The Mixing Ratio (&) is determined by: 

& I d  
&,=I- k 

6l is .circulating mass flow in the convection cell, 
and Madd is the mass of the hot resTrvoir flow 
additional to the convection flow. Madd also can 
be expressed: 

k(Tout-Tin) 

Ts-T3 
hdd= 

Convective motion from Culver & Reistad (1978) 

<3> 

8 
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2dZ gAiDelB 
where: W1= c 2UcAc(1-a) 5 =O <8> 

when equation <8> is solved for M, the other unkn- 
owns can be determined from the following: 

DHE length Tou t=Tin+QH/%s 
a= 

t o t a l  l e n g t h  of perforated i n t e r v a l  T3-r2-QI/r;lc, 

<lo> 

<11> 
Heat absorbed by water in the DHE, is given by: 

<4> THEORETICAL METHOD OF OPTMUM DESIGN W%i(Tout-Tin) 
I n  t h e  previous s e c t i o n ,  two kinds of DHE, h e a t  

t r a n s f e r  models were described. The mass flow rate of the convective current can I n  t h i s  s e c t i o n ,  
be calcu1ated"by taking temperature measurement '' . theoretical:  method is .discussed f o r  both 'U' tube 
within the well and the DHE end by making an energy.. . .. and Annular type DHE of a n  optimum .design based on  
balance. This leads to the following relationship: the models. 

Here the e refers to heat transfer effectiveness. 

During t h e  Annular DHE operat ing process ,  t h e  
DHE f low down t h e  annulus  (See Figure 3) t o  t h e  
bot tom absorbs heat and i t s  temperature w i l l  reach 
a r e l a t i v e l y  h ighe r  value. During the  flow up the  
inne r  tube t o  the  top of t h e  DHE, some h e a t  is  
l o s t  due t o  t h e  temperature d i f f e r e n c e  between t h e  
annulus  co lde r  i n l e t  water and t h e  inne r  tube hot 
o u t l e t  water of the DHE. The equat ion can  be 
w r i t t e n  by: 

The gain of heat transfer can also be expressed by 

<7> %=Q2 - 2a-Q2a- 14% (Ti'T3 ) 

where : 

Combine the equations mentioned above to give 
a single equation for M 

The o b j e c t i v e  of t h e  design is t o  f ind  a n  
optimum set of DHE parameters. The hea t  output  
va lue  f o r  t he  DHE system is maximumized under t h i s  
set of DHE parameters. However, t h e  r e l a t i o n s h i p  
between the hea t  output  value and the'DHE 
parameters f o r  a given cond i t ion  i s  very complex 
and i t s  d e r i v a t i v e  is not  ava i l ab le .  Optimizat ion 
of t h e  algori thum by c a l c u l a t i n g  t h e  d e r i v a t i v e s  
is unsu i t ab le ,  bu t ,  Powell ' s  algorithum without 
c a l c u l a t i n g  d e r i v a t i v e s  is very appl icable .  
Powell ' s  a lgori thum has  been descr ibed i n  d e t a i l  
by Powell (19641, Avrel (1973, 1976). 
E s s e n t i a l l y ,  Powell ' s  algorithum i s  a conjugate  
d i r e c t i o n s  method and is t h e  most e f f i c i e n t  means 
in d i r e c t  search methods. 

It is assumed that X(1), X(2),***, X(n) are 
parameters of a D E  system to be optimized, 
F(X)=l/Q(X), where Q(X) is the heat output for the 
system, X=[X(1),X(2),**.,X(n)lT. The scheme of 
optimum design for the system is obtain by the fol- 
lowing steps. 

<i> Let K=o, X&)€Rn be the starting estimated 
point of X and n linearly independent 
S , ( O ) ,  SIO), -*.Sk) 
tions are usually cl oser , i.e, 

directions 
given (the coordinate direc- 

for i=l, 2, - - - ,  n and define 

9 
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and let 

set 

and 

where al>o and a2>0 are some predetermined numbers, 
stop. otherwise, let 

x(k+l)- (It) 
0 -%+l 

f (Xik+l))=f (x$i) 
K=K+1 

then Return to (n) 

In the above precedure., the quadratic method 
is adoped for one-dimensional line searchs 

COMPUTER SIMULATION 

Culver & Reistad (1978) developed a computer 
a n a l y s i s  i n  which i t  was demostrated the  inf luence  
of a number of geometric and f lu id / the rma l  
parameters on t h e  'U' tube  type  DHE output for  a 
t y p i c a l  i n s t a l l a t i o n  of Klamath F a l l ' s  wells. It 
has  been modified and extended t o  enable  the  
design of a 'U' type DHE t o  match given w e l l  
parameters (Frees ton  & Pan 1985). 

. .  The major improvement of t h e  computer 
s imula t ion  d iscussed  i n  t h i s  p a p e r . i s  t h a t  t h e  
optimum des ign  of Annular type DHE is  considered 
and Powell 's algorithum is adopted as .ment ioned  
a b w e .  

The computer s imula t ion  programme is w r i t t e n  
fo r  t h e  IBM-XT computer using FORTRAN, under t h e  
g iven  geothermal w e l l  geometry and temperature 
condi t ions .  With t h i s  data t h e  DHE parameters and 
performance can be evaluated. A l t e rna t ive ly ,  t h e  
programme can design the'optimum DHE system 
inc luding  t h e  w e l l  t o  meet a g iven  duty. I n  
add i t ion ,  t he  programme can go t o  fou r  branches 
which are: (1) 'U' tube  type DHE w i t h  pe r fo ra t ed  
cas ing;  (2) 'U'tube type  DHE wi th  convec t ive  
promoter; (3) Annular type DHE w i t h  pe r fo ra t ed  
cas ing  and 
promoter. 

(4) Annualar type DHE wi th  convec t ive  

A method f o r  ca l cu la t ing  l i q u i d  dens i ty  as a 
func t ion  of temperature is inc luded ,  based on  
Reynolds (1981). Viscos i ty ,  s p e c i f i c  hea t ,  a d  
Prand t l  number is a l s o  ca l cu la t ed  a s  a func t ion  of 
temperature using a rou t ine  based on the  pa rabo l i c  
l e a s t  squares  f i t t i n g  of t h e  da ta  presented  in 
Rogers and Mayhew (1980). F r i c t i o n  f a c t o r  are 
c a l c u l a t e d  us ing  formulas by Church i l l ,  S.W. 
( 19 77). 

Calcu la t ion  of v e l o c i t i e s  , Reynolds number, 
f r i c t i o n  f a c t o r s ,  Stanton number and hea t  t r a n s f e r  
c o e f f i c i e n t s  can be achieved by s e t t i n g  a va lue  
f o r  t he  convection mass flow through t h e  cas ing  
and annulus o r  promoter and annulus,  from which 
t h e  var ious  non-dimensional va lues  are computed. 
The mass flow is set i n i t i a l l y  a t  4 Kg/s, t hen  the 
hea t  t r a n s f e r  c o e f f i c i e n t s  us ing  appropr i a t e  
phys ica l  p r o p e r t i e s  a r e  ca lcu la ted .  F i n a l l y ,  t h e  
W func t ion  of Culver & Reistad (1978) are 
ca l cu la t ed .  Al l  t h e  above a r e  ca l cu la t ed  i n  a 
loop ,  t h e  v a r i a b l e  f o r  t he  DHE, ca s ing  and wel .1  
are ca l cu la t ed  respec t ive ly .  . 

Overall  hea t  t r a n s f e r  c o e f f i c i e n t s  from Holman 
(1976) (p.387) a r e  determined using t h e  f i l m  
c o e f f i c i e n t s  from Per ry  & Chi l ton  (1973) (pp. 10- 
13,lS). The c o e f f i c i e n t s  f o r  t h e  cubic  equat ion  
(Culver & Reis tad  (1978), pp.44, V36 and equa t ion .  
<8> in t h i s  paper) are then ca l cu la t ed .  
output and DHE o u t l e t  temperature are obta ined  by 
assuming convection mass flow and equa t ion  <9> and 
<lo>. 
Newton's'method (Yie & Wang 1986 p.36) t o  o b t a i n  a 
new convection mass flow. The new mass flow is 
compared w i t h  initial assumed. I f '  the e r r o r  is 
g r e a t e r  t han  1.OE-6 The new value is i n s e r t e d  and 
t h e  programme reca lcu la t ed  from the  v e l o c i t y ,  
Reynolds number, etc. I f  t h e  va lue  of mass flow 
is s a t i s f a c t o r y ,  t h e  f i n a l  DHE h e a t  ou tput  is 
obtained. The above procedure is w r i t t e n  a s  a 
sub rou t ine  t h a t  is used f requent ly  i n  t h e  
procedure of DHE optimum design. 

Heat 

The cubic equation is then  so lved  us ing  

10 
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NOMENCLATURE RESULTS ANALYSIS 

According t o  computer s imula t ion ,  we can  
d iv ide  parameters i n t o  t h r e e  c l a s s e s  by in f luence  
on the  DHE h e a t  output. These classes are: 

w e l l  temperature prof i l e )  , w e l l  and cas  i ng 
parameters,  mixing r a t i o  ( o r  permeabi l i ty  of the  
r e s e r v o i r )  and casing thermal conduc t iv i ty ,  

( 2 )  DHE parameters : DHE l eng th ,  number of 
l oops ,  diameter and thermal conduc t iv i ty  and, 

(3) Operation condi t ions :  
DHE c i r c u l a t i n g  water and DHE i n l e t  water 
temperature. 

(1) Well parameters : w e l l  temperature ( o r  

mass flow r a t e  of 

I n  genera l ,  t he  h igher  r e s e r v o i r  temperatures 
and l a r g e r  w e l l  diameters a r e ,  t h e  h igher  t he  
energy e x t r a c t i o n  r a t e .  Moreover, t h e r e  e x i s t  a 
DHE l eng th  and a well cas ing  diameter under which 
o t h e r  f ixed  parameter can be used t o  c a l c u l a t e  t he  
maximum hea t  production. Increas ing  t h e  mass .flow. 
r a t e  through the  DHE inc reases  the  energy 
e x t r a c t i o n  r a t e ,  but, i t  r equ i r e s  l a r g e r  pumping 
power due to  the  increase  pressure  drop, and 
decrease  of t h e  o u t l e t  temperature which a f f e c t s  
the use r s  unfavorably. 

The above performances a r e  a l s o  confirmed wi th  
experimental  ana lys i s  shown by Pan (1983). 

The optimum DHE des ign  program can be used f o r  
e i t h e r  computing DHE ope r t ion  performances such a s  
h e a t  ou tput ,  pressure drop e tc . ,  f o r  a set of 
g iven  da ta  o r  used t o  ob ta in  a DHE system optimum 
design. 

RECOMMENDATIONS 

. The mixing r a t i o  introduced i n  the  o r i g i n a l  
work of Culver & Reistad (1978) i s  a n  a t t e m p t  t o  
account f o r  the  drawdown of the  r e s e r v o i r  
temperature due to  ex t r ac t ion  of hea t  by t h e  
DHE. It is assoc ia ted  wi th  the  permeabi l i ty  of 
t h e  r e s e r v o i r  and hea t  e x t r a c t i o n  r a t e  of t h e  
DHE. But, unfor tuna te ly  a v a i l a b l e  d a t a  is too  
l i t t l e  from these  shallow geothermal r e s e r v o i r s  t o  
make a d e f i n i t i v e  mixing r a t i o  a s  a f u n c t i o n  of 
permeabili ty.  Although t h e  r a t i o  is assumed a s  a 
matter of experience,  t h e  s imula t ion  r e s u l t s  a r e  
s a t i s f a c t o r y .  It is recommended t h a t  a 
fundamental study in t h i s  a r ea  be undertaken. 

:Cross sectional area of annulus outside casing 
:Cross sectional area inside casing without DHE 
:Cross sectional area inside casing with DHE 
:DHE annulus surface area 
:DHE centre tube surface area 
:Casing surface area 
:Thermal expension coefficient 
:Specific heat 
:Density of fluid 
:Hydrolic diameter of annulus outsid&casing; 
:Hydrolic diameter inside casing without DHE 

De3 :Hydrolic diameter inside casing with DHE 
Ffl : Fanning friction factor for outer annulus 
Ff2 :Fanning friction factor for inside casing 

Ff3 :Fanning friction factor for inside casing with 

g :Acceleration due to gravity 
M 

& 
Tj 
Ts :Initial reservoir temperature 
Tin :Inlet temperature to DHE 
Tout :Out let temperature from DHE 
U :Overall heat transfer coefficient 
Ua 
Ub 
Uc 
Ue 

without DHE 

DHE 

:Mass flow rate through casing 
:Mass flow rate through DHE 
:Water temperature at node j for Network model 

:U through the DHE annulus 
:U through the DHE centre tube 
:U through the casing without DHE 
:U through the casing with DHE 
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Figure 4. Network Model with Recirculation Figure 3. Annular DHE 
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