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ABSTRACT 

A detailed study on a down-hole coaxial heat 
exchanger has been carried o u t  using a numerical 
simulator for a simplified model of a well. The 
dependence of the thermal o u t p u t  on certain para- 
meters, such as degree of thermal insulation of 
the inner pipe, f low rate,  inlet  water 
temperature, geothermal gradient and well depth i s  
evaluated. The main result i s  t h a t  an insulating 
inner pipe could increase thermal o u t p u t  
significantly in comparison with a steel inner 
p i  pe. 

o u t p u t  than t h a t  w i t h  conventional steel inner 
pipe. Results of several model simulation runs are 
presented t o  show the long-term change of thermal 
o u t p u t  of the system as a function of time. 

As the f i r s t  step, the thermal energy extracted 
by th i s  system w i l l  be limited t o  direct use such 
as space heati ng , agricultural and i ndustri a1 
purposes. However, we consider i t  worthwhile i o  
explore the applicability of th i s  system t o  
small-scale power generation, which might be 
justif ied for economical use on an island where 
geothermal gradient i s  higher t h a n  normal and fuel 
supply for a power p l a n t  i s  very costly, for 
example. 

N U M E R I C A L  SIMULATOR 
INTRODUCTION 

I t  i s  generally recognized t h a t  there i s  no 
less possibility of finding a hot, "dry" 
geothermal resource than  t h a t  of a natural 
geothermal reservoir ( "wet" geothermal resource) 
which i s  suitable for power generation or 
mu1 t i  purpose u t i  1 i zation. Here "dry" geothermal 
resources are referred t o  such subsurface 
conditions in which formation productivity i s  n o t  
h i g h  enough t o  produce sufficient amount of h o t -  
water or water vapor t o  be used for power 
generation or direct uses, or in which no 
production of f l u i d  f r m  the formation i s  possible 
a t  a l l .  

The purpose o f  t h i s  work i s  t o  i l lus t ra te  t h a t  
there i s  a method t o  exploit hot,"dry" geothermal 
resources by a single we1 1 which penetrates i n  
non-producible h i g h  temperature formations. The 
basic idea of th i s  system i s  a modification of the 
down-hol E coaxi  a1 heat extraction scheme discussed 
in detail by Horne(1980), b u t  the difference of 
our system from his system i s  t h a t  a thermal 
insulator i s  used for the inner pipe down through 
the b o t t o m  of a well, so t h a t  we could maximize 
the energy extraction from the well. A similar 
f ie ld  experiment has been attempted by Kurasawa 
e t  a1.(1981) for a water circulation duration u p  
t o  120 hours , a l t h o u g h  they did not interpret 
their  results correctly. I n  the present report, 
using a numerical simulator we demonstrate t h a t  a 
single well reverse f low system with an insul5::sr 
as inner pipe can produce much higher thermal 

T5e computer code used j z  t h i ;  ;;ark i c ,  th: S X : ~  
as t h a t  developed by Morita e t  a1 . (1984) which i s  
employing explicit solution method t o  solve f i n i t e  
difference equations on mass and heat transfer i n  
a wellbore and i t s  surrounding formation. 

The computer code has been verified by 
comparing with an analytical solution of a problem 
given by Cars1 aw and Jaeger ( 1  959) .  Compari son of 
the computed results was also made with the f ie ld  
d a t a  of a single well circulation experiment a t  
Yakedake. Good agreement between them were 
obtained. Physical assumptions of the simulator 
used in this work are as follows: 
1 )  Heat i s  transferred on ly  by conduction i n  the 
format i on. 
2 )  Vertical component of thermal conduction i s  
neglected i n  the formation, and on ly  the f lowing  
water transports heat vertically by mass 
movement. 
3 )  Water i s  assumed incompressible and the energy 
balance for a water mass can be written by the 
fol 1 owi ng formul a: 

dE = dQ t d F / j  

where E i s  internal energy of a water mass, dQ i s  
net thermal energy i n p u t  from wellbore wall  and 
the inner pipe, and F / j  i s  the thermal energy g a i n  
due t o  fr iction by moving water i n  the wellbore. 
Friction a long  the straight portion of the well i s  
on ly  considered. Temperature dependence of 
physical properties of water i s  taken i n t o  account 
a t  every time step of the simulation. 
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4 )  Water i s  always pressurized so t h a t  no vapor 
phase i s  present i n  the wellbore. 
5 )  For the heat balance calculation between water 
within the inner pipe and water in the annul~s ,  
heat capacity of the inner pipe i t se l f  can be 
negf ected . 

MODEL STUDY 

Geometry af the well i s  shown in Fig.1. In  
the f ie ld ,  wells are mostly cased with steel pipes 
of progressively smaller diameters down the hole. 
I n  the present study, however, only one wellbore 
diameter from t o p  t o  bottom i s  employed and 
thermal effect by casing and cementing i s  not  
considered. Diameter of the well i s  215.9 mm (8 
1/2  ''1 for a l l  models in this  study, because the 
majority of p r o d ~ ~ ~ i o n  we1 1 s in Japanese 
geothermal f ie lds  are completed with this  diameter 
a t  the las t  stage o f  dri l l ing.  For the inner and 
outer diameters of the i nner pipe, 76.2 
and 127.0 mm ( 3  and 5 '' 1 are always specified. 

There are two modes of flow of water i n  the 
we1 1 bore, forward and reverse f 1 ows . "Forward" 
flow means the way in which water flows down the  
inner pipe and backs u p  the annulus. Horne~1980~ 
has shown t h a t  reverse flow i s  somewhat 
advantageous i n  extracting energy from the 
formation. We also obtained a similar results from 
a comparison between forward and reverse flows. If  
we are concerned with heat extraction using a 
single well, i t  i s  better t o  get heat from the 
entire column of the well i n  order t o  increase the 
total thermal o u t p u t  which we recover a t  t h e  
we1 lhead. I n  other words, k a t  extraction should 

t 

be made not only from high temperature, deeper 
part of the formation? b u t  also from lower 
temperature, shallower part. I n  the  case of 
reverse flow, heat extraction i s  performed in such 
a way and heat loss t o  the formation i s  smaller 
t h a n  i n  the case of forward flow. Therefore, a l l  
the simulation runs which we are discussing below 
are made for reverse flow as indicated in Fig'l. 
Physical properties o f  the formation representing 
granitic rocks i s  used as l isted in Table 1 .  

Fig.1. Configuration of the simulation model 

RESULTS 

A )  Effect o f  Insulating Inner Pipe on Thermal 
O u t p u t  (Simulations L 1  t o  L C )  

Simulations were made by changing A 
(thermal conduc~ivity of the inner pipef in an 
attempt to  establish the dependence of net heat 
extraction rate(denoted HER below) a t  the surface 
on the degree of insulation of the inner pipe. 
Four different values of X, 0.01, 0.1, 1.0, 39.6 
Kcal/m hoc ,  were used and we denote these runs as 
L 1 ,  L 2 ,  L3, and L4, respectively. Following values 
of other parameters were specified: 
Total depth of the system 

(well bore and inner pipe 3000 m 
Ground surface temperature 1 5 O C  
Inlet water temperature 15oC 
Undisturbed geothermal gradient 11 1 . 7 O C / k m  
Vol~metric flow rate 0.3 m 3 / m i n  

We set the lowest value as A =  0.01, because i t  
correspords t o  the thermal conductivity of 
conventional insulated pipes for surface 

Fig.2, Effect of thermal conductivity of 
inner pipe on temperature distribution 
in the well ( circulation period : 1 yr f 
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installation. The highest one 39.6 represents the 2 5 0 0  
thermal conductivity of ordinary steel pi pes. 

The Temperature distribution in the wellbore 
after a circulation period of one year from the - 2 o o o -  0 

Fig.2. I n  Table 2 ,  HER and ou t le t  water temperature' 
(denoted T o u t  below) are summarized for L 1  through 2 1500 - 
L4 experiments. As clearly demonstrated by these 
results, energy extraction rate i s  larger and 2 
outlet temperature i s  higher with smaller value of x 

. If the best insulating inner pipe with = ," ' O o 0 -  

0.01 i s  adopted, HER a t  t = 1 yr i s  approximately 2 
7.4 times as high as t h a t  using a steel inner 
pipe. T o u t  i s  higher by 7 4 O C .  The difference of 500 - 

rather small. I t  can be seen in Fig.2 t h a t  the 
temperature difference between the water in the I 

beginning of circulation( t=  1 y r )  i s  shown in 0 
0 

0 

0 

HER between the cases of ),= 0.1 and ),.= 0.01 i s  T h e r m a l  C o n d u c t  i r l t y  
o f  l n n s r  P i p e  : 0.01  kca l /mh"C 

0 

a smaller value of thermal conductivity of inner 
Dipe. When i s  small, the pressure of the 

50 

FLOW R A T E  ( m3/min 1 

T h e r m a l  C o n d u c t i v i t y  
o f  I n n e r  P i p e  : 0 . 0 1  k c a l / m h " C  

I I 1 I 

. .  
annulus becomes higher t h a n  t h a t  of the inner pipe 
due t o  the difference of water density. We can 
expect less power t o  circulate water in the Fig-4. Dependence of heat extraction rate at 
system. The reason of increase of HER may be t h a t  
insulated inner pipe i s  keeping the water in the 
annulus from being warmed u p  by the h o t  water 
within the inner pipe, so t h a t  larger temperature 
difference between the wellbore surface and the 
water in the annulus can be maintained t h a n  in the 
case with a steel inner pipe. And heated water B) Heat Extraction Rate and Wellhead Outlet 
comes up from the bottom t o  the surface through Temperature for Various Values of Flow Rate 
the inner pipe without cooling. 

t = 1 yr on flow rate 

(Simulations A 1  t o  A5 ) 

From these results,  effect of an insulated 
inner pipe on the enhemcement of HER and Tout i s  
apparent. Therefore, we will use h=0.01  for the 
thermal conductivity of the inner pipe for all the 
f o l  1 owi ng si mu1 a t  i ons . 

I I I I 1 
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The effect of flow rates on HER and T o u t  are 
studied by specifying physical conditions the same 
as those in the above section, except flow rate 
and thermal conductivity of inner pipe. The flow 
rates studied are 0.1, 0.2,  0.3, 0 .4  and 0.5 
mymin, which are denoted as A1 t o  A5, 
respectively. The results of these simulations are 
shown in Fig.3, in terms of the time change of 

Tout.  We summarize these results a t  t= 1 yr 
in Table 3 .  As shown in Fig.3, T o u t  
i s  characterized by the presence of a peak and 
subsequent gradual decrease. As the decreasing 
rate of T o u t  becomes smaller with time, i t  can be 
inferred t h a t  the difference of T o u t  between a t  t 
= 1 yr and t = 10 yrs i s  small. The change of 
i l E R  with time i s  very similar t o  t h a t  of Tout. 

T o u t  value decreases with increasing flow rate. 
On the other h a n d ,  HER a t  t = 1 yr for a flow 
rate of 0.5 rr?/min i s  higher by a factor of 1 .5  
t h a n  t h a t  of 0.1 m 3 /  min and higher flow rate 
generally corresponds t o  higher HER. As can be 
seen in Fig.4, however, there seems t o  be a 
c r i t i ca l  value o f  HER. HER may n o t  be increased 
t h a n  th i s  value even for a much higher flow rate.  

Fig.3. Variation of outlet water temperature 
w i t h  time 
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C) Effect o f  Geothermal Gradient and Well Depth 
(Siaulations 61 to 611) 

d i  scussed above .I 

0 )  Effect of Inlet Water T e ~ ~ ~ r a ~ u r e  

When T i n  i s  higher t h a n  the  ground surface 
temperature, there i s  a heat loss from the water 
i n  the annulus t o  the formation. I t  may be 
effective t o  install an i n ~ ~ ~ ~ t e d  casing for the 
PQrtion of the well where such heat loss i s  
expected. Hence, s ~ ~ ~ l ~ t i o n  runs were also made 
for the cases i n  which insulated casing are set 
from the surface t o  depths of 100, 300, 400 and 
5gG lii fo r  the values of T i n ,  30, 45, 60,  and 75 
(denoted TCt t o  TC4) , respectivety. These depths 
of casing shoe correspond to  the depths where 
water temperature i n  the annulus i s  close to the 
~ o ~ ~ ~ o ~  ~ ~ ~ r ~ t u r e -  ~~~~~~l c ~ n ~ ~ ~ ~ ~ ~ ~ ~ ~ ,  
specific heat, and speciffc wetght of the 
~ n ~ ~ l ~ t ~ ~  casing are a ~ s ~ ~ ~  as O e O f  k ca l l  m h 
t, 0.112 k cal/ k g T ,  and 7850 kgfm3. Here we 
e ~ ~ o ~  the same values QC specific heat and 
specific w i g h t  as those of a steel pipe, since 

ters do not affeeL the l ~ n ~ - ~ ~ ~ ~  
vior of the system. Inner and outer 

diameters of. the casing are 255.9 and 265.7 m (8 
1 /2  and 10 1 /2  'I  1 and the thermal effect due t o  
cementing behind the casing i s  not taken into 
account 

Table 4 s u ~ ~ ~ r i ~ e ~  the results of T l  to  T4 as 
well as TC1 t o  TC4 simulations i n  terms of MER and 
Tout a t  t = 1 yr .  HER i s  s i ~ n i f ~ ~ a ~ t ~ y  r ~ ~ u c e ~  
by the increase o f  inlet water tmperature: This 
u ~ s ~ r ~ ~ t i o ~  i s  not the same as t h a t  reported by 
Horne(l980) As shown i n  Table 4, Tout becomes 

for B kigtiep value ~f Tin, Outlet water 
atuw ~~~~~e~ only a l i t t l e  mre than a half 

of the change o f  T i n ,  however. The effect of 
insulated casing i s  relatively small Only about 
2.5 % increase in HER Sn comparison w i t h  the case 
without the insulated casing i s  observed for a 
condi t ion o f  T i n  = 75OC. 

( I f  3y using an ~ n ~ u ~ a t ~ d  inner pipe, thermal 
output  sf a dam-hale coaxial heat exchanger could 
be s ig~i f icant ly  increased, 

( 2 )  As ~ o r n e ( l 9 ~ 0 ~  pointed out ,  we also recomm~nd 
reverse f low as a method for recovering naximum 
heat extraction from a single well. 

( 3 )  I f  the depth of a well f s  c ~ i ; ~ t a i ? t ,  thermal 
~ u t ~ ~ t  of the system increases ~ ~ o ~ ~ r ~ i ~ ~ a l  l y  w i t h  
increasing geothermal gradient. Tf geothermal 
g r a ~ ~ ~ n t  i s  constant, the t h ~ ~ m ~ l  o u t ~ ~ t  i s  larger 
for larger value of well depth 

( 4 )  
e ~ ~ r ~ ~ ~ ~ o ~  rate becows smaller and outlet water 
temperature becomes higher b u t  i t s  increase i s  
not so large as the increase of inlet temperature. 
Effect of an insulated casing for preventing heat 
loss to the formation i s  rather small when the 

rature is  higher than the ground 
surface temperature. 

for higher inlet water temperature, net heat 

The heat extraction rate obtained i n  t h e  
present work might  not seem large e n o u ~ ~  from the 
@ ~ o n ~ ~ c ~ ~  point o f  view. Me would like to  
~~~~~j~~ t h a t  i n  our work only ~~~r~~~ c ~ ~ ~ u c t i o ~  
i s  considered as the heat transport mechanism i n  

%#MI, HOWeYW* as b 1 ~ t ~ ~ ~ *  
atcr than ws! 

have shown above, because i n  most cases heat may 
be transferred t o  the well convectively also. 
Results o f  the Lava Lake Heat Extraction 
Experiment also indicate such a possibility (Colp, 
7982). Therefore, hydraulic fracturing as a 
technique t o  enhance the formation permeab~lity may 
help increase the heat extraction rate 
s i  gn i f i cant l y , 

~ ~ ~ r ~ ~ i ~ ~  rate eoul 
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T a b l e  4 E f f e c t  o f  U t i l i z i n g  Insulated Casing o n  Thermal  O u t p u t  
f o r  V a r i o u s  I n l e t  \elater T e ~ p e r a t u r e  

Circulation Period : 1 Year 
Upper : H@O Heat t t r c t i o a  Rscte (kW) 
Lower : Ort$ i t2 .d  v P ~~~~~~~~~~~ ("C) 

so 


