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The following is a very brief summary of research in sane topics of 
geothermal reservoir engineering and related matters which has been carried 
out by the writer during the past few years. A number of field data from 
geothermal reservoirs in Iceland will also be reported on. 

Type of Reservoir Flow 

Geological formations exhibit mainly two types of fluid conductivity 
or permeability, viz., ( 1 )  micropermeability due to very small intergranular 
openings and (2) macropermeabi 1 i ty due to individual fractures and other 
major openings. The first type of permeability is associated with the Darcy 
type of flow which prevails in unfractured porous clastic sediments. It i s  
characterized by laminar flow in the small openings and hence a linear 
relation (Darcy's law) between the pressure gradient and the specific mass 
flow. 
limestones and fractured sediments and is well known to be the most important 
type of flow in the majority of known geothermal reservoirs. A considerable 
literature exists on the theory of Darcy type of flow whereas much less 
attention has been devoted to fracture flow. 

Fracture flow due to macropermeability prevails in igneous rocks, 

Borehole Productivity and Pressure Drawdown in Fracture Flow 

Consider the case of a vertical borehole producing liquid phase flow 
from a horizontal fracture of constant width which is assumed to be small 
compared to the diameter of the hole. 
tion for the pressure field in the fracture around the borehole is a simple 
task and gives the following result 

The solution of the differential equa- 

hr P(r) = Po r > d/2 

where 

p(r) = pressure in the fracture at the distance r from t:he borehole axis 
p0 = undisturbed formation pressure 
q = mass flow of the borehole 
d = diameter of the borehole 
h = width of the fracture 
P 
f = friction coefficient (dimensionless) of the fracture 

= density of the liquid produced 
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At a given borehole pressure pb , equation ( 1 )  gives for the mass flow 

Equations ( 1 )  and (2) reveal two important facts. First, the pressure 
drawdown is very local. 
vails at a distance less than 2 meters from the borehole axis. 
fractures of very small widths give a high productivity. 
hole of 
pressure differential of 
These data are based on the assumption o f  turbulent flow. 
can easily be extended to gas phase flows. 
on the basis of similar methods, but there is greater uncertainty as to the 
friction coefficient f. 

In most cases, the full formation pressure po pre- 
Second, 

For example, a bore- 
d = 0.25 meters cutting a fracture of h = 10 millimeters can at a 

pomp), = 1 atm produce about 100 kg/sec of water. 
The above results 

Two-phase flows can be discussed 

Overall Permeability of Fracture Flow Formations 

Flow in fractures is laminar at sufficiently small Reynold numbers. 
Slow large scale flow within fractured reservoirs with a sufficiently high 
fracture density can therefore quite often be treated on the basis of Darcy 
flow concepts and methods. Although the flow will generally be turbulent in 
the production zones around boreholes, these deviations are usually unimpor- 
tant due to the small radius of the pressure drawdown. 

There are some difficulties encountered in measuring or estimating the 
overall Darcy type permeabi 1 i ty of fracture flow reservoirs. 
useful estimates can often be obtained in the cases where borehole production 
is sufficiently variable to cause measurable fluctuations in the drawdown of 
the ground water surface. 
consider the following much simplified case. 

Nevertheless, 

To illustrate the methodology involved, we will 

Given a half-space of homogeneous and isotropic Darcy type permeability 
k and porosity 4 ,  containing a stationary fluid with a horizontal surface and 
constant kinematic viscosity u .  A vertical well is  drilled into the solid 
and pumping of the fluid is initiated at time t=O from the depth H. 
total volume of fluid produced during a given time interval be V ,  the result- 
ing drawdown of the fluid surface at the well be d and the total drawdown 
volume be D. Assuming that d is very small compared with H, simple potential 
theoretical methods give the following estimate for the porosity of the solid 

Let the 

The permeabil i ty can be estimated by discontinuing pumping and observing 
Let the rate of recovery or velocity of upward movement of the fluid surface. 

the recovery process start with a drawdown d and an initia'l upward velocity u 
both measured at the well. 
give the following estimates for the permeability 

Simi lar methods as used to obtain equation (3)  

k = uHv4/2gd (4)  
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A v a r i a n t  o f  the method ind i ca ted  has been used t o  e s t i r m t e  the  perne- 
ab i  1 i t y  o f  the r e s e r v o i r  fo rmat ions o f  the  Reykjavik geothermal system i n  
Iceland. The r e s e r v o i r  t he re  i s  embedded i n  f lood-baoa l ts  and has a base 
temperature o f  around 1 4 O O C .  Since pumping i s  c a r r i e d  o u t  i n  a group o f  
f a i r l y  w ide ly  spaced w e l l s ,  t he  r i g h t  hand s ide  o f  equat ion ( 3 )  cannot be 
used to est imate the p o r o s i t y .  
da ta  to  est imate the  t o t a l  drawdown volume D d i r e c t l y .  However, the average 
p o r o s i t y  o f  the f l ood- basa l t s  can be est imated by o the r  means and values of 
l e s s  than one % have been obtained.  Using a value o f  1/2% and the ground 
water  surface recovery data from a s i n g l e  w e l l ,  an est imate o f  the permeabil-  
i t y  o f  3 .10- )2  m 2  (MKS u n i t )  o r  t h ree  Darcy i s  obta ined.  Thi!; i s  an apparent 
pe rmeab i l i t y  which g i v e s  o n l y  an order  o f  magnitude o f  the fo rmat ion  perme- 
a b i l i t y .  

Unfor tunate ly ,  t he re  a r e  i n s u f f i c i e n t  we1 1 

Well S t imu la t i on  

Equation (2) above shows t h a t  borehole product ion  from f r a c t u r e d  rock 
can be s t imu la ted  by ma in l y  two methods. F i r s t ,  by the lower ing o f  the  
w e l l  pressure pb which can be achieved by pumping. Second, by increas ing 
the product ion  opening o r  f r a c t u r e  w i d t h  h a t  the w e l l  w i t h  t l ie  he lp  o f  
var ious  types o f  f r a c t u r i n g  techniques. Equation (2)  i nd i ca ted  t h a t  the 
l a t t e r  method i s  l i k e l y  t o  be e f f e c t i v e .  

Both s t i m u l a t i o n  methods have been used w i t h  considerable success by 
the  Reykjavik D i s t r i c t  Heating System i n  Iceland. P r a c t i c a l  1.y a l l  producing 
w e l l s  o f  the  system a re  now pumped. 
increases the w e l l  p roduc t ion  by a f a c t o r  o f  th ree t o  f o u r .  

I n  many cases, h y d r a u l i c  f r a c t u r i n g  

Reservoir  S t i rnu la t ion  

The p r o d u c t i v i t y  o f  geothermal r e s e r v o i r s  can be s t imu la ted  t o  a vary ing 
degree by the i n j e c t i o n  o f  water i n t o  the  h o t  format ions.  Dec l i n ing  format ion 
pressure and p r o d u c t i v i t y  o f  a r t e s i a n  r e s e r v o i r s  can be p a r t i a l l y  res to red  
by a simple r e l a t i v e l y  low-pressure r e i n j e c t i o n  of e f f l u e n t  thermal waters. 
P a r t i a l  s t i m u l a t i o n  o f  t h i s  type has the advantage o f  p rov id ing  an e f f i c i e n t  
method o f  e f f l u e n t  water d isposa l .  Moreover, geoheat product ion  can be 
i n i t i a t e d  from format ions o f  low or n e g l i g i b l e  pe rmeab i l i t y  by the  i n j e c t i o n  
of water a t  s u i t a b l e  l o c a t i o n s ,  O f  p a r t i c u l a r  i n t e r e s t  i s  the i n j e c t i o n  i n t o  
l o c a l  permeabil i t i e s  provided by n a t u r a l  f r a c t u r e s ,  fo rmat ion  contac ts ,  f a u l t  
zones and d ikes .  The water i s  subsequently recovered by w e l l s  a f t e r  having 
been i n  contac t  w i t h  a s u f f i c i e n t l y  l a r g e  surface area o f  h o t  formations. 
T o t a l l y  fo rced geoheat p roduc t ion  o f  t h i s  type w i l l  i n  general r e q u i r e  a more 
advanced technology. 
no such systems a r e  now i n  opera t ion .  

The economic f e a s i b i l i t y  has y e t  t o  be es tab l i shed  and 

From the t h e o r e t i c a l  p o i n t  o f  view, r e s e r v o i r  stimulatimon, whether 
p a r t i a l  o r  t o t a l ,  invo lves  a number o f  processes which have mot been g i ven  
much a t t e n t i o n .  E l a s t i c ,  thermoelas t ic  and convect ive e f f e c t s  a r e  q u i t e  
important  b u t  r a t h e r  comp 1 ex, 
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The geoheat productivity of fractures in formations of a given tempera- 
ture can be estimated by fairly elementary means. 
of 10 to 20 years and production temperatures within 10% to 20% of the forma- 
tion temperature, a total of  10 to 20 metric tons of thermal water can be 
produced per square meter fracture area. 

Assuming operation times 

Pattern of Subsurface Flow 

A very comprehensive survey of the isotope chemistry of natural waters 
in iceland has provided interesting and important results on the overall 
pattern of ground water flow in the flood-basalt plateau of Iceland. The 
results indicate the location of the recharge areas of many geothermal sys- 
tems in the country and show that isotope chemistry can be a very bmportant 
tool in geothermal reservoir mechanics. 
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