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INTRODUCTION 

Pressure t rans ient  t es t s  are conducted on 
geothermal wel ls  i n  order t o  obtain data tha t  
can be used t o  ca lcu la te  the t ransmiss iv i ty  
(permeabil i ty- thickness product) and the sk in  
fac tor  o f  the well .  Various tes t s  can be used 
t o  obtain pressure t rans ient  data, inc lud ing 
pressure drawdown, build-up, i n j e c t i o n  and 
f a l l o f f  tests,  and inter ference tests. Here we 
are concerned with the analysis o f  nonisothermal 
i n j e c t i o n  and f a l l o f f  t e s t  data. 
data from pressure t rans ient  t e s t s  are commonly 
in terpre ted using conventional type-curve or 
graphical  analysis, which usual ly  assunes 
isothermal f l u i d  flow i n  porous media. 
geothermal reservoirs, these t e s t s  are compli- 
cated by nonisothermal behavior, fractures, and 
the  presence o f  mu l t i p l e  f l u i d  phases. 
i n j e c t i o n  and f a l l o f f  t es t s  are o f t en  favored 
f o r  the analysis o f  two-phase reservoirs,  
because they el iminate the need for assuming 
r e l a t i v e  permeabi l i t ies f o r  vapor and l i q u i d  
phases; these fac tors  are unknown a t  present. 

I n j e c t i o n  

I n  

However, 

I n j e c t i o n / f a l l o f f  data are af fected by 
nonisothermal behavior because o f  var ia t ions  o f  
temperature-dependent f l u i d  propert ies (v iscos i ty ,  
density, expansivity, and compressib i l i ty) .  Over 
a temperature range o f  20-3OO0C, some o f  these 
f l u id  propert ies can vary by more than an 
order o f  magnitude (Figure 1). 

Previous studies o f  nonisothermal pressure 
t rans ients  inc lude those o f  Tsang and Tsang 
(19781, who developed an ana l y t i ca l  model o f  
the pressure response t o  nonisothermal in jec t ion ,  
and Bodvarsson and Tsmg (19801, who studied 
pressure t rans ients  and migrat ion o f  thermal 
f r on ts  i n  f ractured reservoirs. Nonisothermal 
i n j e c t i o n  tes t s  i n  two-phase reservoirs have 
been analyzed by Garg (1978) and O'Sull ivan and 
Pruess (1980). 

The basic methodology f o r  the  analysis o f  
i n j e c t i o n  and f a l l o f f  t e s t  data fo r  porous 
medi? reservo i rs  has been provided by Bodvarsson 
and Tsang (1980) and Benson and Bodvarsson 
(1982); methods for evaluating the  skin fac tor  
have been developed by Benson (1982) and Benson 
and Bodvarsson (1983). Sigurdsson e t  al. (1983) 
developed methods f o r  r e l a t i n g  the nonisothermal 
i n j e c t i v i t y  index t o  the isothermal i n j e c t i v i t y  
index. 

The present paper extends the  analysis o f  
nonisothermal pressure t rans ient  data t o  
fractured reservoirs. Two cases Ere considered! 
reservo i rs  with predominantly hor lzonta l  frac-  
tures  and reservo i rs  with predominantly v e r t i c a l  
fractures. E f fec t s  o f  conductive heat t rans fer  
between the f ractures and the rock matr ix  are 
modeled, and the resu l t i ng  pressure t rans ients  
evaluated. Thermal conduction tends t o  re ta rd  
the  movement o f  the thermal f r on t  i n  the  frac-  
tures, which s i g n i f i c a n t l y  a f f ec t s  the  pressure 
t rana ient  data. 
s imulat ion studies i s  t o  provide mthods for 
analyzing nonisotherrnal i n j ec t i on /  f a l l o f f  data 
f o r  f ractured reservoirs. 

The purpose o f  the numerical 

APPROACH 

I n  our study, the  computer ptogram PT  I 

(Pressure-Temperature; Bodvarssonb 1982) was ~ 

used t o  simulate pressure t rans ients  dur ing 
nonisothermal i n j e c t i o n  and f a l l o F f  tests. 
The three-dimensional single-phasb simulator 
employs the integrated f i n i t e  difFerence method 
t o  d i sc re t i ze  the  mediun and formulate the 
mass and energy t ransport  equations i n  a l i q u i d  
saturated porous mediun. PT al lows f o r  both 
pressure-dependent and temperature-dependent 
f l u i d  propert ies, which are computed i n t e r n a l l y  
t o  within 1% o f  the  t r u e  values. The simulator 
has been val idated against many m a l y t i c  solu- 
t i o n s  (Bodvarsson, 1982) and f i e l d  experiments 
(Buscheck e t  al., 1983). 

, I 

I A reservo i r  with predominantly hor izonta l  
fractures i s  modeled employing a r a d i a l  g r i d  t o  1 
represent the f rac ture  elements. 
extends s u f f i c i e n t l y  f a r  from the we l l  t ha t  
boundary elements do not  a f f e c t  the  resu l ts .  
We assume tha t  the permeabil i ty o f  the rock 
matr ix  i s  much lower than tha t  o f  the fractures; 
the f l u i d  mass exchange between the f ractures 
and the  rock matr ix  i s  therefore neg l ig ib le .  
We model conductive heat t rans fer  between the 
matr ix  and the f ractures using seai-analyt ic 
approximations developed by Vinsorhe and 
Westerfeld (1980). 
the work o f  Lauwerier (19551, whi@h considered 
the problem o f  conductive heat lodses dur ing 
in jec t ion .  The semi-analyt ical qproach a l l o w s ,  
us t o  accurately model the conductive heat , 
t rans fer  without using volune elements for the 
rock matrix, hence, reducing a two-dimensional 

The g r i d  

Their model i s  based upon 
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problem t o  one-dimension. 
heat- loss rout ine  has been v e r i f i e d  by compari- 
son w i t h  Lauwerier 's ana l y t i ca l  so lu t ion  
(C. H. Lei, personal communication, 1984). 

The ver t ica l ly- f rac tured reservo i r  i s  
modeled using a s ing le  v e r t i c a l  fracture; cases 
are studied fo r  a f rac ture  without g rav i t y  
(s ingle- layer)  , and with g rav i t y  (mult i- layered) . 
We again assume tha t  the  f rac ture  i s  i n f i n i t e  
i n  extent, and t h a t  the rock mat r ix  i s  imper- 
meable. Results are obtained both w i t h  and 
without conductive heat t rans fer  with the rock 
matrix. 
f l u i d s  i n t o  a 25OoC reservo i r  i s  considered. 
Figure 2 shows the geometries considered f o r  
the reservo i r  systems modeled. 

REINJECTION/FALLOFF TESTS I N  POROUS MEDIUM 
RESERVOIRS 

The accuracy o f  the 

For a l l  cases, i n j e c t i o n  o f  100°C 

I n  order t o  evaluate the r e s u l t s  o f  
i n j e c t i o n  t e s t s  i n  f ractured reservoirs, we 
f i r s t  need t o  consider e a r l i e r  r e s u l t s  f o r  
porous-medium-type reservoirs. Figure 3 shows 
the  semi-log p l o t  o f  pressure t rans ients  from 
simulated nonisothermal i n j e c t i o n  i n t o  a porous 
mediun with and without a co ld  spot around the 
we l l  (Benson and Bodversson, 1982). 
spot cen r e s u l t  e i t he r  from cool ing due t o  
d r i l l i n g  or from previous i n jec t i on .  I n  Figure 
3 we see the  e f fec t s  o f  no co ld  spot, and o f  
co ld  spots with r a d i a l  distances o f  lm ,  5m, and 
10m from the i n j e c t i o n  well .  

t he  late- time d o p e  ( a f t e r  1100 sec) i s  t h a t  o f  
the 1OO'C i n j e c t i o n  f l u i d .  Therefore the  f l u i d  
proper t ies  (P ,PI corresponding t o  the  i n j ec ted  
f l u i d  are used t o  ca lcu la te  the transmissi-  
v i t y  (permeabil i ty- thickness product), where 

The cold 

I n  the  case where there i s  no co ld  spot, 

2.303 q 3  
4K m P kH = 

When a cold spot i s  present, the data 
i n i t i a l l y  fo l low a slope corresponding t o  the 
f l u i d  proper t ies  o f  the  co ld  inner region. 
Later, when the  pressure pulse propagates i n t o  
the  hot  outer region, the slope changes cor- 
responding t o  the f l u i d  proper t ies  o f  the hot  
outer  region. A t  l a t e  times, the thermal f r on t  
s t a r t s  t o  move away from the we l l  and the  slope 
changes agein t o  t ha t  r e f l e c t i n g  the  co ld  f l u i d  
propert ies. For i n j e c t i o n  periods on the  order 
o f  a few hours, the  pressure t rans ient  data 
w i l l  a t  a l l  times (except f o r  the  f i r s t  
few seconds) fo l low the slope corresponding t o  
the  f l u i d  propert ies o f  the hot  reservo i r  
f lu ids.  
Equation (1 )  should be calculated using the  hot  
f l u i d  propert ies f o r  P and P. 

Therefore the t ransmiss iv i ty  (kH) i n  

I n  the case o f  f a l l o f f  fo l lowing non- 
isothermal i n j e c t i o n  i n t o  a porous medium 
reservoir ,  Bodvarsson and Tsang (1980) Benson 
and Bodversaon (1982) found tha t  the f l u i d  
proper t ies  corresponding t o  the hot  reservo i r  
f l u i ds  must be used. A f te r  shut-in, immediately 
fo l lowing nonisothermal in jec t ion ,  the reservo i r  

behaves l i k e  a composite system, w i t h  an inner 
co ld  region o f  low f l u i d  mob i l i t y  and a hot  
outer  region w i th  h igh f l u i d  mobi l i t y .  Once 
the rad ius  o f  inves t iga t ion  is gneater than the 
s ize  o f  the co ld  spot, the slope r e f l e c t s  the 
f l u i d  propert ies o f  the hot  reservoir .  
o f  f a l l o f f  data i s  therefore for most cases 
analogous t o  analysis o f  i n j e c t i o n  data 
w i t h  a pre- exist ing co ld  spot. 

HORIZONTAL FRACTURE CASE 

Analysiw 

The pressure t rans ients  resu l t i ng  from 
nonisothermal i n j e c t i o n  i n t o  a hdr izonta l  
f rac ture  are shown i n  Figure 4. 
t rans ients  mentioned above f o r  a porous mediun 
reservo i r  are included f o r  comparison. 
r e s u l t s  show tha t  pressure respoqse depends on 
the  value o f  the thermal conduct iv i ty .  
i s  no heat t rans fer  between the  flock matr ix  and 
the  f ractures the so lu t ion  fo r  the hor izonta l  
f rac ture  case i s  i d e n t i c a l  t o  t hd t  f o r  a porous 
mediun reservo i r  (A = 0). On the  other hand, 
i f  the  thermal conduct iv i ty  i s  vqry la rge (A = a) 
the  thermal f r on t  cannot move awqy from the 
we l l  and the r e s u l t s  are i d e n t i c a l  t o  those for  
isothermal 250'C i n j e c t i o n  i n  pomus mediun 
reservoirs. 
4 represents the range o f  r e a l i s t i c  thermal 
conduct iv i ty  values. 
i nd i ca te  t ha t  i t  i s  reasonable t a  use average 
f l u i d  propert ies t o  ca lcu la te  kH; other simula- 
t i o n  studies have found this t o  b t r u e  over a 
range o f  i n j e c t i o n  and reservo i r  temperatures 
(Bodvarsson e t  al., 1984). 
accurate reau l t s  may be obtained using f l u i d  
proper t ies  which are more stronglp weighted 
towards the co ld  i n j ec ted  f l u i d  ($.e., the band 
i s  s l i g h t l y  c loser t o  the co ld  slbpe), the  use 
o f  average f l u i d  propert ies i s  reiesonable 
when one considers the degree o f  Lncerta inty i n  
other parameters. 

The pressure 

The 

I f  there 

The shaded region sqown i n  Figure 

A l l  o f  our resu l t s  

Al thmgh more 

The d i f f e r e n t  slope o f  the hor izonta l  
f rac ture  case can be explained i f  one considers 
t he  ve loc i t y  o f  the  thermal f r on t  moving away 
from the well. The advancement otf the thermal 
f r o n t  i n  porous mediun reservo i rs  (o r  i n  horizon- 
t a l  f ractures without heat conduction)is given 
by : 

I 

Equation (2)  shows t h a t  the therm 1 f ron t  moves 

other hand, the movement o f  the thermal f r on t  i n  
ho r i zon ta l  f ractures i s  given by [Bodvarsson an41 
Tsang, 1982): 

w i t h  a ve loc i t y  proport ional  t o  r 1 /t. On the 

Inspect ion o f  Equation ( 3 )  shows tha t  i n  t h i s  
case the  ve loc i t y  o f  the thermal front i s  pro- 
po r t i ona l  t o  r4/t. 
between the rock mat r ix  and the f rac ture  i s  
therefore very e f f e c t i v e  i n  re tard ing  the 
advancement o f  the therinal f ront .  

The thermal cCnduction 
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The s k i n  fac tor  can be calculated using 
the  methods developed i n  Benson and Bodvarsson 
(1982), as long as average f l u i d  propert ies (u 
and p )  are used. However, add i t iona l  simulations 
have shown that ,  when ca lcu la t ing  the sk in  factor ,  
the coinpressibl i ty o f  the i n- s i t u  reservo i r  
f l u i d s  must be used i n  a l l  cases. 

Hor izontal  Fracture w i th  a Cold Spot 

The pressure t rans ients  f o r  nonisothermal 
i n j e c t i o n  i n t o  a hor izonta l  f rac ture  w i t h  a co ld  
spot general ly r e s u l t  i n  3 slopes, as i n  the  
porous mediun case. An ear ly  t ime co ld  slope i s  
fol lowed by a hot  slope, bu t  then by an i n t e r -  
mediate slope a t  l a t e  t ime instead o f  a co ld  
slope. The la rger  the co ld  spot, the la rger  the 
pressure increase, because o f  the high v i scos i t y  
o f  the cooler f l u i ds .  Thus, we see a p a r a l l e l  
set  o f  ho t  slopes fo r  the hor izonta l  f rac ture  
case, s im i l a r  t o  those observed i n  the  porous 
mediun case (Figure 3). 

The ear ly  t ime slope r e f l e c t i n g  the 
proper t ies  o f  the near we l l  co ld  spot seen fo r  
porous medium reservo i rs  (Fig. 3)  may not  be 
seen i n  the  hor izonta l  f rac ture  case (Figure 51, 
because o f  the high f rac ture  permeabi l i ty  
compared t o  t ha t  o f  porous mediun reservoirs. 
Comparison of Figures 3 and 5 a lso shows t h a t  
the  hot  slope a t  intermediate time l a s t s  a much 
shorter  t ime fo r  the hor izonta l  f rac ture  case 
than i n  the porous mediun case. 
t he  small f rac ture  aperture compared t o  the 
la rge thickness o f  porous mediun reservoirs. 
Therefore, one may expect t o  see the l a t e  t ime 
slope representing the average f l u i d  propert ies 
i n  i n j e c t i o n  t e s t  data, even though a la rge 
i n i t i a l  co ld  spot i s  present. 

The reason i s  

Hor izontal  Fracture Step-Rate Tests 

I n  many cases, a ser ies o f  i n j e c t i o n / f a l l o f f  
t e s t s  with d i f f e r e n t  f low ra tes  (step- rate t es t s )  
are conducted instead o f  s ing le  t e s t s  (Sigurdsson 
and Stefansson, 1977; Sigurdsson, 1978). I n  our 
study, we simulate the hypothet ical  step- rate 
t e s t  shown i n  Figure 6. We s t a r t  with an 11-day 
i n j e c t i o n  a t  a r a t e  o f  0.2 kg/s fol lowed by a 
I-day f a l l o f f .  This i s  fol lowed by a second in- 
j e c t i o n  t e s t  a t  the sane rate.  
t rans ients  and the locat ion  o f  the thermal f r on t  
(assumed t o  be the  average o f  the i n j e c t i o n  and 
reservo i r  temperatures) versus t ime are shown i n  
Figure 6. The pressure t rans ients  f o r  the f i r s t  
i n j e c t i o n  per iod show the same charsc ter is t i cs  as 
before (Figure 4) w i t h  an early- time hot  slope 
fol lowed by an intermediate slope on the semi-log 
p lo t .  

The f a l l o f f  data are p lo t t ed  on a Horner 
p l o t  (Figure 7). The pressure t rans ients  f o r  
the f a l l o f f  i n  hor izonta l  f ractures exh ib i t  a 
t y p i c a l  composite reservo i r  behaviour, with an 
early- time slope corresponding t o  t ha t  o f  the 
co ld  f l u i d s  near the we l l  and then a slope 
corresponding t o  the hot  reservo i r  f l u i d s  a t  
l a t e r  time. 

The pressure 

These r e s u l t s  are very s im i l a r  t o  

those obtained by Bodvarsson and Tsang (1980) 
and Benson and Bodvarsson (1982) f o r  porous 
mediun f a l l o f f  tests.  I n  the case o f  f ractured 
reservoirs,  however, the durat ion o f  the co ld  
water slope i s  o f ten  very short due t o  h igh 
f rac ture  permeabil i ty and the rap id  heating 
through heat conduction from the rock matrix. 

The second i n j e c t i o n  step i s  analyzed 
using the mul t i- ra te  theory o f  Egrlougher 
(1977) i n  a manner s im i l a r  t o  t hg t  o f  Benson 
(1982). Figure 8 gives the  r e s u l t s  on a semi- 
l o g  p lo t .  
t o  the hot f l u i d  propert ies and then, a t  l a t e r  
time, a slope corresponding t o  the aversge 
f l u i d  propert ies. The t r a n s i t i o n  occurs a t  
l ess  than 20 seconds a f t e r  the s t a r t  o f  the 
second i n j e c t i o n  step. 
Figure 8 are qu i t e  d i f f e r e n t  from those o f  
porous mediun reservoirs, where, f o r  most 
p r a c t i c a l  purposes, one expects t o  see the hot 
slope a t  l a t e  times (although a t  very l a t e  time 
the  co ld  slope reappears). This d i f fe rence i s  
because o f  heating up o f  the f raeture f l u i d s  
dur ing the f a l l o f f  period. However, i f  the 
t e s t  condi t ions are such tha t  a oold zone o f  
s i g n i f i c a n t  r a d i a l  extent develops and the 
f a l l o f f  i s  o f  short durat ion (so tha t  heat ing 
o f  f rac ture  f l u i d s  is small),  the t e s t  r e s u l t s  
for the second i n j e c t i o n  step should show 
p r imar i l y  the slope corresponding t o  the  ho t  1 1  
r eservo i r  f lu ids .  

It shows an ear ly slope corresponding 

The r e s u l t s  shown i n  

VERTICAL FRACTURES 

V e r t i c a l  f ractures are modeled both with 
and without gravi ty .  
g rav i t y  are modeled w i t h  a one-dimensional 
geometry, u t i l i z i n g  a s ing le  layer  o f  elements 
which f u l l y  penetrates and i s  perletrated by th  
well. The heat loss  rou t ine  desdribed above i 
used t o  simulate the thermal conduction betwee 
the f ractures and the matrix. Tne v e r t i c a l  
f rac ture  models which include grSvi ty have a 
two-dimensional planar geometry qnd penetrate 
the  we l l  a t  e i t he r  the top or bottom of the 
fracture. 
by the  f rac ture  i s  assumed t o  be 50 m, whi le 
the t o t a l  height  o f  the f rac ture  i s  500 m (see 
Figure 2). The i n i t i a l  pressure d i s t r i b u t i o n  
o f  the  g rav i t y  models corresponds t o  a hydro- 
s t a t i c  p r o f i l e .  The parameters used f o r  the I 
v e r t i c a l  f rac ture  models are given i n  Table 1. 

Ver t i ca l  fnactures withoq 

4 
I 
I '  

I 

The length o f  w e l l  in tersected 

I n  the present work, we are only interester 
i n  examining nonisothermal e f f ec t s  during 
i n j e c t i o n  i n t o  s ing le  v e r t i c a l  fractures. No 
leakage i n t o  the rock mat r ix  i s  allowed, hence, 
the resu l t s  obtained are only v a l i d  f o r  short 
t e s t  periods or f o r  v e r t i c a l  f ractures i n  very ~ 

t i g h t  formations. 

The pressure t rans ient  so lu t ion  fo r  s ing le  
i n f i n i t e  v e r t i c a l  f rac ture  f u l l y  penetrated by 
a we l l  i s  given i n  dimensionless form (Earloughm, 
1977) as: 

(4) 
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where Po and t o  are dimensionless pressure and 
time, respect ively.  I n  terms o f  r e a l  parameters, 
Equation (4) becomes: 

(5) 

where H i s  height o f  the f rac ture  and b the 
thickness o f  the f racture.  Inspection o f  
Equation (5) shows tha t  i t  i s  not  possib le t o  
determine the t ransmiss iv i ty  (kfb)  o f  the 
f ractures alone, but  the  cumbersome parameter 
kfb2H2. 
venient t o  determine t h i s  parameter using 
e i t h e r  log- log p l o t s  o f  pressure versus time, 
or  AP VS. fi. 

Equation (5) shows tha t  i t  i s  con- 

I f  the l o g  o f  the pressure change versus 
the  l o g  o f  t ime i s  used, a h a l f  slope w i l l  
r e s u l t  as shown i n  Figure 9. 
1OO'C and 250'C f o r  isothermal i n j e c t i o n  are 
s h i f t e d  because o f  the d i f f e r e n t  v i scos i t y  
values. It i s  in teres t ing ,  however, t ha t  f o r  
a l l  cases w i t h  1OO'C i n j e c t i o n  i n t o  a 250'C 
reservoir ,  the p l o t  f a l l s  along the isothermal 
250'C curve. For a l l  cases w i t h  250'C i n j e c t i o n  
i n t o  a l0O'C reservo i r ,  the curve f a l l s  on the 
isothermal 100°C curve. 
matter what the  i n j e c t i o n  temperature or whether 
or not conductive e f f ec t s  are included, pressure 
t rans ients  f o r  the v e r t i c a l  f rac ture  without 
g rav i t y  fo l low a curve r e f l e c t i n g  the f l u i d  
proper t ies  o f  the hot  reservo i r  temperature. 

The two curves o f  

I n  other words, no 

The presence o f  a 100 m cold spot around 

I n  t h i s  case, 
the we l l  r e s u l t s  i n  the log- log p l o t  o f  pressure 
t rans ients  shown i n  Figure 10. 
the data i n i t i a l l y  fo l low the curve r e f l e c t i n g  
the temperature o f  the co ld  spot, bu t  a f t e r  100 
seconds they fo l low the curve denoting the hot  
reservo i r  temperature. 

I n  p l o t s  o f  AP versus 6, the slope 
depends upon the f l u i d  v iscos i ty ,  so tha t  
d i f f e r e n t  slopes emerge fo r  these nonisothermal 
cases. Figure 11 shows a schematic summary o f  
our r e s u l t s  p lo t t ed  as AP versus fi. For 
most p rac t i ca l  purposes i t  i s  probable t ha t  
conductive heat t rans fer  w i l l  e f f e c t i v e l y  
r e t a r d  the advancement o f  the thermal f r on t  i n  
the fracture, so tha t  the e f f ec t s  o f  the co ld  
spot w i l l  be ra ther  small. 

-__ Ver t i ca l  Fracture Case w i t h  Gravi ty 

I n  order t o  study the e f fec t s  o f  g rav i t y  
on our r e s u l t s  we constructed a two-dimensional 
v e r t i c a l  model o f  a f rac ture  as shown i n  Figure 
2. We consider four cases: i n j e c t i o n  i n t o  the 
top o f  the  fracture, both with and without heat 
conduction, and i n j e c t i o n  i n t o  the bottom o f  the 
f racture,  both with and without heat conduction. 
The r a t i o  o f  the i n t e r v a l  open t o  the we l l  (50 m) 
and the t o t a l  f rac ture  height (500 m) i s  0.1. 

The r e s u l t s  obtained are shown i n  the  kP 
v s f i  p l o t  i n  Figure 12. 
the ef fects o f  g rav i t y  are very small. 
cases show a slope s im i l a r  t o  t ha t  o f  the hot  

As the f i gu re  shows, 
A l l  

reservoir ,  w i t h  deviat ions less  than la. An 
exception i s  the ra ther  un rea l i s t i c  case o f  no 
thermal Conduction and i n j e c t i o n  e t  the bottom. 
I n  t h i s  case the co ld  water basiclal ly f lows 
along the  bottom o f  the f racture,  creat ing a 
ra ther  la rge zone w i t h  h igh v i scos i t y  co ld  
f l u i ds .  Consequently, the pressure r i s e  i s  
somewhat higher than i n  the  other cases. 

Figure 12 a lso shows some non- linear 
behavior i n  the  curves a t  ear ly  times. 
due t o  the p a r t i a l  penetration and shows up 
more c l e a r l y  on the log- log p l o t  l(Fig. 13). The 
pressure data f a l l  above the  hot  reservo i r  curve 
because o f  the resistance caused by the p a r t i a l  
penetration. It i s  i n te res t i ng  b note tha t  the 
early- time t rans ients  due t o  the  p a r t i a l  pene- 
t r a t i o n  l a s t  f o r  several hundred lseconds f o r  t h b  
ra ther  h igh penetrat ion r a t i o .  
open i n t e r v a l  t o  the we l l  i s  perhaps 1 m, which 
would g ive  much longer ear ly  t rans ients  due t o  
the  lower penetrat ion ra t i o .  I f  a v e r t i c a l  
f rac ture  case i s  suspected, these ear ly  tran-  
s ien ts  would be detected because o f  the lack o f  
a 1/2 slope. 

This i s  

Ib more r e a l i s t i c  

Although the pressure t rans ients  f o r  
nonisothermal i n j e c t i o n  i n t o  v e r t i c a l  f ractures 
are not  s i g n i f i c a n t l y  af fected by g rav i t y  or 
thermal conduction, the temperature dist r ibut ionls 
o f  the various models are qu i te  d i f f e ren t .  
i s  i l l u s t r a t e d  i n  Figure 14 where the locat ion  
o f  the thermal f r on t  i s  shown f o r  the  two cases 
o f  upper and lower i n j ec t i on .  Afker 1 x l o 6  
s (- 12 days) the  thermal f ron t  ih the  case 
w i t h  upper i n j e c t i o n  has advanced 5.6 m whi le 
f o r  the  case with lower i n j e c t i o n  the  thermal 
f ron t  has advanced 12.4 m. The tiherma1 f ron t  
t r a v e l s  much fa r ther  i n  the  case lwith lower 
i n j e c t i o n  because the  co ld  water i s  denser than 
the  reservo i r  f l u i d s  and cannot eas i ly  move 
upwards. I n  the case with i n j e c t i o n  a t  the top  
o f  the  f racture,  the co ld  water descends 
rap id ly ,  so t h a t  a la rge surface area f o r  heat 
conduction develops (Fig. 14). 
with lower i n j ec t i on ,  a much smaller surface 
area fo r  conductive heating resul ts.  

This 

Ih the  case 

I 

DISCUSSION AN0 SUMMARY 

The pressure t rans ients  f o r  nonisothermal 
i n j e c t i o n  i n t o  hor izonta l  fractudes p lo t t ed  on 
a semilaq p l o t  r e f l e c t  the thermql propert ies 
o f  the  reservo i r  a t  ear ly  t imes dnd the average ~ 

p roper t ies  a t  l a t e r  times. A t  ti/mes a f t e r  the 1 

thermal f r on t  has moved past the well ,  the  , 
average f l u i d  proper t ies  should de used t o  I 
ca lcu la te  the t ransmiss iv i ty  and the sk in  
factor .  The reason tha t  the late- t ime slope 
l i e s  between the co ld  and hot  slapes i s  tha t  
the advance o f  the thermal front i s  slowed by 
conductive heat t rans fer  between the reservo i r  
and the fracture. For reasonablq values o f  
thermal conduct iv i ty ,  t h i s  i s  inbermediate 
between the hot  and co ld  slopes. Data obtained 
during i n j e c t i o n  i n t o  hor izonta l  f ractures w i t h  
co ld  spots can be analyzed, i n  mast cases, l i k e  
data from porous mediun reservoirs, using the 
hot  slope fo r  computing kH and sk in  factor. 
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This  is a l s o  t h e  c a s e  with f a l l o f f  da ta .  Our 
s i m u l a t i o n s  f o r  m u l t i- r a t e  i n j e c t i o n  tests 
r e s u l t  i n  an i n t e r m e d i a t e  s lope ,  a l though f o r  
o t h e r  c o n d i t i o n s  t h e  ho t  s l o p e  might be 
p resen t .  

The vertical f r a c t u r e  geometry h a s  very 
d i f f e r e n t  e f f e c t s  on t h e  nonisothermal p ressure  
t r a n s i e n t s .  
change versus  time and t h e  l i n e a r  p l o t  o f  
p ressure  change versusf l  both result i n  
c u r v e s  which r e f l e c t  t h e  temperature o f  t h e  
r e s e r v o i r  i n  a l l  cases. Neither  g r a v i t y  nor 
thermal  conduction s i g n i f i c a n t l y  change t h i s  
result. Therefore,  t h e  r e s e r v o i r  p r o p e r t i e s  
should always be used t o  calculate r e s e r v o i r  
parameters  i n  c a s e s  with v e r t i c a l  f r a c t u r e s .  
The pressure  t r a n s i e n t s  r e f l e c t  t h e  r e s e r v o i r  
p r o p e r t i e s  because, f o r  t h e  v e r t i c a l  f r a c t u r e  
geometry, p ressure  change is a func t ion  of t h e  
d i s t a n c e  from t h e  well r a t h e r  than  a func t ion  
o f  t h e  log  of t h i s  d i s t a n c e .  Therefore, s i n c e  
p r e s s u r e  change is i n t e g r a t e d  over a l a r g e  
d i s t a n c e  i n  t h e  f r a c t u r e ,  t h e  hot  o u t e r  p a r t  of 
t h e  f r a c t u r e  has a much g r e a t e r  e f f e c t  on t h e  
p r e s s u r e  t r a n s i e n t s  than does t h e  co ld  region 
c l o s e  t o  t h e  well. I n  t h e  h o r i z o n t a l  f r a c t u r e  
case, where t h e  p ressure  change is a func t ion  
of  t h e  l o g  of  t h e  d i s t a n c e ,  t h e  region near  
t h e  well has  much more s i g n i f i c a n t  e f f e c t  
once t h e  thermal f r o n t  advances beyond t h e  
well. 

The log- log p l o t s  o f  p r e s s u r e  

We f i n d  t h a t  t h e  e l e v a t i o n  of  t h e  i n j e c t i o n  
po in t  i n  v e r t i c a l  f r a c t u r e s  g r e a t l y  a f f e c t s  t h e  
migrat ion of  t h e  co ld  water away from t h e  well. 
I f  t h e  well i n t e r s e c t s  t h e  upper p o r t i o n  of  t h e  
f r a c t u r e ,  g r a v i t y  w i l l  he lp  spread t h e  c o l d  
water as it descends, causing a l a r g e  s u r f a c e  
a r e a  f o r  conduct ive hea t ing .  Thus, i f  migrat ion 
of  t h e  c o l d  water  is a c r i t i c a l  c o n s i d e r a t i o n  
when planning i n j e c t i o n  well l o c a t i o n s  i n  
vertically f r a c t u r e d  r e s e r v o i r s ,  our  results 
i n d i c a t e  t h a t  it may be p r e f e r a b l e  t o  i n j e c t  
i n t o  t h e  upper p a r t  o f  t h e  fractures, r a t h e r  
than  t h e  lower p a r t .  

NOMENCLATURE 

b 

C 
H 

k 
m 

P 
q 
P 
r 
r 

t 

C 

t f  

t D  
A 
x 
IJ 

a p e r t u r e ,  m 
c o m p r e s s i b i l i t y ,  Pa-l 
heat  c a p a c i t y ,  J/kg 'C 
r e s e r v o i r  t h i c k n e s s ,  or v e r t i c a l  f r a c t u r e  

permeabi l i ty ,  m2 
a b s o l u t e  va lue  o f  t h e  s l o p e  on a P vs  log  

pressure ,  Pa 
mass flow rate, kg/s 
volumetr ic  flow r a t e ,  m3/s 
r a d i u s  t o  an observa t ion  p o i n t ,  m 
r a d i a l  d i s t a n c e  t o  t h e  thermal  f r o n t ,  m 

time, s 
dimensionless  time 
d i f f e r e n c e  
thermal  conduc t iv i ty ,  J/s.m*'C 
v i s c o s i t y ,  Pa s 

h e i g h t ,  m 

t p l o t  

P d e n s i t y ,  kg/n? 
0 p o r o s i t y  

S u b s c r i p t s  

D dimensionless  
i n  i n j e c t i o n  
r rock 
res r e s e r v o i r  
tf  thermal  f r o n t  
w water 
we well 
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Table 1. Parqneters used i n  Simulations 

Horizon t a1 Ver t i ca l  Fracture Ver t i ca l  Fractul'e 
Fracture - no Gravity w i t h  Gravity 

2 x 10-l~ m2 2 x 10-l~ m2 1 x m2 Kf 

'r 0 0 0 

b 

$ f  

.01 m 

.999 

.01 m 

.999 

.01 m 

.999 

q .2 kg/s 2 x kg/s 2 kg/s 

.1 m .1 m 5 m  'ne 

'r 2.0 J/m S'C 2.0 J/m s O C  2.0 J/m s 'C 

er 2650 kg/m3 2650 kg/m3 2650 kg/m3 

1000 J/kgo C 1000 J/kg'C 1000 J/kg°C 
rock 'r 

H 

Tres 

- 
25OoC 

l m  

2SO'C 

500 m 

25OoC 

Tin l0O0C 100°C 1oo'c 
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Figure 1 .  Variations i n  f l u i d  properties of 
liquid water with  temperature 
(from Bodvarsson et a l . ,  1984). 
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Figure 2 .  Horizontal and vertical fracture 
model geometries. 
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Figure 3.  Pressure transient data frm 100"C in ject ion in to  a 250'C porous 
medium reservoir with a cold spot ( a f t e r  Benson and Bodvarsson,l9829. 
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Figure 4. Pressure transient data for nonisothermal in ject ion in to  
a horizontal  fracture. 
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Figure 5 .  Pressure transients for non-isothermal in ject ion in to  a horizorkal 
fracture with cold spots. 
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Figure 6. Step-rate non-isothermal i n j e c t i o n  tes t  data 
f o r  a hor izonta l  fracture. 
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Figure 7. Pressure t rans ient  data f o r  f a l l o f f  a f t e r  I O 6  ( f  I ldays)  
o f  100°C i n j e c t i o n  i n t o  a 250°C hor izonta l  fracture. 
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Figure 8. Mul t i- rate analysis o f  the pressure 
t rans ient  data f o r  the second 
i n j e c t i o n  step i n  a hor izonta l  
f racture. 
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Figure 9. Pressure t rans ients  (log- log) f o r  non-isothermal i n j e c t i o n  
i n t o  a v e r t i c a l  f racture (no grav i ty) .  
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Figure 10. Pressure transients (log-log) for non-isothermal injection 
into a vertical  fracture (no gravity) w i t h  a cold spot. 

Figure 1 1 .  Schematic pressure transients (AP 
v s  fi) for non-isothermal injection 
into a vertical fracture (no 
gravity) with cold spots. 
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Figure 12. Pressure transients (AP v s f i )  for i 
non-isothermal injection into a 
vertical fracture with gravity. 
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Figure 13. Pressure transients (log- log) for non-isothermal injection 
into a vertical fracture with gravity. 
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Figure 14. Schematic view of  thermal front for non-isothermal injection 
into a vertical fracture for cases of  upper injection and 
lower injection. 
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