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ABSTRACT 

'This report summarizes the resul ts  of a  four month study of the 

character is t ics  of mu1 ti phase flow in naturally fractured porous media, 

An assessment and evaluation of the l i t e ra tu re  was carried out and a  

com~rehensive l i s t  of references compiled on the subject, Mathematical 

models presented in the various .references ci ted were eval uated a1 ong 

with the s tated assumptions or those inherent in the equations. Parti-  

cular attention was focused upon identifying unique approaches which 

would lead to  the formulation of a  general mathematical model of multi- 

phase/mul ti-component flow in fractured porous media, A model i s  

presented which may be used to  more accurately predict the movement of 

m u 1  ti-phase f luids  through such, type formations. Equations of motion 

are derived f o r  a  mu1 tiphaselmu1 ticomponent f lu id  which i s  flowing. 

through a  double porosity, double permeabi 1  i  ty medium consisting of 

isotropic primary rock matrix blocks and an anisotropic fracture matrix 

system. The fractures are  assumed to  have a  general s t a t i s t i c a l  

dis t r ibut ion in space and orientation, A general dis t r ibut ion function, 

called the fracture matrix f ~ ~ n c t i n n  i s  introduced to  represent the s t a t -  

i s t i c a l  nature of the fractures,  

Simp1 ifying assumptions a re  made concerning flow i n  the individual 

fractures and a hemispherical volume integration of the microscopic 

fracture flow equation i s  performed to  arr ive a t  a  generalized Darcy 

type of flow equation with a  symmetric permeability tensor evolving for  

the fractures,  The equations are  general ized for  mu1 tiphasejmul ticompo- 

nent flow through a  fractured medium w i t h  variable rock and f luid pro- 

pert i  es . 



The report concludes with a brief discussion concerning methods f o r  

solving the resul t ing flow equations, Conclusions and recommendations 

for fur ther  study are also presented. 



CHAPTER I 

LITERATURE SURVEY AND DISCUSSION OF P R E V I O U S  RESEARCH 

1  .1 INTRODUCTION 

The f l o w  of f l u i d s  i n  f r a c t u r e d  porous media was f i r s t  developed 

i n  - t h e  pe t ro leum i n d u s t r y  i n  t h e  1940's.  Th i s  work stemmed f rom t h e  

obse rva t i on  t h a t  w e l l  p r o d u c t i v i t y  c o u l d  be s i g n i f i c a n t l y  inc reased  i n  

many cases by a r t i f i c i a l l y  f r a c t u r i n g  t h e  medium nea r  t h e  we l l bo re .  S ince  

t h a t  t i m e  many researchers  have added t o  t h e  volume o f  l i t e r a t u r e  t h a t  

e x i s t s  on f r a c t u r e d  media. A comprehensive l i s t  o f  re fe rences  concern ing  

f l o w  i n  f r a c t u r e d  porous media i s  g i ven  by Wi lson and Witherspoon [I] and 

Kess le r  and Greenkorn [ Z ] .  I n  p a r t i c u l a r  t h e  former  l i s t s  261 c i t a t i o n s  

and t h e  l a t e r  301 c i t a t i o n s  concern ing t h e  f l o w  i n  porous media and/or  

f r a c t u r e d  media, O f  course t i m e  d i d  n o t  pe rm i t  t h e  assessment o f  a l l  o f  

t h e  re fe rences  ci ' ted i n  these two documents. I n  a d d i t i o n  t o  these two 

t r e a t i s e s  a d d i t i o n a l  work r e p o r t e d  i n  t he  l i t e r a t u r e  i s  l i s t e d  i n  t h e  

genera l  s e t  o f  re fe rences  a t  t h e  end of t h i s  r e p o r t ,  

The re fe rence  m a t e r i a l s  c i t e d  were ob ta i ned  by conduc t ing  an ex- 

t .ensive 1  i t.erat.ure search w i t h i n  t h e  t ime  a1 1  o t t e d ,  t o  i d e n t  i f,y those  

a r t i c l e s  p e r t i n e n t  t o  t h e  s u b j e c t  mat te r .  . Sources used i n  t h e  l i t e r a t u r e  

survey c o n s i s t e d  o f  t h e  Eng ineer ing  Index,  Energy Abs t rac t s ,  Pet ro leum 

Abs t rac t s ,  Phys i ca l  and Chemical Abs t rac t s  , D i s s e r t a t i o n  Abs t rac t s ,  U,S, 

Government documents, S t a t e  and U n i v e r s i t y  research documents, p r i v a t e  

i n d u s t r y  r e p o r t s ,  and t h e  open l i t e r a t u r e .  I n  o r d e r  t o  c ross  re fe rence  

as many o f  t h e  da ta  banks as poss ib le ,key  words were s e l e c t e d  and used 

t o  l o c a t e  research a r t i c l e s  and a b s t r a c t s  which p e r t a i n e d  t o  t h e  s u b j e c t  

m a t t e r  o f  i n t e r e s t .  The l i b r a r y  research  s t a f f  a t  t h e  U n i v e r s i t y  of 



Cent ra l  F l o r i d a  prov ided support t o  maximize the  e f f o r t  i n  i d e n t i f y i n g  

those research papers and documents which appeared t o  address t h e  problem 

o f  f l o w  i n  f r a c t u r e d  porous media. As a f i n a l  cross check an independent 

computerized l i t e r a t u r e  search was performed by the  S t a t e  Technological 

A p p l i c a t i o n  Center (STAC) which i s  l oca ted  a t  t h e  U n i v e r s i t y  o f  Centra l  

F l o r i d a .  Th i s  o r g a n i z a t i o n  has d i r e c t  computer access t o  any l i t e r a t u r e  

data bank i n  t he  Un i ted  States.  By ass ign ing  key words and then searching 

by var ious combinat ions, research papers o f  i n t e r e s t  were i d e n t i f i e d .  

From t h i s  process abs t rac ts  of papers and r e p o r t s  which appeared t o  be 

r e l e v a n t  t o  t h e  sub jec t  ma t te r  i n  ques t ion  could be immediately p r i n t e d  

o u t  by t h e -  computer, A f t .e r  rev iewing t h e  .abstract ,  t he  dec i s ion  was then 

made as t o  whether t h e  work was s i g n i f i c a n t  enough t o  warrant  f u r t h e r  

i n v e s t i g a t i o n .  Complete.copies o f  those papers which passed t h i s  screening 

process were then secur.ed and s tud ied  i n  d e t a i l .  As these documents were 

rece i ved  the  methodologies and techniques employed by the  researchers 

were assessed as t o  t h e i r  a p p l i c a b i l i t y  t o  t h e  f low of  mul t iphase f l u i d s  

i n  n a t u r a l l y  f r a c t u r e d  media, 

1.2 MODELING OF FRACTURED POROUS MEDIA 

When one at tempts t o  model t h e  f l o w  o f  f l u i d s  through any t ype  o f  

medium, t h e  researcher  must decide which kinds o f  f l u i d s  and t h e  type of 

f low he des i res  t o  model. I n  t h i s  con tex t  t he re  i s  always t h e  quest ions 

as t o  whether t h e  f l o w  i n  t h e  medium i s  laminar  o r  t u r b u l e n t .  This  i s  o f  

p a r t i c u l a r  importance when one considers t h e  f l o w  i n  f r a c t u r e d  media s ince  

f l o w  i n  the  f r a c t u r e s  i s  normal ly  considered t o  be continuum flow. I t  i s  

genera l l y  agreed t h a t  t u r b u l e n t  f l o w  may occur when abnormal ly l a r g e  

f r a c t u r e s  a r e  found i n  t h e  v i c i n i t y  o f  abnormal ly l a r g e  pressures grad ien ts  

such as i n  t h e  e a r l y  phases o f  w e l l  drawdown [3]. 



' I n  general  t h e  te rm,  t u r b u l e n t  f l o w  i n  porous media imp1 i e s  t h a t  

Darcy 's  law i s  n o t  adequate t o  descr ibe  t h e  f l o w  phenomena. I n  cases where 

d e v i a t i o n  f rom Darcy 's  law occurs, t h e  Forchheimer equa t ion  i s  no rma l l y  

used t o  desc r i be  t h e  f low phenomena. I n  t h e  case o f  f r a c t u r e d  porous 

media where a  ma jo r  p a r t  of t h e  f low takes p l ace  v i a  t he  f r ac tu res ,  i t  i s  

p o s s i b l e  t h a t  t h e  f low can become t r u l y  t u r b u l e n t ,  However, as has been 

demonstrated f o r  a  m a j o r i t y  o f  t h e  encounters w i t h  f r a c t u r e  f l o w ,  t h e  

l am ina r  f l o w  regime probab ly  p r e v a i l s  [I], 

The development o f  f r a c t u r e  f l o w  models has proceeded a long  two 

d i f f e r e n t  approaches. These a r e  t h e  s t a t i s t i c a l  approach and t h e  enum- 

e r a t i v e  approach. I n  t h e  s t a t i s t i c a l  approach a  f r a c t u r e d  r o c k  mass i s  

cons idered t o  be a  s t a t i s t i c a l l y  homogeneous medium c o n s i s t i n g  o f  a  corn- 

b i n a t i o n  o f  f r a c t u r e s  and porous rock  m a t r i x ,  I n  t h i s  model i n g  approach 

t h e  f r a c t u r e s  a r e  cons idered  u b i q u i t o u s  and t h e  bystem i s  c a l l c d  s t a t i s -  

t i c a l l y  homogeneous because t h e  p r o b a b i l i t y  o f  f i n d i n g  a  f r a c t u r e  a t  anys 

g iven  p o i n t  i n  t h e  system i s  cons idered  t o  be t h e  same as f i n d i n g  one a t  

any o t h e r  p o i n t .  T h i s  i d e a l i z e d  ! f r a c t u r e  system i s  then  cons idered t o  

behave as a  t ype  o f  porous medium. I n  t h e  enumerat ive approach a  f r a c t u r e d  

rock  media i s  s t u d i e d  by a t t e m p t i n g  t o  model t h e  a c t u a l  geometry of  t h e  

f r a c t u r e s  and porous rock  m a t r i x .  I n  t h i s  approach, t h e  l o c a t i o n ,  ' o r i e n t a -  

t i o n ,  and a p e r t u r e  v a r i a t i o n s  f o r  each i n d i v i d u a l  f r a c t u r e  must be con- 

s idered.  

1.3 THE STATISTICAL APPROACH 

Models developed u t i l i z i n g  t h e  s t a t i s t . i c a 1  approac,h w i l l  be d i s -  

c u s s e d . f i r s t .  E l  k i n s  and Skov [4,5] have a p p l i e d  t h i s  approach t o  s tudy  

t he  a n i s o t r o p i c  f r a c t u r e  p e r m e a b i l i t y  assoc ia ted  w i t h  t h e  Spraber ry  

F i e l d  i n  Tcxas. The rock  m a t r i x  i n  t h i s  f i e l d  c o n s i s t s  of t i g h t  sandstones 



whose permeability i s  about 1 millidarcy. These researchers were con- 

cerned with the displacement of o i l  by water in a water-wet fractured 

reservoi r [5]. considering the extensive sys tem of orthoqonal vertical  

jo in ts  as an anisotropic medium, from a number of drawdown t e s t s  they were 

able t o  construct permeability el l ipsoids whose axes were aligned reason- 

ably well with the observed fractured system, This i s  referred t o  as a 

one medium s t a t i s t i c a l  model since flow in the porous rock matrix was nnt 

considered. Other researchers have developed sirni laba one-111ecl iurn seat1 s- 

t i c a l  models and they are  discussed in reference 1 ,  

A two-nieil iu~~~ s l a t l s t i c a l  model for  transient flow i n  a fractured 

rock media was developed by Barenblatt, Zhel tov, and Kochina [5], Intact - 
uniform blocks of porous rock are considered to  coexist with a second 

system, consisting of the fractures.  The rock matrix system and the 

f rac ture  system are considered t o  behave as a homogeneous and isotropic 

porous medium. Since the rock matrix system i s  considered to  be isolated 

blocks surrounded by the higher permeabil i ty f racture system, flow i s  

coris.idere8 t o  proceed from the rock matrix, which acts  as s I-eser*uo.i r - ,  

into the fractures  which then carry the fluid to ehe wellbore, Util izing 

t h i s  approach gives r i s e  to  a doubly porous medium, one porosity associated 

with the rock matrix and a second porosity associated with the fractures.  

The equations governing the flow of a f lu id  through a doubly porous medium 

are  coupled by a f lu id  interact.ion term. Thr  interactSur1 term describes 

the mass flux of f lu id  from the primary rock matrix (pores) into the 

fractures  in terms of the pressure difference between pores and fractures.  

However, t h i s  approach requires the introduction of two pressures a t  each 

point in the system, One value represents the average pressure of the 
-- 

f lu id  in the pores of the rock matrix, and the other value represents the 



average p ressure  i n  t h e  f r a c t u r e s  nea r  t h a t  p o i n t .  S ince  t hese  va lues  

rep resen t  average pressures i n  t h e  neighborhood of a  p o i n t ,  i t  i s  nede- 

ssa,ry t o  assume t h a t  any i n f i n i t e l y  smal l  volume con ta i ns  n o t  o n l y  

a l a r g e  number of pores b u t  a l s o  a  l a r g e r  number o f  f r a c t u r e s .  I n  t h i s  

o r i g i n a l  paper o f  B a r e n b l a t t ,  Zhe l tov ,  and Kochina t h e  development was 

l i m i t e d  t o  s i n g l e  phase f l o w  o f  a  l i q u i d .  However, i n  succeeding papers 

B a r e n b l a t t  extended h i s  s o l u t i o n  t o  i n c l u d e  two-phase 1  i qu i d -gas  f l ow  [7], 

Warren and Root [ 8 ]  f u r t h e r  developed t h e  two-medium s t a t i s t i c a l  

model by  ex tend ing  i t  t o  s tudy  t r a n s i e n t  f l o w  phenomena i n  f r a c t u r e d  

porous systems, T h e i r  model c o n s i s t e d  o f  homogeneous i s o t r o p i c  porous 

rock  m a t r i x  b l ocks  c o e x i s t i n g  w i t h  a  homogeneous a n i s o t r o p i c  f r a c t u r e  

system which a l s o  behaves as a  porous media. C o n c e p t i a l l y  t h e i r  model 

i s  t h e  same as t h a t  o f  B a r e n b l a t t ,  e t . a l .  except  t h e  f r a c t u r e s  must 

occu r  i n  two p a r a l l e l  o r thogona l  s e t s  o r i e ' n t ed  a l ong  t h e  d i r e c t i o n s  o f  

p r i n c i p a l  p e r m e a b i l i t y .  The f r a c t u r e s  normal t o  t h e  p r i n c i p a l  axes a r e  

u n i f o r m l y  spaced and a r e  of cons tan t  w id th .  Flow can occur  between 

t h e  r o c k  m a t r i x  ( c a l l e d  p r ima ry  p o r o s i t y )  and t h e  f r a c t u r e s  ( c a l l e d  

secondary p o r o s i t y )  , b u t  f l o w  th rough  t h e  p r ima ry  p o r o s i t y  elements can 

n o t  occur.  They do pub1 i s h  some f i e l d  da ta  t o  e s t a b l  i s h  t h a t  some ' f rac -  

t u r e d  r s k e r v o i r s  do behave as p r e d i c t e d  by  t h e i r  t heo ry .  Again, War,ren 

and Root l i m i t  t h e i r  model t o  s i n g l e  phase f l o w  o f  a  s l i g h t l y  compress ib le  

l i q u i d .  I n  a d d i t i o n ,  t h e  p r ima ry  and secondary p o r o s i t i e s  were t r e a t e d  

as a cons tan t  i n  the ir  a n a l y s i s .  Odeh [9] c l o s e l y  f o l l o w e d  Warren and 

Root ' s  paper and though q u i t e  s i m i l a r  t o  t h e  l a t t e r  researchers  work, 

- t h e  conc lus i ons  were q u i t e  d i f f e r e n t  (see  d i s c u s s i o n  a t  end o f  r e fe rence  

9).  The fundamental d i f f e r e n c e  between t h e  two papers i s  t h a t  Odeh 

t r e a t e d  t h e  f r a c t u r e s  as b e i n g  u n i f o r m  th roughou t  t h c  r c s c r v o i r  as opposcd 



t o  t h e  homogeneous a n i s o t r o p i c  f r a c t u r e s  o f  Warren and Root. However, 

Odeh d i d  present  some f i e l d  data which supported h i s  approach bu t  caut ioned 

t h a t  f r a c t u r e d  r e s e r v o i r s  i n  general may n o t  obey h i s  theory. 

The method o f  Warren and Root [8] was extended by Kazemi [ l o ,  111 

t o  s tudy  t h e  pressure t r a n s i e n t  ana lys i s  o f  a  we11 c e n t r a l l y  l oca ted  i n  

a  f i n i t e  c i r c u l a r  r e s e r v o i r .  .In an accompanying paper by Kazemi, Seth and 

Thomas [12] t h e  s i g n i f i c a n c e  o f  w e l l  i n t e r f e r e n c e  t e s t s  i n  f rac tu red  

media was i nves t i ga ted .  T h e i r  r e s u l t s  a re  compared w i t h  those obta ined 

from a  one-medium model and they conclude t h a t  w h i l e  t h e  one-medium model 

i s  i n s u f f i c i e n t  a t  smal l  values o f  t ime, t h e  r e s u l t s  f o r  t h e  two models 

converge f o r  l a r g e  times. As i n  t h e  prev ious papers discussed, consid- 

e r a t i o n  was o n l y  g iven t o  s i n g l e  phase, constant  p rope r t y  f low.  Saad [13] 

considers a  water  bea r ing  porous medium w i t h  one s e t  o f  para l  l e l  f r a c t u r e s .  

Flow i n  a  d i r e c t i o n  perpen'dicular t o  t h e  f r a c t u r e  s e t  i s  considered t o  

occur  p r i m a r i l y  w i t h i n  t h e  porous medium. From the  r e s u l t s  o f  t h e  draw- 

down t e s t s  Saad c a l c u l a t e s  t h e  a n i s o t r o p i c  permeabi l i t i e s  bo th  para l  l e l  

and normal t o  t h e  f r a c t u r e s ,  and assigns t h e  f i r s t  pe rmeab i l i t y  t o  t he  

f r a c t u r e  system and t h e  second one t o  the  porous media, 

I n  t h e i r  s t u d y . o f  b lood f l ow  i n  c a p i l l a r i e s ,  Lew and Fund [ I 4 1  have 

taken i n t o  account t h e  anisotrophy of t h e  n o n - r i g i d  porous medium by 

u t i l i z i n g  a  s t a t i s t i c a l  space averaging approach, A "pore m a t r i x  f u n c t i o n "  

i s  in t roduced t o  descr ibe  t h e  s t r u c t u r e  o f  t he  network o f ,  pores i n  t h e  

a n i s o t r o p i c  n o n - r i g i d  media. By assuming t h e  f l u i d  i s  Newtonian,the f l o w  

i n  an i n d i v i d u a l  t u b u l e  o f  t h e  pore network can be descr ibed by t h e  

~ a v i e r - s t o k e s  equat ions. The equat ions governing t h e  macroscopic mot ion 

of t h e  viscous f l u i d  through the  porous media a re  de r i ved  by averaging 

t h e  mot ion o f  t h e  f l u i d  through i n d i v i d u a l  elements o f  t h e  pores over  a  



. smal l  volume o f  t h e  porous medium. A gene ra l i zed  Darcy 's  law i s  obta ined,  

i n  wh ich  t h e  p e r m e a b i l i t y  t enso r  i s  e x p l i c i t l y  expressed i n  terms of t h e  

pore  m a t r i x  funct ' ion,  The p e r m e a b i l i t y  t enso r  which evolves i s  a  second 

rank symmetric t e n s o r  and may be i n f e r r e d  f rom exper imenta l  data, 

Duguid and Lee [ I 5 1  adapted Lew and Fung's 1141 techn ique  t o  t h e  

f l o w  o f  a  s i n g l e  phase f l u i d  (wa te r )  th rough  f r a c t u r e d  porous media, I n  

t h e i r  development. t h e  f r a c t u r e d  porous medium i s  t r e a t e d  as an e l a s t i c ,  

i ncompress ib l  e  s o l  i d  c o n t a i n i n g  two d i f f e r e n t  p o r o s i t i e s .  The p r ima ry  

p o r o s i t y  i s  cons idered  t o  be i s o t r o p i c  and t h e  secondary p o r o s i t y  assoc ia ted  

w i t h  t h e  f r a c t u r e s  which separate t h e  p r ima ry  b l ocks  i s  a n i s o t r o p i c  

depending upon t h e  s p a t i a l  d i s t r i b u t i o n  of t h e  f r a c t u r e s ,  The f l u i d  i s  

cons idered t o  be s l i g h t l y  compress ib le ,  and t h e  f l u i d  v e l o c i t y  i n  b o t h  

t h e  p r ima ry  pores and t h e  f r a c t u r e s  i s  assumed t o  be smal l .  Th i s  l a t t e r  

assumption a l l o w s  t h e  n o n l i n e a r  p o r t i o n  o f  t h e  a c c e l e r a t i o n  t e rm  i n  t h e  

equat ion  o f  mo t i on  t o  be neglected.  Two s e t s  o f  govern ing  equat ions  a re  

r e q u i r e d  t o  desc r i be  t h e  f low i n  t h e  f r a c t u r e d  porous media, one f o r  each 

t y p e  o r  p o r o s i t y .  The r e s u l t i n g  s e t s  o f  equa t ions  a r e  coupled by t h e  

i n t e r a c t i o n  o f  t h e  f l u i d  i n  t h e  p r ima ry  pores w i t h  t h e  f l u i d  i n  t h e  

f r a c t u r e s .  

Yamamoto, Padgett ,  Ford, and Bougegui r a  [18] developed a  very .  spec ia-  

l i z e d  g a s - o i l  mu1 t i p l e  component (composi t i o n a l  ) model f o r  f l o w  w i t h i n  

f r a c t u r e d  r e s e r v o i r s .  ' T h e i r  model i s  used t o  s i m u l a t e  m a t r i x  b l o c k  be- 

h a v i o r  f o r  a  s i n g l e  b lock ,  w i t h  a  f r a c t u r e  l o c a t e d  a long  t h e  mid-depth . 

o f  t h e  b lock ,  The f r a c t u r e  represen ts  t h e  boundary c o n d i t i o n s  around t h e  

b l o c k  and f l o w  a l o n g  t h e  f r a c t u r e  i s  no t  considet-ed. 

I n  an e a r l i e r '  paper by  Duguid and Abel [16] t h e  researchers p resen t  

a  system o f  equa t ions  s i m i l a r  t o  those  d e r i v e d  by Duguid and Lee[ l5] .  



The govern ing  f l o w  equati.ons were so l ved  by t h e  fo rmer  au tho rs  b y  employing 

a  f i n i t e  e lement  G a l e r k i n  method. Resu l t s  a r e  p resen ted  f o r  t r a n s i e n t  

i ncompress ib l e  f l o w  i n  a  c o n f i n e d  l e a k y  a q u i f e r ,  However, t h e  two problems 

t h e  au tho rs  p r e s e n t  s o l u t i o n s  f o r  a r e  a r t i f i c i a l  i n  n a t u r e  b u t  do p r o v i d e  

i n s i g h t  i n t o  t h e  p h y s i c a l  c h a r a c t e r  o f  f l o w  th rough  f r a c t u r e d  porous media, 

S p e c i f i c  d e t a i l s  o f  t h e  d e r i v i a t i o n s  and t h e  f r a c t u r e  model a r e  con ta i ned  

i n  a n o t h e r  r e p o r t  by  Duduid and Lee [17], 

Kleppe and Morse [19] and Kazemi , M e r r i l l  , P o r t e r f i e l d ,  and Zeman 

[20] extended Warren and Root's [8] s i n g l e  phase f low 9r)ustSons t o  two-  

phase, two and t h r e e  d imensional  models, r e s p e c t i v e l y .  However, t h e  v a l i d i t y  

o f  Kleppe and M o P $ ~ ' s  model was v e r i f i e d  a g a i n s t  da ta  ob ta i ned  f r om a  

l a b o r a t o r y  exper iment  i n v o l v i n g  a  s i n g l e  m a t r i x  b l ock  con ta i ned  i n  a  

c i r c u l a r  tube  surrounded by an annulus t o  r ep resen t  t h e  f r a c t u r e ,  The 

r e s u l t s  o f  t h e i r  l a b o r a t o r y  exper iments  agreed we1 1  w i t h  t h e i r  s i m u l a t o r  

r e s u l t s .  The equa t i ons  p resen ted  i n  t h e  paper a r e  t h e  ones n o r m a l l y  

found  i n  t h e  l i t e r a t u r e  which desc r i be  t h e  f l o w  i n  a  s i n g l e  p o r o s i t y  

system, I t  i s  n o t  c l e a r  from t h e i r  work as t o  how t h e  f r a c t u r e s  a f f ec t  

t h e  f low. However, t h e y  were a t t e m p t i n g  t o  match i n b i b i t i o n  exper iments  

as opposed t o  desc ' r i b i ng  t h e  t o t a l  f l o w  problem i n  t h e  r ock  m a t r i x  - 

f r a c t u r e  system. Kazemi, e t . a l .  [20] on t h e  o t h e r  hand, were concerned 

w i t h  t h e  t o t a l  f l o w  prob lem and t h e i r  model i s  q u i t e  genera l  f o r  o i l -  

w a t e r  f l o w  i n  f r a c t u r e d  r e s e r v o i r s .  T h e i r  model accounts  f o r  r e l a t i v e  

f l u i d  m o b i l i t i e s ,  g r a v i t y  f o r ces ,  i m h i h i t i o n ,  and v a r i a t i o n s  i n  r e s e r v n i r  

p r o p e r t i e s  a l t hough  t h e  p o r o s i t i e s  i n  t h e  f r a c t u r e  and t h e  p r ima ry  r ock  

m a t r i x  a r e  cons ide red  t o  be  cons tan t .  However, t h e i r  model i s  l i m i t e d  i n  

t h a t  t h e  f r a c t u r e s  must occur  i n  two p a r a l l e l  o r thogona l  se t s  o r i e n t e d  

a l o n g  t h e  d i r e c t i o n s  o f  p r i n c i p a l  p e r m e a b i l i t y  as i s  t h e  case o f  Warren 



and Root's [8J model- Fractures which are  randomly oriented cannot he 

hand1 ed by Kazemi ' s e t  .a1 . model. 

In a similar treatment Rossen [21]  considered the rock matrix 

blocks as source and sink terms in a conventional reservoir simulator 

which models only the fracture system. The source/sink terms are functions 

of rock matrix and f lu id  properties with fracture saturation a n d  pressure 

defining the boundary conditions. These functions a re  derived by history 

matching simulations or independently by laboratory experiment or single 

matrix block simulation, i .e.  i t  i s  assumed t h a t  these functions are  known, 

Closmann [22]  developed an aquifer model f o r  fissured reservoirs by 

adapting the theory of Warren a n d  Root [8] and Odeh [9]. In his approach 

i t  was assumed that  the reservoir h a d  constant properties and flow only 

o ~ ~ u r i . . e d  from t h e  roclc matrix to  the f issures  a n d  thrn~lgh t h e  f issures  to  

the inner aquifer boundary. 

Swann [23, 241 and Williams [25] have also studied reservoir perfor- 

mance in fractured media u t i l iz ing  models developed along the theories p u t  

forth by Barenblatt e t .a l ,  [ 6 ]  and Warren and Root [8], In Swann's f i r s t  

paper,effort was directed toward relat ing the fractured reservoir pro- 

perties to  the well t e s t  plots as opposed to  describing the flow' phenomena 

occurring in the rock matrix blocks and the fractures.  In his second 

paper an analytical theory i s  presented which describes water flooding 

in fractured reservoirs. However, the conclusion i s  drawn that  since the 

model matches the inbibition experiments of Kleppe and Morse [19] and 

Mattax and Kyte [26] fo r  a single matrix block i t  can be used t o  predict 

cumulative o i l  production, water-oil r a t io  and the saturation profiles 

i n  the fractures f o r  a water flood project for  a fractured reservoir, 

A1 th'ough the approach i s  different  from the other approaches discussed, 



i t  does n o t  l e n d  i t s e l f  t o  d e s c r i b i n g  t h e  f l o w  phenomena t a k i n g  p l ace  

w i t h i n  t h e  p r ima ry  r o c k  m a t r i x / f r a c t u r e  system. 

A r ecen t  d o c t o r a l  d i s s e r t a t i o n  by Menouar [ 2 7 ]  presents  a  numer ica l  

s t udy  of  t he  d isp lacement  o f  o i l  by water  i n  heterogeneous r e s e r v o i r s .  

D i scuss ion  and c o n s i d e r a t i o n  i s - g i v e n  t o  f l o w  i n  f r a c t u r e d  porous media 

a1 though t h e  govern ing  equat ions used i n  t h e  numer ica l  s i m u l a t o r  developed 
-. 

a r e  based upon a s i n g l e  p o r o s i t y  system w i t h o u t  any c o n s i d e r a t i o n  g i ven  t o  

t h e  f l o w  i n  a  r o c k  ma t r i x / f r ac t . u red  system, The r e s u l t s  presented a r e  

p r i m a r i - l y  concerned w i t h  t h e  i m b i b i t i o n  process o c c u r i n g  a t  t h e  boundary 

of  a  s i n g l e  m a t r i x  b l ock .  A l though o t h e r  s t a t i s t i c a l  models a r e  r e f e r -  

enced i n  t h e  va r i ous  papers c i t e d  they  a r e  q u i t e  s i m i l a r  t o  those a l r eady  

d iscussed  and do n o t  wa r ran t  a d d i t i o n a l  comments. 

1.4 THE ENUMERATIVE APPROACH 

Models appear ing .  i-n t h e  1  i t e r a t u r e  which r e l y  upon t h e  i d e n t i f i c a t i o n  

of  t h e  geomet r i ca l  p r o p e r t i e s  o f  t h e  s p e c i f i c  f r a c t u r e s ,  such as o r i e n t a -  

t i o n  and ape r tu re ,  w i l l  now be considered. 1n genera l ,  these  models r e l y  

upon a  knowledge o f  t h e  f low c h a r a c t e r i s t i c s  t h a t  a r e  t a k i n a  p l ace  i n  t h e  

i n d i v i d u a l  f r a c t u r e  segments. Genera l l y  t h e  assumption i s  made t h a t  

t h e  f l o w  i n  t h e  f r a c t u r e s  can be modeled as i n f i n i t e  p a r a l l e l  p l a t e  f low. 

Th i s  assumption i s  made because o f  t h e  s imp le  mathemat ica l  express ions 

which evo l ve  t o  d e s c r i b e  t h e  f l u i d  f l o w  i n  such condu i t s ,  and because i t  

c l  o s e l y  approximates t h e  p l a n a r  tendencies o f  many f r a c t u r e d  sur faces.  

G ~ n e r a l  s t u d i e s  of t h e  p a r e l  l e l  p l d t e  model have been conducted by 

a  m u l t i t u d e  of  researchers .  These a r e  l i s t e d  i n  t h e  r e p o r t  o f  Wi lson and 

Witherspoon [I] and w i l l  n o t  be reproduced here, I n  a d d i t i n n  an excel  l e n t  

t r e a t i s e  on genera l  f l u i d  f l o w  i n  porous media i s  g i ven  by Bear [28] where in  

t h e  t r ea tmen t  o f  p a r a l l e l  p l a t e  f l o w  i s  d iscussed i n  d e t a i l .  :W i l son  and 

Witherspoon [I] u t i l i z e  an enumerat ive approach t o  model s teady s t a t e  



laminar flow of f luids  through a  two-dimensional system of idealized 

fractures in a  matrix of permeable blocks. Given a certain fracture 

geometry, matrix permeabil i  t i e s ,  and boundary conditions, equations are  

derived which gives the steady s t a t e  pressure head a t  any point in the 

medium. From the pressure head the v.olume flow rates  are  then found via 

Darcyl,s law. The fractures are  treated as in f in j t e  parallel  plate conduits 

with. impermeable smooth walls. Directional permeabilities a re  derived 

a~suming fracture orientation,and directional principal permeabil i  t i e s  

can be experimentally determined from a core sample, The'resulting 

directional permeabilities are  therefore, a  function of f racture aperture,  

permeability or ientat ion,  and f lu id  properties, The directional permeab- 

i l i t i e s  are  functions of the permeability of the fracture K f ,  which in 

the case of a  parallel plate model i s  

where b = aperture of the fracture 

Y = specif ic  weight of f luid 

p = viscosity of the f lu id  

Using such an appro3ch the authors derive a  s e t  of governing 

equations which are  ther: solved using a f i n i t e  element program using 

triangular elements for  the pressure head and hence the  volume flow 

rates  a t  any point in the medium, Again, t h i s  approach assumes the 

individual f racture geometrics are known througl~ou'l; the flow fie1 d o  

Several other .enumerative models are dciscussed by,  !!i 1 son and ldi therspoon 

[I  ] and references ci ted concerni n9 the researchers involved. 

Gale, et .al .  [29] ut i l ized  an enumerative approach to  analyze 

the e f fec t  of f lu id  movement in rnck systems where flow i s  influenced by 



the behavior of deformable fractures ,  They conclude tha t  the simple 

f rac ture  geometry considered may not represent most natural fractured 

reservoi rs .  

Snow [30] developed a general anisotropic permeabi 1 i t y  tensor for  

fractured porous media by considering the manner in which a fixed oriented 

hydraulic gradient e f fec ts  flow in a rock volume with a number of d i f f -  

erent ly oriented fractures .  The fractures are  assumed t o  be in f in i t e  in 

~ x t ~ n t . ,  have constant average spacing, and identical apertures and ori en- 

ta t ions .  In a subsequent paper Snow [31] extended t h i s  approach t o  allow 

f o r  randomly dS s t r lbuted ur.ier11d lions a n d  apcrturcs,  However, if fll-IW 

i n  the system of porous rock blocks i s  t o  be considered for  t h i s  l a t t e r  

approach, i t  must be t reated as acting independent of the fracture system. 

In a follow-on paper Snow [32] presented resu l t s  from pressure-test data 

which permitted an estimate of the average spacing and the average aperture 

of water-conducting fractures in undisturbed rock masses. 

Asfari and Witherspoon [331 used an enumerative approach to  investi-  

gate rnather~~atical models of idealized systems uf  ver.L-ica1 fb-actul-es con 

s i s t ing  of parallel  p1at .p  cnnduits. Reqular s.ystems of fractures were 

chosen in such a manner tha t  the length of the fracture could be charac- 

ter ized in terms of the dimension of a representative elemental area 

associated w i t h  the fracture.  By changing the permeability of the fracture 

r e l a t ive  to  the matrix, steady s t a t e  solutions were obtained which demon- 

s t ra ted  that  the effect ive permeability of the fractured system depend 

upon both fracture conductivity and dimensionless parameters representing 

fracture density. Fini te  element algorithms were used to  solve the mathe- 

matical model s discussed. Excel 1 ent agreement between thei r analytical 

resu l t s  and those of other researchers were obtained. 



Peaceman [34,35] i n v e s t i g a t e d  t h e  convec t i ve  m i x i n g  t a k i n g  p l ace  

w i t h i n  t h e  o i l - f i l l e d  p o r t i o n  o f  a  f i s s u r e d  system. He u t i l i z e d  a  

s i n a l e  v e r t i c a l  p a r a l l e l i p i ' p e d  shaped f i g u r e .  o f  l e n g t h  L, ~ i d t h  W and 

a p e r t u r e  Df t i l t e d  a t  an a r b i t r a r y  ang le  w i t h  t h e  l o c a l  v e r t i c a l  i n  

o r d e r  t o  i n c l u d e  g r a v i t y  e f f e c t s .  The f r a c t u r e  permeabi 1  i ty  was assumed 

t o  be t h a t  o f  a  p a r a l l e l  p l a t e  c o n d u i t  s i m i l a r  t o  t h a t  g i ven  by equa t ion  

1. S ince  t h e  work was focused upon e v a l u a t i n g  m a t r i x - f i s s u r e  t r a n s f e r  

e f f e c t s  and d e n s i t y  i n v e r s i o n  i n  t h e  f r a c t u r e ,  c o n s i d e r a t i o n  was n o t  g i ven  

t o  t h e  t o t a l  f l o w  problem th rough a r e s e r v o i r  made up o f  these  types  o f  

f i s s u r e s  surrounded by p r ima ry  r o c k  m a t r i x  b locks.  The numer ica l  r e s u l t s  

ob ta i ned  f rom t h e  s tudy  w h i l e  p r e l i m i n a r y  i n  na tu re ,  i n d i c a t e  t h a t  con- 

v e c t i o n  i n  f r a c t u r e s  may p l a y  a  s i g n i f i c a n t  r o l e  i n  t h e  performance o f  

f r a c t u r e d  r e s e r v o i r s  undergoing p ressure  dep le t i on .  

Other  mathematical  models based upon t h e  enumerat ive approach a r e  

c i t e d  i n  t h e  va r i ous  papers, d iscussed and re fe renced  i n  t h i s  r epo r t .  

However, none o f  these  models a r e  genera l  and a p p l i c a b l e  enough t o  wa r ran t  

d e t a i l e d  d i scuss ion  o f  t h e  approaches i nvo l ved .  They a r e  p r i m a r i l y  con- 

cerned w i t h  s p e c i a l  cases r a t h e r  than  a t tempts  t o  model genera l  f r a c t u r e  

networks. 

1.5 STATISTICAL vs ENUMERATIVE APPROACH 

When one assesses t h e  l i t e r a t u r e  on model ing o f  f l u i d  f l o w  through 

f r a c t u r e d  porous media, i t  i s  obv ious t h a t  t h e  s t a t i s t i c a l  approach dominates 

i n  terms o f  t h e  q u a n t i t y  o f  work which has been pub1 i shed  on t h e  s u b j e c t  

i n  quest ion.  However, t h i s  i s  p r i m a r i l y  due t o  t h e  f a c t  t h a t  t h e  enumera- 

t i v e  approach r e q u i r e s  an accu ra te  d e s c r i p t i o n  o f  t h e  complex geometry o f  

n a t u r a l  f r a c t u r e d  systems. To accompl ish t h i s ,  a  number o f  techniques 



have been proposed (see  Chapter I o f  r e fe rence  1 )  f o r  o b t a i n i n g  f r a c t u r e  

spac ing,  o r i e n t a t i o n  ape r tu res  and o t h e r  f r a c t u r e  parameters r e q u i r e d  t o  

c a r r y  o u t  an accu ra te  enumerat i ve model o f  n a t u r a l  f r a c t u r e d  r e s e r v o i r s ,  

I n  genera l  t h e  s t a t i s t i c a l  approach i s  p r e f e r r e d  over  t h e  enumera- 

t i v e  approach whenever t h e  s i z e  o f  t h e  rock  m a t r i x  b l o c k  becomes smal l  

i n  r e l a t i o n  t o  t h e  s i z e  of  t h e  boundar ies [I], However, use of t h e  

s t a t i s t i c a l  approach, i n v o l v i n g  t r ea tmen t  o f  . t h e  f r a c t u r e  system as an 

e q u i v a l e n t  porous medium, can under c e r t a i n  c i rcumstances l e a d  t o  i n v a l i d  

r e s u l t s  when f r a c t u r e  spac ing  i s  l a rge .  I n  genera l ,  accord ing  t o  Wi lson 

and Witherspoon [I], when t h e  s m a l l e s t  dimension o f  t h e  system boundary i s  

n o r e  t h a n ' 5 0  t imes  as l o n g  as t h e  l onges t  dimension o f  t h e  l a r g e r  r o c k  

m a t r i x  b l o c k  t h e  s t a t i s t i c a l  approach i s  p r e f e r r e d  over  t h e  enumerat ive 

approach. 

1.6 SUMMARY OF LITERATURE SURVEY 

The main t h r u s t  o f  t h e  l i t e r a t u r e  survey was t o  i d e n t i f y  and 

assess t h e  p o t e n t i a l  o f  t h e  phys ica l /mathemat ica l  models which c u r r e n t l y  

e x i s t  i n  t h e  p u b l i s h e d  media t o  adequate ly  desc r i be  mu l t i phase /mu l t i -  

component f l o w  th rough n a t u r a l  f r a c t u r e d  porous media. From t h e  r e s u l t s  

o b t a i n e d  i t  i s  c l e a r  t h a t  no s p e c i f i c  paper, r e p o r t  o r  o t h e r  pub l i shed  

document adequate ly  t r e a t s  t h i s  v e r y  impo r tan t  f l o w  problem. S ince  a  

m u l t i t u d e  o f  da ta  bases were researched t o  uncover a  model o f  t h i s  na tu re ,  

i t  i s  b e l i e v e d  t h a t  a  genera l  f o r m u l a t i o n  o f  t h i s  problem has y e t  t o  be 

pub1 ished. T h i s  i s  as one would suspect s i n c e  t h e  n e c e s s i t y  o f  a  model 

o f  t h i s  t ype  f o r  f r a c t u r e d  r e s e r v o i r s  has o n l y  become ev iden t  i n  t h e  pas t  

seve ra l  years w i t h  t h e  advent of enhanced recovery  processes l o o k i q g  more 

and more a t t r a c t i v e  f rom an economic p o i n t  o f  view, For  p r ima ry  and 

secondary wate r  f l o o d  recover ies,  t h e  model s  con ta ined  i n  t h e  1 i t e r a t u r e  



were appa ren t l y  adequate, However, t h e  models which do appear i n  t h e  

pub l i shed  l i t e r a t u r e  a r e  e i t h e r  t o o  r e s t r i c t i v e  f o r  genera l  a p p l i c a t i o n  

o r  were developed f o r  ve ry  s p e c i a l i z e d  cases o f  p a r t i c u l a r  i n t e r e s t  t o  an 

o rgan i za t i on ,  group o r  i n d i v i d u a l .  Furthermore, t h e  va r i ous  approaches 

g iven  i n  t h e  l i t e r a t u r e  do p r o v i d e  i n s i g h t  i n t o  deve lop ing  a  more genera l  

model. I n  t h i s  r ega rd  t h e  1  i t e r a t u r e  survey has p rov ided  a  r e a l  s e r v i c e  

i n  an a t t emp t  t o  c h a r a c t e r i z e  t h e  f l o w  of multi-phase,multi-component 

f l u i d s  th rough f r a c t u r e d  porous media. 

I n  pet ro leum r e s e r v o i r  model ing i t  i s  more a p p r o p r i a t e  t o  d e r i v e  

govern ing- f low equat ions based upon a  s t a t i s t i c a l  approach as opposed t o  

t h e  enumerat ive approach, Th is  i s  p a r t i c u l a r l y  t r u e  s i n c e  t h e r e  i s  a  g r e a t e r  

concern w i t h  o v e r a l l  f l u i d  movement th roughout  a  r e s e r v o i r  as opposed t o  

t h e  movement th rough  t h e  i n d i v i d u a l  pores o r  f r a c t u r e s ,  C e r t a i n l y  one 

must model on a  mic roscop ic  s c a l e  t o  desc r i be  t h e  f l o w  i n  a  smal l  reg ion ,  

However, t h e  macroscopic f l o w  equat ions  a r e  de r i ved  by  t a k i n g  s t a t i s t i c a l  

averages o f  t h e  mic roscop ic  equa t ion  ove r  a  much l a r g e r  r e g i o n  b u t  y e t  

s t i l l  smal l  enough t o  app l y  t h e  t h e o r i e s  o f  t h e  i n f i n i t e s m a l  ca l cu lus .  

A l though one can employ t h e  enumerat ive approach t o  t h e  problem,the char-  

a c t e r i z a t i o n  o f  t h e  i n d i v i d u a l  f r a c t u r e s  would r e q u i r e  cons ide rab le  more 

t ime  and exper imenta l  da ta  t o  s o l v e  t h e  govern ing- f low equat ions  w i t h  

any degree o f  conf idence, As has been p o i n t e d  o u t  i n  t h e  s e c t i o n  on enum- 

e r a t i v e  model ing t h e r e  a r e  s i t u a t i o n s  where adequate f r a c t u r e  geometry 

e x i s t s  and t h e  enumerat ive approach,can y i e l d  accura te  and u s e f u l  r e s u l t s .  

However, i n  genera l  t h e r e  i s  a  l a c k  o f  s u f f i c i e n t  geometr ic  f r a c t u r e  da ta  

t o  war ran t  an enumerat ive approach and t h e  f o r m u l a t i o n  o f  t h e  model which 

i s  g i v e n  i n  t h e  nex t  chap te r  i s  based upon t h e  s t a t i s t i c a l  approach. 



CHAPTER I I 

FORMULATION OF A GENERAL MODEL FOR FLOW 

THROUGH FRACTURED POROUS FEDIA 

2.1 BASIC ASSUMPTIONS 

I n  t h e  f o r m u l a t i o n  o f  a  mathemat ica l  model f o r  n a t u r a l l y  f r a c t u r e d  

r e s e r v o i r s  t h e  f o l l o w i n g  b a s i c  assumptions a r e  made: 

1. The f r a c t u r e d  porous media i s  t r e a t e d  as an e l a s t i c  

i ncompress ib l e  s o l i d  which c o n t a i n s  two k i nds  o f  p o r o s i t y .  

Orle p o r o s i t y  i s  assoc ia t sd  w i t h  t h e  p r ima ry  rock  m a t r i x  and 

t h e  second p o r o s i t y  i s  assoc ia ted  w i t h  t he  f r a c t u r e s .  

2. The p r i m a r y  p o r o s i t y  i n  t h e  p r ima ry  rock  m a t r i x  i s  cons idered  

t o  be i s o t r o p i c ,  whereas, t h e  p o r o s i t y  i n  t h e  f r a c t u r e  i s  

cons idered  a n i s o t r o p i c ,  

3. F l u i d  v e l o c i t i e s  i n  b o t h  t h e  p r ima ry  pores and t h e  f r a c t u r e s  

a r e  assumed t o  be sma l l .  

4. P r imary  r o c k  t n a t r i x  pore  volume i s  independent of f r a c t u r e  

p ressu re  and converse ly  f o r  t h e  f r a c t u r e  volume. 

Other  assu rnp t i on~  are introduced as necessary, 

0 
L.L PRIMARY AND FRACTURE POROSITY EQUATIONS 

As f l  u i d s  a r e  removed f rom a  c o n f i n e d  r e s e r v o i r  o r  a r e  rep laced  

b y  o t h e r  f l u i d s  hav ing  d i f f e r e n t  compress ib i l  i t j e s ,  t h e  f l u i d  -pressure 

i n  t h e  medium i s  decreased and t h e  r e s e r v o i r  i s  compressed because o f  t h e  

i nc reased  overburden l o a d  c a r r i e d  by  t h e  g r a n u l a r  ske le tnn .  T f  t h e  s o l i d  

g r a i n s  a r e  assumed incompress ib le ,  c o n s o l i d a t i o n  can o n l y  occur  t h rough  

re-arrangement of t h e  g r a n u l a r  ske le ton .  T h i s  re-arrangement a1 t e r s  t h e  

s i z e  o f  t h e  f l o w  condu i t s  i n  b o t h  t h e  p r in ia ry  pores and t h e  f r a c t u r e s  thus  

changing t h e  f l o w  c h a r a c t e r i s t i c s  o f  t h e  media. Hence, t h i s  phenomena 



r e s u l t s  i n  a  change o f  p o r o s i t y  w i t h  t ime, To model t h i s  e f f e c t ,  we 

cons ider  t h e  t o t a l  volume o f  t h e  medium t o  be: 

v = vs + vf + v1 
( 2 )  

I n  equat ion 2, Vs i s  t h e  volume o f  t h e  s o l i d s ,  V f  i s  t h e  volume of 

t h e  f r a c t u r e s  and V1 i s  t h e  volume o f  t h e  pores i n  t h e  pr imary  rock mat r i x ,  

I n  terms o f  p o r o s i t y  f o r  each component o f  t h e  medium 

Taking the  d e r i v a t i v e  o f  ml, w i t h  respec t  t o  t ime we o b t a i n  upon re -  

a r rang ing  and us ing  the  d e f i n i t i o n  o f  m1 

D i f f e r e n t i a t i n g  V w i t h  respec t  t o  t ime and r e c a l l i n g  we have assumed 

V s  i s  constant  then, 

S u b s t i t u t i n g  equat ion ( 5 )  i n t o  equat ion ( 4 )  and s i m p l i f y i n g  we o b t a i n  

S i m i l a r l y ,  f o r  t he  f r a c t u r e  p o r o s i t y ,  we o b t a i n  

The c o m p r e s s i b i l i t y  o f  a  f l u i d  a t  cons tan t  temperature i s  de f ined  

accord ing t o  

I n t r o d u c i n g  equat ion 8 i n t o  equat ions 6 and 7 and f u r t h e r  assuming t h a t  

t h e  change o f  pore volume i n  t h e  rock  m a t r i x  i s  independent o f  t he  pressure 

i n  t he  f r a c t u r e  and conversely  f o r  t h e  change i n  f r a c t u r e  volume we o b t a i n  



t h e  f o l l o w i n g  equat ions f o r  t h e  rock m a t r i x  p o r o s i t y  and t h e  f r a c t u r e  

c1 i s  t h e  - c o m p r e s s i b i l i t y  o f  t h e  f l u i d  i n  t he  pr imary rock  m a t r i x  and c f  

i s  t h e  c o m p r e s s i b i l i t y  o f  the f l u i d  i n  t he  f rac tu res ,  PI and Pf ,,, 
t h e  f l u i d  pressures i n  t h e  pr imary,pores and f r a c t u r e s  respec t i ve l y ,  

S ince f o r  mul t i -phase f l o w  the  composit ion of t he  f l u i d  i n  t he  r o c k  

m a t r i x  and t h e  composi t ion o f  t h e  f l u i d  i n  t h e  f r a c t u r e s  can be d i f f e r e n t ,  

t h e  f l u i d  c o m p r e s s i b i l i t i e s  i n  t h e  respec t i ve  v o i d  spaces w i l l  be 

d i f f e r e n t .  If i t  i s  'assumed t h a t  a t  a  p o i n t  i n  t h e  r e s e r v o i r  t he  f l u i d  

composit ions a re  t h e  same i n  both f r a c t u r e s  and m a t r i x  pores (or 

s i n g l e  phase f low), then f o r  a  s l i g h t l y  compressible f l u i d  Duguid and Lee 

[15] show t h a t  

I n  general t h e  t o t a l  d e r i v a t i v e  i n  equat ions 9-12 i s  expressed as 

-+ 
I n  equat ion 13, V s  represents the  v e l o c i t y  a t  which t h e  s o l i d  medium i s  

moving and v i s  t h e  nabla d i f f e r e n t i a l  operator ,  For t h e  problem under 
-f 

cons ide ra t i on  VS _= 0 and the. t o t a l  d e r i v a t i v e  becomes a  p a r t i a l  d e r i v a t i v e ,  

hence equat ions 9 and 10 a r e  r e w r i t t e n  as, 



The c o m p r e s s i b i l i t i e s  cl and cf a re  g iven by 

1  = cgSgl + So 1  + CwSwl. 

Sg, So, Sw and c  Co, Cw a r e  t h e  respec t i ve  s a t u r a t i o n s  and compressi- 
9  ' 

b i l i t i e s  o f  t he  var ious phases i n  t h e  rock m a t r i x  pores and t h e  f rac tu res ,  

2.3 CONSERVATION EQUATIONS 

The conserva t ion  o f  mass i n  t h e  pr imary rock m a t r i x  and t h e  f r a c -  

t u res  a r e  obta ined by doing a  mass balance on an elemental volume of t h e  

medium con ta ln lng  f rac lu r -es  and pores.  Since j t  i s  des i red  t o  be general 

i n  the fo rmu la t i on  t h e  f o l l o w i n g  d e f i n i t i o n s  a re  in t roduced '  

cigy cia.' ciw = mass f r a c t i o n s  o f  t he  i t h  component i n  t h e  gas 

phase, o i l  phase,and water phase, respec t i ve l y .  

3 3 3 
pgVg*  povo, Pw w = mass f l u x  d e n s i t i e s  of t he  gas phase, o i l  

phase,and water  phase, r e s p e c t i v e l y '  

r j  
= mass o f  f l u i d  phase j f l o w i n g  from pr imary 

rock  m a t r i x  pores i n t o  the  f r a c t u r e s  per  u n i t  

t ime  per  u n i t  volume of medium 
+ + 

9  ' 
3 are  d e n s i t i e s  and v e l o c i t i e s  o f  t he  d i f f e r e n t  D v o y  o w  and Vg, Vo '  w 

phases, r i s  a  f l u i d  i n t e r a c t i o n  term t a k i n g  p lace between pr imary 
j 

pores and f rac tu res ,  

The mass halance i n  t h e  pr imary pores y i e l d s  t h e  f o l l o w i n g  c o n t i -  

n u i t y  equat ion f o r  t h e  f l u i d  i n  t h e  pr imary rock mat r i x .  



Fo r  t h e  f r a c t u r e s  th.e c o n t i n u i t y  e q u a t i o n  i s  

2.4 EQUATION OF MOTION 

Assuming D a r c y ' s  l a w  i s  v a l i d  i n  t h e  rock  m a t r i x  t h e  govern ing  

f l o w  equa t i ons  i n  t h e  p r ima ry  pores a r e  

K1 i s  t h e  a b s o l u t e  p e r m e a b i l i t y  o f  t h e  p r ima ry  r o c k  m a t r i x ,  k r r  i s  

t h e  r e l a t i v e  p e r m e a b i l i t y  o f  t h e  p r ima ry  r o c k  m a t r i x  t o  t h e  . i l t h  f l u i d  

phase, P i s  t h e  p ressu re  o f  t h e  . j ' t h  phase i n  t h e  p r ima ry  r ock  m a t r i x ,  
IJ 

D i s d e p t h ,  g i s t h e a c c e l e r a t i o n o f g r a v i t y a n d  i s t h e v i s c ~ s i t ~ o f  
IJ j 

t h e  j ' t h  phase. 

To develop t h e  e q u a t i o n  o f  mot ion  f o r  f l o w  i n  t h e  f r a c t u r e s ,  t h e  f l o w  o f  

a  s i n g l e  phase f l u i d  i s  i n v e s t i g a t e d  and t h e  r e s u l t s  g e n e r a l i z e d  f o r  

mu1 t i - p h a s e  f low. For  a  g i ven  f r a c t u r e  t r a n s p o r t i n g  a  Newtonian f l  u id ,  

t h e  Nav ier -Stokes equa t ions  qovern t h e  f low. Ass~rrning f l o w  i n  t h e  f r ac -  

tures Can be approx imated as i ncompress ib l e  f l ow,  t h e  govern ing  Navi e r  

Stokes eaua t i on  f o r  s i n q l e  phase f l o w  i s  

I f  we assume t h e  f low i n  t h e  i n d i v i d u a l  f r a c t u r e s  can be approx imated 

as f l o w  w i t h i n  porous w a l l e d  condu i t s  o f  h y d r a u l i c  r a d i u s  r,,, and t h e  

c r o s s - s e c t i o n a l  d imensions of a  f r a c t u r e  a r e  s m a l l e r  than-- the l e n g t h  

o f  a  f r a c t u r e  seoment, t h e  v e l o c i t y  Pf w i l l  be app rox ima te l y  p a r a l l e l  



t o  t h e  f r a c t u r e  o r i e n t a t i - o n  [I 4-1 71, and hence, 

where 6 i s  a  u n i t  v e c t o r  i n  t h e  d i r e c t i o n  o f  t h e  f r a c t u r e  o r i e n t a t i o n .  

Approx imat ing  t h e  f l o w  w i t h i n  t h e  f r a c t u r e s  as P o i s e u i l l i a n  then,  

Uo (3) i s  t h e  magnitude o f  t h e  average v e l o c i t y  o f  t h e  f l o w  ove r  t h e  c ross  

s e c t i o n  o f  an i n d i v i d u a l  f r a c t u r e  o f  h y d r a u l i c  r a d i u s  r and A' i s  a H 

parameter i n t r o d u c e d  t o  t a k e  i n t o  account  en t rance  and e x i t  e f f e c t s .  

Warren and Root [8], Lew and Fung [14], and Duguid and Lee [I 51 i n t r o -  

duced such a  parameter t o  t ake  i n t o  account  b ranch ing  o r  j o i n i n g  o r  d i f f -  

e r e n t  f r a c t u r e s .  The s p e c i f i c  f o rm  o f  A would  be q u i t e  complex b u t  as 

i t  t u r n s  o u t  t h e  exac t  f o r m u l a t i o n  o f  t h i s  parameter i s  n o t  necessary t o  

d e r i v e  t h e  govern ing  macroscopic f l o w  equa t ions  f o r  t h e  f r a c t u r e s .  By 

express ing  v2 qf as a  f u n c t i o n  o f  h y d r a u l i c  r a d i u s ,  va r i ous  geomet r i ca l  

c ross  sec t i ons  f o r  t h e  f r a c t u r e  can be i n v e s t i g a t e d .  As p o i n t e d  o u t  by  

White [37],one must e x e r c i s e  c a u t i o n  when u s i n g  t h e  h y d r a u l i c  r a d i u s  

concept  s i n c e  i t  j s  an approx imat ion  t o  an exac t  s o l u t i o n .  F o r t u n a t e l y ,  

f o r  t h e  dimensions i n v o l v e d  i n  f r a c t u r e  f l ow,  t h e  h y d r a u l i c  r a d i u s  concept 

shou ld  r ep resen t  t h e  f l o w  phenomena reasonably  w e l l .  F i g u r e  2.1 g i ves  t h e  

h y d r a u l i c  r a d i i  f o r  a  few p robab le  f r a c t u r e  geomet r i c  c ross  s e c t i o n s .  

For  f r a c t u r e  f l o w  i t  i s  g e n e r a l l y  t r u e  t h a t , f o r  t h e  geometr ies g i v e n  i n  

F i gu re  2.1 W > b  f o r  a  p a r a l l e l i p i p e d ,  a=b>>c f o r  a  t r i a n g l e ,  and b>>a f o r  

an e l l i p s e .  

I n  f i g u r e  2.1 dimension b f o r  t h e  p a r a l l e l i p i p e d ,  dimension c  f o r  t h e  

t r i a n g l e ,  and dimension a  f o r  t h e  e l l i p s e  rep resen t  t h e  a p e r t u r e  o f  t h e  

f r a c t u r e .  I n  genera l  t h e  a p e r t u r e  o f  a  f r a c t u r e  i s  smal l  compared t o  t h e  
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o the r  dimensi,ons o f  t h e  f rac tu re .  Hence. f o r  each. case i n  f i g u r e  2.1, 

t h e  f o l l o w i n g  approximations can be made. 

I n  t h e  f rac tu red  medium t h e r e  a re  many f r a c t u r e s ,  and an average over t h e  

d i s t r i b u t i o n  o f  these f r a c t u r e s  must be performed before equat ion  21 w i l l  

apply  t o  t h e  e n t i r e  medium. To descr ibe  t h e  f r a c t u r e  d i s t r i b u t i o n  i t  i s  

necessary t o  i n t roduce  a  f u n c t i o n  f(?', 6) which s t a t i s t i c a l l y  represents 

t h e  number o f  o r i e n t e d  f rac tu res  per  u n i t  area per  u n i t  s o l i d  angle. 

+ 
f (?,  n )  i s  a  vec to r  f u n c t i o n  o f  p o s i t i o n  ?, and d i r e c t i o n  6 i n  o rder  t o  . 

cha rac te r i ze  t h e  inhomogeneity and an iso t rophy  o f  t he  f r a c t u r e s ,  Refer-  

+ + 
ence t o  Fi'gure 2.2 may he lp  t o  c l a r i f y  t h e  na tu re  o f  t h e  f u n c t i o n  f ( r , n  ) 

which we choose t o  c a l l  t h e  f r a c t u r e  m a t r i x  f unc t i on .  I n  f i g u r e  2.2 AA 

i s  an incrementa l  area perpend icu la r  t o  t h e  vec to r  8. The s o l i d  angle 

subtended by AA i s  designated as dn. According t o  t he  d e f i n i t i o n  of  

-+ 
f(?, n), t h e  number o f  f r a c t u r e s  o f  AN which are  o r i e n t e d  w i t h i n  dn and 

w i t h i n  d i r e c t i o n  3 i s  g iven  by, 

AN =f(?, 8) AA dn (25)  

+ The number o f  f r a c t u r e s  passing through area AS w i t h  u n i t  vec to r  , i s  

Since we d e s i r e  t h e  t o t a l  number of  f r a c t u r e s  passing through ASy then 

we must i n t e g r a t e  over  t h e  s o l i d  angle dn. Now, 

- -  AN - . t o t a l  number o f  f r a c t u r e s  per  u n i t  a rza  passin: through, 
an incrementa l  area w i t h  u n i t  normal w 

Hence, we can d e f i n e  M(;, ;) as t h e  hemispher ica l  number dens i t y  on an 
-f 

area l o c a t e d  a t  ? w i t h  u n i t  area vec to r  U. 

-23- 
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I n  equa t ion  27,dn i s  t h e  s o l i d  angle about z .  
W 

R e c a l l i n g  t h a t  f o r  f l o w  i n  t he  f r a c t u r e s  t h e  v e l o c i t y  qf w i l l  be approx- 

i m a t e l y  p a r a l l e l  t o  t he  f r a c t u r e  o r i e n t a t i o n ,  we o n l y  need t o  con- 

s i d e r  t h e  component of equat ions 21 i n  t h e  d i r e c t i o n  $, Therefore,  equat ions 

21 can be w r i t t e n  i n  t h e  f o l l o w i n g  form: 

(28)  
a Vf + + 8u - + (vf.v)  v f ]  ii = ( P f & b ) b - ( v ~ f e n ) n  + I- - 

P f  [ a t  
r ~ 2  

u o  ( b ) x l b  

S o l v i n g  f o r  Uo (St)6 we o b t a i n  

aVf Assuming (Vf.v) V f  i s  sma l l  compared t o  equa t ion  (29)  reduces t o  

The m a c r o s c o ~ i c  .value o f  t h e  v e l o c i t y  o f  t h e  f l u i d  i n  t h e  f r a c t u r e s  i s  

T i s  a  smal l  s p h e r i c a l  volume i n  space which i s ,  chosen i n  such a  man-ner 

t h a t  t h e  r a d i u s  of  T i s  much s m a l l e r  than  t h e  c h a r a c t e r i s t i c  l e n g t h  o f  t h e  

system so t h a t  t h e  change o f  t h e  macroscopic v a r i a b l e  w i t h i n  T can be 

neglected.  Furthermore, T i s  l a r g e  enough such t h a t  i t s  r a d i u s  i s  much 

s m a l l e r  than  t h e  c h a r a c t e r i s t i c  l e n g t h  o f  t h e  f r a c t u r e  hut--' is g r e a t e r  than 

t h e  l a r g e s t  dimension o f  t h e  f r a c t u r e  c ross  s e c t i o n  area. . T h a t  .is, the 



,volume T i s  l a r g e  enough t o  con ta in  a  s t a t i s t i c a l l y  s i g n i f i c a n t  number 

o f  f r ac tu res .  T~ i s  t h a t  p o r t i o n  o f  T occupied by the  f l u i d  which f i l l s  

t h e  v o i d  spaces. 

Equat ion 32 can be t ransformed t o  an i n t e g r a l  over  t h e  s o l i d  angle dn 

It can be shown t h a t  t he  i n t e g r a l  on t h e  r i g h t  hand s i d e  o f  equat ion 32 

i n t e g r a t e s  t o  t h e  f o l l o w i n g  form: 

- - 
K, i s  t h e  i n t r i n s i c  p e r m e a b i l i t y  tensor  f o r  t h e  f r a c t u r e s  and i s  g iven by, 

A  i s  t h e  c ross-sec t iona l  area o f  t h e  f r a c t u r e  conduit .  A f ac to r  112 i s  

i n t roduced  t o  account f o r  t h e  f a c t  t h a t  each f r a c t u r e  gets counted tw ice  

i n  t h e  i n t e g r a t i o n  over  a  whole s o l i d  angle o f  4 ~ .  I nspec t i on  o f  equat ion 

35 revea ls  t h a t  i n  general fff i s  a  second rank symmetric t-ennor. Equation 

34 i s  a  genera l i zed Darcy law s i m i l a r  t o  those g iven by Bear [28] and 
-+ -+ 

Coll i n s  [36]. Assuming f ( r , n )  and A a re  known, expressions fo r  Ff can be 



+ + 
determined. A1 though i n  p r i n c i p l e  f ( r , n )  and A can' be determined, an 

experimental  program would be requ i red  t o  determine t h e i r  p rec i se  r e l a -  

t ionsh ips .  I n  view of t h i s  f ac t  we recognize t h a t  Ef i s  a second rank 

symmetric tensor  whose general form i n  a  x,y,z coord ina te  system i s :  

where K  = - - 
xy KyxyKxz Kzxy and Kyz = Kzy 

For two dimensional f l ow  through a  f r a c t u r e d  medium where t h e  f r a c t u r e s  

a r e  randomly d i s t r i b u t e d  i n  space b u t  have a  constant  o r i e n t a t i o n ,  and 

f o l l o w i n g  the  p r i cedu re  o u t l i n e d  by Wilson and Witherspoon [I], one can 

show t h a t  

Kxx = Y , ~  cos2 a 

KXV 
= Kf S in  a Cos ac 

2  Kyy = Kf Sin a 

Kf i s  t h e  f l u i d  c o n d u c t i v i t y  f o r  a  s i n g l e  f r a c t u r e  condu i t  and a i s  the  

f r a c t u r e  o r i e n t a t i o n .  For  t he  case o f  a  p a r a l l e l i p i p e d ,  t r i a n g u l a r  o r  

an e l l i p t i c a l  condui t ,  t he  f l u i d  c o n d u c t i v i t y  can be expressed as 

The h y d r a u l i c  r a d i i  rH are  as de f ined i n  F igure  2.1. 

To extend t h e  genera l i zed Darcy's law g iven b,y equat ion 34 t o  the  

f low '  o f  mu1 ti phase f l u i d s  requ i res  some fundamental assumptions. F o l l  owing 

a suggest ion by Co l l  i n s  [36] and Bear [28], t he  most reasonable pos tu la te  



i s  t o  assume tha t  the re la t ive  permeabilities are independent of direction 

in the medium. Therefore, the re la t ive  permeabilities k r j f  a re ,  

K 1 ,  K2 and K3 a re  the principal permeabilities and the subscript f implies 

f rac ture  values, 

Uslng equdLiu115 (39) S I I  equal ions (34 )  yields  t h e  final form ot 

the flow equations fo r  the fractures 
+ 

where j = phase 

For simplification purposes, the bars denoting average values have 

been dropped, however, i t  i s  understood that  average values are implied. 

I n  addition, t h e  gravity term has been re-written t o  make It consisterit w ' i t t i  

equations 20 f o r  flow in the primary rock matrix. 

2.5 SUMMARY OF THE GOVERNING EQUATIONS 

Tn sulm~arize,the following equations can be used to  describe the flow 

of a multiphase/multicomponent f lu id  through an anisotropic fractured porous 

medi urn. 

Poros i t v  Equations : 

a$l "=  aPf 
a t  O 1 ' f X -  

aP1 
- 4  c1 



C o n t i n u i t y  Equat ions: 

Mot ion Equat ions: 

vij = -K  k 1  r i j  [vPlj - p j g v ~ ]  
1-1 < 

To complete t h e  f o r m u l a t i o n  o f  t h e  govern ing  equat ions  an express ion  

f o r  t h e  f l u i d  i n t e r a c t i o n  te rm must be developed, Th i s  i s  accompl ished 

i n  t h e  nex t  sect ion,  

The b a s i c  equat ions de r i ved  do n o t  i n c l u d e  sources and/or s i n k s  t o  

represen t  injection o r  p roduc lny  w e l l s .  These can be i n c l u d e d  by t h e  

a d d i t i o n  o f  such terms t o  these equat ions w i t h o u t  any p a r t i c u l a r  

d i f f i c u l t y .  

2.6 FLUID INTERACTION TERM - r j  

For  a  s i n g l e  phase f l u i d  f l o w i n g  i n  a  f r a c t u r e d  porous media Duguid 

and Lee 1151 show t h a t  r can be expressed as, 

2 2  K1n n t 4Kl O f  P 
where B = 

2e21-1m1 c 
' ' = n d l  

I n  equa t ion  41, t i s  t ime,  k i s  t h e  c h a r a c t e r i s t i c  h a l f  l e n g t h  of  a  

f r a c t u r e ,  c  i s  t h e  s i n g l e  phase f l u i d  c o m p r e s s i b i l i t y ,  d i s  t h e  h a l f  w i d t h  



of the fracture aperture and the other variables are  as defined 

previously. Since there are  several phases flowing simultaneously , 

the flux of component C i j  in to the fracture from the rock matrix i s  

which i s  Darcy's law evaluated a t  the surface of the fracture.  In 

applying Darcy's law t o  formulate an expression for  r from equation 42,  

a relationship niust be obtained between an "iteegration over the frantl.rre 

surface and an integration over the fracture volume. 

I t  can be shown [15] tha t  for  any arb i t ra ry  scalar  function Q(T$) 

where A = cross section of the fracture conduit 
-f -+ 

For Q (r ,n) = 1 

f 
From the definit ion of porosity 

Hence, 



Now, t h e  t o t a l  sur face  area o f  a  f r a c t u r e  i s  

A 

where P = per imeter  o f  a  f r a c t u r e  w i t h  cross s e c t i o n  area A 

Combining equat ions 46, and 47 we o b t a i n  

From equat ion 42 and 48 t h e  mass f l u x  o f  component Cij i n t o  t h e  f r a c t u r e  

i s  w r i t t e n  as 

But t h e  mass f l u x  i n t o  t h e  f r a c t u r e  i s  a l s o  g iven  by 

Hence, combining equations 49 and 50 

, The on l y  way these two i n t e g r a l s  can be equal i s  f o r  t h e i r  in tegrands 

t o  be equal, hence 



. - 
By d e f i n i t i o n  r FH, t h e  h y d r a u l i c  rad ius .  Therefore,  equa t ion  52 

becomes 
mfCi j p j V l  

r =  
j r~ 

Equat ion  53 i s  i d e n t i c a l  t o  t h a t  d e r i v e d  by Duguid and Lee [ I 5 1  f o r  a  

s i n g l e  phase f l u i d  i f  we s e t  Ci j = l .  Hence, each phase obeys t h e  same 

equat ions  a t  t he  sur face o f  t h e  f r a c t u r e  as does t h e  s i n g l e  phase case 

p resen ted  by t hese  authors .  There fo re ,  t h e  f l u i d  i n t e r a c t i o n  equa t ion  

d e r i v e d  by Duguid and Lee (equat ion 41) can be gene ra l i 7pd  f o r  t.he m u l t i -  

phase case, Hence, g e n e r a l i z i n g  equat ion  41 we o b t a i n  t h e  f l u i d  i n t e r -  

a c t i o n  te rm r f o r  each phase, 
j 

r =- ' j  [(Plj-Pfj) + 2Y(-11n pIje-BBj - 2 5 ~  .e-Bj l  (54)  
j v j  n= 1 f~ 

n-1 
K~ krl jrfci j~ 

2 2  Klkrl jn Tr t 
where - 

B j  
- , B .  = 

r,,L 2e2pjml c1 

I n  equa t i on  54 t h e  parameters a r e  as d e f i n e d  p rev ious l y ,  I f  we assume 

t h e  f l u i d  l nee race lon  te rm can be approx imated by i t s  steady s t a t e  value, 

t h e n  
B i 

Equat ion  54 ( o r  55) completes t h e  f o r m u l a t i o n  f o r  genera l  mu l t iphase  f l o w  

i n  f r a c t u r e d  porous media. 

REQUIRED AUXILLARY EQUATIONS 

~ ~ ~ b i ~ ' i ~ ~  equat ions  14, 15, 18, 19, 20, 40, 54 ( o r  55) c o n s t i t u t e s  

a  system o f  equat ions which can be so l ved  assuming rock  m a t r i x ,  f r a c t u r e  

m a t r i x  and f l u i d  p r o p e r t i e s  a r e  known. I n  a d d i t i o n  t o  these  a d d i t i o n a l  



equat ions t h e  f o l l o w i n g  f u n c t i o n a l  o r  a lgeb ra i c  equat ions are  requi red,  

The s a t u r a t i o n s  i n  t h e  pr imary pores and i n  t h e  f r a c t u r e s  must 

sum.to one. 

Also, t h e  mass f r a c t i o n s  o f  each phase i n  t h e  pr imary pores and f r a c t u r e s  

must sum t o  one, 

There a r e  two independent cap i  1  l a r y  pressure re1  a t i o n s h i  ps f o r  t he  

pr imary. pores and two f o r  t he  f rac tu res ,  

The r e l a t i v e  p e r m e a b i l i t i e s  are func t i ons  o f  sa tu ra t i ons ,  

krf j  = Glj(Sgf, 5 o f '  s w f )  

Dens i t ies  and v i s c o s i t i e s  a r e  f u n c t i o n s  o f  t h e  phase pressure and 

composit ion. 

F i n a l l y ,  f o r  each p a i r  of phases i n  t he  'pr imary pores and t h e  f rac tu res ,  

t he re  i s  a d i s t r i b u t i o n  cons tan t  f o r  each component w h i c h ' w i l l  be a  

furrct ior '~ of pressure, temperature and composit ion. 



C i j f  - - K 
'i kf  i j f (T,  P j f ,  Pk f '  C i j f y  Cikf) 

I n  equa t ions  59-60 t h e r e  a r e  t h r e e  r e l a t i o n s h i p s  f o r  each o f  these  equat ions 

f o r  t h e  f r a c t u r e s  and f o r  t h e  p r ima ry  r o c k  m a t r i x  ( i .e .  j = o i l ,  water ,  

and gas phase). I n  equat ions 61, ' t h e r e  a r e  t h r e e  d i s t r i b u t i o n  cons tan ts  

f o r  t h e  p r ima ry  r o c k  m a t r i x  and t h r e e  f o r  t h e  f r a c t u r e s "  I f  t h e  n~rmher 

of r e l a t i o n s h i p s  con ta ined  i n  t h e  govern ing system o f  d i f f e r e n t i a l  equat ions 

1 4 ,  15, 18, 19, '20 and 40, and t h e  BuxiT l a r y  relations 5 b l b l  a r e  counted,  

one w i l l  f i n d  t h e r e  a r e  2 (3N+15), It i s  obv ious t h a t  t o  s e t  up and s o l v e  

t h i s  genera l  system o f  equat ions would be a b i g  task,  However, i t  i s  a n t i -  

c i p a t e d  t h a t  t h e  a p p l i c a t i o n  o f  t h e  model t o  a p r a c t i c a l  s i t u a t i o n  would 

r e s u l t  i n  cons ide rab le  s i m p l i f i c a t i o n  as t o  t h e  number o f  components 

which would be c a r r i e d  i n  each of t h e  phases, Hence, one may d e s i r e  t o  

deve lop  a program wh i ch  would cons ide r  a C02, steam, o r  polymer f l o w  

process and l o o k  a t  t h e  maximum number of  components which would have 

t o  be cons idered  and develop a genera l  computer code t o  handlc  as many 

f low s i t u a t i o n s  as may be des i red,  S ince  t h e  development o f  a computer 

program was beyond t h e  scope o f  t h e  c o n t r a c t  work statement,  a d d i t i o n a l  

comments abou t  t h e  development o f  a computer code w i l l  n o t  be made, 

2.8 MATHEMATICAL TECHNIQUES-FOR - - -  SOLVING THE G O V E R N I N C B I O N S :  a- - --- 
It i s  a p p r o p r i a t e  t o  b r i e f l y  d i scuss  va r i ous  methods which c o u l d  be 

employed t o  s o l v e  t h e  govern ing  systenl o f  equat ions.  I n  genera l  t h e  equa- 

t i o n s  which have been developed i n  t h e  p rev ious  s e c t i o n  c o u l d  be s o l v e d  

by severa l  w e l l  known numer ica l  schemes. These a r e  a )  f i r t i t e  elements 

b) f i n i t e  d i f f e r e n c e s ,  and c )  v a r i a t i o n a l  methods, t o  ment ion a few, 



The f i n i t e  element method i s  an approximate method o f  s o l v i n g  d i f f e r -  

e n t i a l  equat ions o f  boundary and/or i n i t i a l  value problems by d i v i d i n g  the  

domain o f  i n t e r e s t  i n t o  many smal l  elements o f  convenient shapes such as 

t r i a n g l e s ,  q u a d r i l a t e r a l s ,  e t c .  Hence, when i r r e g u l a r  boundaries e x i s t  

i n  a problem,the f i n i t e  element approach may o f f e r  a d i s t i n c t  advantage 

over  t he  c lass ' i ca l  f i n i t e  d i f f e r e n c e  approach, I n  s p i t e  o f  t h i s  advantage 

f i n i t e  element ana lys i s  has gained a much l a r g e r  a p p l i c a t i o n  i n  t h e  f i e l d  o f  

s o l i d  body mechanics as opposed t o  f l u i d  f l o w  problems a l though i n  recent  

years f i n i t e  element a lgor i thms f o r  s o l v i n g  f l u i d  f l ow  problems have been 

developed and a re  beginning t o  be used on a wider  scale. Furthermore, t he re  

are  several  more numerical  a1 g o r i  thms a v a i l a b l e  f o r  s o l v i n g  f i n i t e  d i f f e r e n c e  

approximations t o  a system o f  d i f f e r e n t i a l  equat ions than the re  are  f i n i t e  

element a lgor i thms.  However, as more'and more complex problems and geometries 

a re  encountered i n  f l u i d  f l ow  problems, t he  f i n i t e  element approach may be . 

used more and more. I n  add i t i on ,  the f i n i t e  element method, mathemat ica l ly  

speaking, i s  more soph is t i ca ted  .and complex than i t s  more popular  counter- 

pa r t ,  f i n i t e  d i f f e rences .  

The a p p l i c a t i o n  o f  f i n i t e  d i f f e rences  are  i n  p r i n c i p l e  more s imple t o  

comprehend and s e t  'up f o r  computer s o l u t i o n s  than f i n i t e  elements. This 

i s  p a r t i c u l a r l y  t r u e  where s imple geometries- and boundary cond i t i ons  a re  

spec i f i ed .  I n  add i t i on ,  the  f i n i t e  d i f f e r e n c e  approach i s  a much more 

time-proven numerical  technique f o r  s o l v i n g  f l u i d  f l o w  problems than any o f  

the  o t h c r  numerical schemes ' [ ~ R J .  Furthermore, they l end  themselves q u i t e  

r e a d i l y  t o  t he  i n c l u s i o n  o f  p r o b a b i l i s t i c  approaches such as -Monte Car lo 

Techniques. Use o f  t he  Monte Car lo  Technique i s  p a r t i c u l a r l y  a t t r a c t i v e  

i n  s i t u a t i o n s  i n v o l v i n g  a complex r e s e r v o i r  he terogene i ty  where i t s  speed 

and inherent  s t a b i  1 i t y  o f f e r  d e f i n i t e  advantages .over other-numerical  

techniques [39], Since na tu ra l  1y f r a c t u r e d  r e s e r v o i r s  a re  i n h e r e n t l y  



heterogeneous, t h e  Monte Ca r l o  approach w i t h  f i n i t e  d i f f e rences  may p r o v i d e  

an e x c e l l e n t  s o l u t i o n  approx imat ion  t o  t h e  d i f f e r e n t i a l  equat ions which 

have been der ived,  

V a r i a t i o n a l  methods a r e  c l o s e l y  r e l a t e d  t o  f i n i t e  elements and a re  

r e f e r r e d  t o  i n  t h e  l i t e r a t u r e  as t h e  Ray le igh-R i tz  Method and Weighted 

Res idua ls  Methods, These two v a r i a t i o n a l  methods a r e  no rma l l y  used t o  

d e r i v e  t h e  f i n i t e  element a l go r i t hms  appear ing i n  t h e  l i t e r a t u r e  (Ref, 40). 

Be fo re  a  d e c i s i o n  i s  made c o n c e r r ~ i n g  a s o l u t i o n  approach t o  t h e  system 

o f  coup led  equat ions,one shou ld  close1.y assess t h e  n v e r a l l  merits of t h e  

v a r i o u s  numer ica l  schemes which are a v a i l a b l e  i n  t h e  litevatur..e, 

The development of  a  computer code based upon t h e  equat ions presented 

i n  t h i s  chap te r  would be a  r a t h e r  ex tens i ve  e f f o r t  b u t  t h e  r e s u l t i n g  s i n i u l a t o r  

wh ich  would e v o l v e  would make an i n v a l u a b l e  t o o l  f o r  ana l yz i ng  r e s e r v o i r  

performance f o r  va r i ous  enhanced o i l  recovery  processes, I n  a d d i t i o n  i t  

would be an i n v a l u a b l e  t o o l  t o  a s s i s t  t h e  eng ineer  i n  des ign ing  an EOR 

p r o j e c t ,  



CHAPTER I11 

CONCLUSIONS AND RECOMMENDATIONS 

3.1 INTRODUCTION 

Mu1 t i  phase flow in fractured porous media requires considerable 

more research before the complete flow phenomena i s  fu l ly  understood and 

adequately described by existing mathematical/physical models. I f  

reasonably accurate projections a r e  to  be made concerning enhanced o i l  

recovery from naturally fractured reservoirs,  the microscopic processes 

which are  occuring must be analyzed by taking into account the s t a t i s t i -  

cal nature of the fractures. Models derived from th i s  viewpoint need 

additional laboratory experimentation to  verify thei r val i di ty or  to  

improve upon the model described by a s e t  of mathematical equations. To 

date a f u l  l y  three dimensional , mu1 t i  phase simulator for  flow through 

naturally fractured reservoirs has not appeared i n  the l i te ra ture .  The 

most complex model to  date considers only an oil lwater o r  an oil /gas system , 

and these are  limited to  two dimensional flow w i t h  uniformly spaced fractures 

which are  considerably removed from what one would expect in most. reservoirs, 

Although conslderable work has been published on single matrix block pheno- 

mena, l i t t l e  or  no work has been published on overall flow through a matrix 

block/fractured system, 

3.2 CONCLUSIONS 

From the resul ts  of th i s  study the following conclusions were 

reached : 

1. The mathematical models in the current l i t e r a t u r e  do not 

adequately describe multiphase flow in fractured porous media. 

2. L i t t l e  or  no information appears in the l i t e r a t u r e  concerning 

the simulation of enhanced o i l  rccovery processes through 



naturally fractured reservoirs. 

3. Limited experimental data has been pub1 i  shed concerning the 

measurement of directional permeabil i t i e s  of natural ly 

fractured reservoi rs ,  

4, None of the models published i n  the l i t e ra tu re  have treated the 

fractures as  a  general s t a t i s t i c a l  en t i ty  to  a r r ive  a t  a  model 

for .descr ibing flow through the primary rock matrix 'and the 

fractures simul taneousl y o  Most models consider only flow via 

the fractures.  

5. Existing models only t r e a t  s ingle  phase or  a t  most an oil/water 

or an oil /gas system for  flow through an isotropic rock'matrix/ 

f racture system of double porosity. 

6. The models which have been developed for  waterloil o r  gas/oil 

flows i n  natural ly  fractured reservoirs have been used to  sim- 

u la te  conceptual f i e l d  examples and have not been used t o  predict 

actual fie1 d appl ications of enhanced oi 1  recovery processes in 

fractured media. 

7.  'rhe model formulated 4n t h i s  repor-1; i s  thc ~ncrst general model 

., published to  date. The model considers mu1 tiphase f'low through 

isotropic rock matrix blocks and anisotropic fractures,  The 

equations a re  general i n  that  they permit time and space varia- 

t i o n s . i n  a l l  f l u id  and rock properties, A f l u id  interaction term 

i s  developed whitk couples the flow through the euck matrix tlrsr,t:s 

and the fractures.  

8. The model developed can be programmed on a  d ig i ta l  computer using 

a  f i n i t e  difference o r  a f l n i t e  elernent approa~h~i t l  though the 

author prefers the former approach since, i t  readily lends i t s e l f  



t o  the incorporation of Monte Carlo techniques fo r  handling 

the terms involving the permeabilities for  the primary rock 

matrix and the permeability tensor for  the fractures.  

3.3 RECOMMENDATIONS 

Specifically the major areas which warrant fur ther  study are: 

1. Develop a software program ut i l iz ing  the mathematical model 

formulated in Chapter I1 of th i s  report. In t h i s  regard 

emphasis should be placed upon applying the finished computer 

code to  an enhanced o i l  recovery process such as steam, C02 or 

a polymer. 

2. Research into the prediction of f racture porosity, f racture 

permeabi 1 i t i e s ,  and capi 1 lary pressures i n  naturally fractured 

rock. 

3, Perform laboratory displacement experiments on cores extracted 

from naturally fractured formations. 

4. Investigate the retention, dearadation and s t a b i l i t y  of micellar/ 

polymer f luids  i n  naturally fractured formations, 

5. Perform parametric studies u t i l i z ing  reservoir simulation t o  

investigate the most sensi t ive parameters associated with 

mul.tiphase flow through fractured porous media, 

6. Research into the microscopic phenomena of displacing hydro- 

carbons from the primary rock matrix and transport  via the 

fractures.  

7 .  Develop a visual laboratory experiment to  observe the di splacement 

of f lu ids  through naturally fractured rocks. 

8. Perform post morten simulation studies of existing - or  previous 

enhanced oi 1 recovery projects associated w i t h  highly hetero- 

geneous or  naturally fractured reservoirs. In th i s  regard the 



simulator developed u t i l iz ing  the fracture model formulated 

in t h i s  report could also be used to  perform simulation studies 

of proposed enhanced o i l  recovery projects. 

9, Investigate the e f fec ts  of f lu id  movement through a naturally 

fractured reservoir which have been further fractured by 

a r t i f i c i a l  means, 

10. Correlation of well logs as a means of investigating rock 

properties of natural l y  fractured reservoirs. 

The author recognizes tha t  there may be other conclusions which could 

be drawn concerning mu1 t i  phase flow through naturally rreactured porous 

media, as well as  other equally imporeant resedr*cl~ areas which should be 

addressed. However, within the time a l lo t ted  to  t h i s  study the con- 

clusions and recommendations s tated previously appear to  be reasonable 

and s ignif icant  enough to  indicate tha t  much research must be forth- 

coming before naturally fractured reservoir performance can be sat isfac-  

t o r i l y  predicted t o  warrant the in i t i a t ion  of an expensive enhanced . 

oi 1 recovery project. 
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