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ABSTRACT

The s ta b il i ty  o f immiscible displacement in porous media was 

investigated th e o re tic a lly  and experimenta11 y in order to  del 1neate the 

boundaries o f stable displacement and to  determine the variables  

pertinent to  the process.

A to ta l o f 18 runs were conducted in a rectangular ce ll packed with 

a nearly homogeneous and isotropic porous medium. The floods were 

performed a t favorable and adverse v iscosity  ra tio s . The motion o f the 

o il/w a te r  in terface was tracked using 55 sets o f electrodes located on 

oppos i te  si des o f the c e l l .  The e 1e c tr 1c re s is t iv ity  across these 

electrodes was converted to  water saturation using Archie's equation.

No fingering  was observed in a l l  the displacements. The only 

manifestation o f in s ta b ility  reported during the displacements conducted 

in th is  work was g rav ity  tonguing. However, neither tonguing nor 

fingering  were observed in some displacements, although,the values o f 

breakthrough recovery indicated in s ta b ility .

A multi-dimensional inspecttonal analysis was undertaken in order to  

determine a complete set o f s im ila r ity  groups fo r two phase immiscible 

displacements in a rectangular system.

The resu lts  o f the displacements, conducted in various sand-flu id  

systems, were analyzed using various derived scaling groups. I t  was 

found th a t the group F , representing the combination o f the ra tio  o f 

c a p illa ry  to  grav ity  forces and the v iscosity  ra tio  successfully

i v
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predicted the boundaries o f in s ta b ility  encountered in immiscible 

displacement in porous media. The correlation  o f th is  dimens ion less 

group, ca lled  the s ta b il i ty  fa c to r, with the breakthrough recovery 

showed that the displacement is stable i f

a V 4>/k c
F = 10066   > 1.83 x 10= (6 .1 )

5 Apg M

In applying the s ta b il i ty  c r ite r io n  shown above, in te rfa c ia l tension 

should be in dynes/cm, perm eability in dareies and density in gm/cc.

Other sea1i ng groups produced through the method o f i nspectiona1 

analysis showed no meaningful 1 resu lts  when correlated with the recovery 

a t breakthrough.

v
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INTRODUCTION

Ever since enhanced o il recovery became a common practice in the o il  

industry, the displacement of one f lu id  by another has received a great 

deal o f a tten tio n . Whether the displacement process be a water flood, a 

steam flood, a polymer flood, or a surfactant flood, maximum 

displacement e ffic ien cy  is always the goal. This requirement has 

promoted extensive research toward more understanding of the mechanism 

of the displacement process and the variables contributing the most to  

an e f f ic ie n t  displacement.

Conventionally, i t  is recognized th a t an e f f ic ie n t  and stable  

displacement is the one with a uniform f lu id  ve lo c ity  and saturation in 

any cross section perpendicular to  the d irection  o f bulk flow and a th in  

tra n s itio n  zone separating the two flu id s . However, frequently , the 

displacing phase is less viscous than the displaced one. Under such 

circumstances the displacing phase penetrates the displaced phase 

irre g u la rly  in a form o f viscous fingers or a g rav ity  tongue resu lting  

in a non-uniform ve loc ity  and saturation in the transverse d irection  to  

bulk flow. This type o f displacement, which is said to  be unstable, 

occurs in a homogeneous and isotropic porous media, and should be 

d iffe re n tia te d  from that leg itim ate ly  caused by perm eability  

s tra t if ic a t io n  or other gross inhomogeneities in the system.

Although i t  is common 1 y believed th a t an adverse v iscosity  or 

m obility  ra tio  is a necessary condition for in s ta b ility , several 

experimental observations indicated th a t i t  is not a s u ffic ie n t
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condition. Other parameters, such as the displacement ra te , the 

c a p illa ry  forces, the grav ity  forces, and the system geometry, have a 

s ig n ific a n t e ffe c t on the s ta b il i ty  o f the displacement.

As a consequence o f fro n t in s ta b ility , a premature breakthrough of 

the displacing phase occurs and the v a lid ity  of the mathematical 

predictions o f the displacement behavior w ill be undermined. Therefore, 

a thorough investigation of the s ta b il i ty  phenomena o f two phase 

immiscible displacement would achieve two goals: F irs t ,  i t  would

pinpoint the parameters th a t control the s ta b il i ty  o f the displacements, 

so th a t the rig h t flood design could be chosen to  ensure a stable and 

e ff ic ie n t  displacement; and second, i t  would delineate the boundaries of 

a stable displacement, the region in which the mathematical predictions  

may be applied with confidence.

The broad objective o f th is  study is to investigate the s ta b il i ty  of 

two phase immiscible displacement in a horizontal rectangular system and 

to  obtain , by means o f the method o f inspectiona1 analysis , a 

dimension less scaling group and its  c r it ic a l value to  predict the 

boundaries o f the region where the displacement is s tab le .
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CHAPTER ONE 

THE NATURE OF STABILITY PHENOMENA

Numerous analogous examples are ava ilab le  to  help understand the 

s ta b il i ty  phenomena encountered in the process o f immiscible 

displacement in porous media. In teresting  examples can be obtained from 

the f ie ld  o f mechanics where s ta b il i ty  o f various mechanical systems 

have been investigated. Consider the three b a lls  shown in Figure 1.1, 

where each ball is in a d iffe re n t s ta te  o f equilibrium . Ball A inside a 

hemisphere, b a ll B on a f l a t  surface and ba ll C on top o f a hemisphere. 

Suppose th a t a small disturbance is  introduced to  each b a ll .  Ball A 

returns to  its  o rig in a l position , ba ll B moves to  a new position and 

remains there , and ball C moves away from its  o rig in a l position to  an 

unknown destination with a new sta te  o f equilibrium . Based on the 

reaction o f the three b a lls , A, B, and C, to  the introduced disturbance, 

th e ir  s ta te  o f equilibrium  can be categorized as stab le , neutral and 

unstable, respectively . In the stable and neutral states o f equilibrium  

the in i t ia l  disturbance damped away with tim e, whereas in the case o f 

unstable sta te  o f equilibrium  the magnitude o f disturbance increased in 

order o f magnitude compared to  th a t in i t i a l l y  applied as time passed.

Another example is a metal beam supported a t its  lower end in a 

sta te  o f equilibrium , but its  condition o f equilibrium  changes to  

unstable i f  a certa in  weight is attached to its  free  end (Figure 1 .2 ).

A s lig h t displacement o f the beam from the v e rtic a l position may cause 

i t  to  buckle and bend. The preceding examples represented re la t iv e ly



T-3366 4

Ball

a Q
A. Stable Ball B. Neutral Ball C. Unstable

Figure 1.1. Three Types of Equilibrium ,

W

Figure 1.2
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simple mechanical systems. When dealing with flu id s , s ta b il i ty  re fers  

to  a more complicated but analogous phenomenon. In hydrodynamics, the 

flow o f a liq u id  in a c y lin d rica l tube represents a well known example. 

At Reynolds numbers below the c r it ic a l  value, the ve lo c ity  o f the liqu id  

p a rtic le s  is described by the parabolic function (Figure 1.3a) where 

P o is e u ilie 's  formula represents a solution to  such a problem. This type 

o f flow , normally ca lled  laminar, is stable to  in fin ites im al 

disturbances. However, as the Reynolds number exceeds the c r it ic a l  

value, the flow becomes highly vulnerable to  qu ite small disturbances, 

which grow so rap id ly  th a t the parabolic function representing the 

v e lo c ity  d is tr ib u tio n  o f the liq u id  p a rtic le s  can no longer e x is t and 

are replaced by large eddies or turbulent spots. This type o f flow is 

unstable and normally called  turbulent flow (Figure 1.3b).

In s ta tic s , the system approaches s ta b il i ty  as its  potentia l energy 

approaches a minimum. However, th is  simple c r ite r io n  fa i ls  to  describe 

such a process involving viscous f r ic t io n , d iffus ion  and surface 

a ttra c tio n  encountered in hydrodynamics and flow in porous media. In 

the la t te r ,  a stable displacement is conventionally described as the one 

with a uniform f lu id  ve loc ity  and saturation in any cross section  

perpendicular to  the d irection  o f f lu id  motion and a th in  tran s itio n  

zone separating the two immiscible flu id s  (Figure 1 .4 ). Several 

experimental observations performed on immiscible displacements in 

porous media have shown d iffe re n t behavior a t certa in  flow conditions; 

i . e . ,  the displacing phase penetrated the displaced phase in a form of 

viscous fingers (Figure 1 .5a ), resu ltin g  in a premature breakthrough of
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Laminar Plow (s tab le )

b. Turbulent Flow (unstable)

Figure 1.3. Flow in a C ylindrical Tube.

Transition Zone

F lu idDisplacing F lu id  
►

Figure 1.4. A Stable Displacement In Porous Media.
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F Igure 1.

Displacing Flu id

a . Fingering

(underrunning)

Displacing F lu id 5««ililS E
(overrunning)

Displacing

b. Gravity Tongues

5. Types o f Unstable Immiscible Displacements in Porous 

Media.

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL of MINES 
GOLDEN, COLORADO 8040)
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the displacing phase, leaving behind considerable volumes o f the 

displaced phase. These fin gers , which characterize unstable 

displacements, are not re la ted  to  the ones leg itim ate ly  caused by the 

macroscopic heterogeneity o f the porous medium. A s im ilar unstable 

displacement manifests i t s e l f  in a single fin g er (g rav ity  tongue) 

representing the displacing phase, underrunning or overrunning the 

displaced phase (Figure 1.5b).
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CHAPTER TWO 

THEORY OF IMMISCIBLE DISPLACEMENT

2 .1 . Mathemati ca1 PeserîptIon o f Immiscible Displacement

The d if fe re n tia l equations describing the theory o f immiscible 

displacement as currently  formulated are based on two physical 

prin cip les  and one au x i11iary  relationships

1) Conservation o f momentum (Darcy's law w ritten  fo r both the displacing  

and the displaced phases).

2) Conservation o f mass (con tinu ity  equation w ritten  fo r  both phases).

3) The defin ing equation fo r c a p illa ry  pressure, which links the two 

flow re lationships.

2 .1 .1 . Darcv Law fo r Two-Phase Flow

Let two immiscible flu id s  flowing in a homogeneous and isotropic  

porous medium be denoted as o il and water, where the water is the 

displacing phase. A general form o f Darcy's law can be w ritten  fo r each 

o f the two immiscible f lu id s  as

vw = -  k -W k™  ( vpw + pwg Vz ) (2 .1 )
vw

and ,
-» k k
v = ------ 2__C° ( Vp„ + pwg Vz ) (2 .2 )o O W

o
The z-ax is  is directed upward, and k and k are some base 

perm eabilities used to  define water and o il re la tiv e  perm eabilities . 

Commonly, three d iffe re n t types o f base perm eabilities are used (Craig,
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1980)î (1) the absolute perm eability to  a ir ;  (2) the absolute 

perm eability to  water; and (3) the perm eability to  o il a t connate water 

saturation . The choice among these three base perm eabilities is a 

matter o f convenience.

2 .1 .2 . The Equation o f Continuity

Applying the law o f conservation o f mass to  both o il and water 

phases resu lts  in two additional equations. Assuming that no sources or 

sinks are present, the two continuity  equations can be w ritten  as

2 .1 .3 . C ap illa ry  Pressure Equation

L everett's  (1941) d e fin itio n  o f the c a p illa ry  pressure is employed:

Since only two flu id s  are considered, namely o il and water, th e ir  

respective saturations should sum up to  un ity:

The above six equations provide in p rin c ip le  the required 

relationships to  mathematically describe two-phase immiscible 

displacement theory.

For homogeneous and incompressible f lu id s , the densities and 

viscos ities  can be treated  as constants. Furthermore, in a non- 

deformable, homogeneous porous medium, the porosity can also be

3(SwPw*)
+ V .<Pwvw) = 0 (2 .3 )

at
and

+ 7 -<»ovo ) = 0 (2 .4 )
at

(2 .5 )

(2 . 6 )
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considered constant. With these assumptions in mind, the continuity  

equations s im plify  to

3Sw♦ ------ + V. v = 0 (2 .7 )
at w

and
as -»

 ̂ ——  + V. v_ = 0 (2 .8 )
at °

Adding Eqs. 2 .7  and 2.8  and using Eq. 2 .6

V. ( v + v ) = V. v = 0 (2 .9 )w o
where

-» -+ -+
v = vw + vo (2 .10)

Equations 2.1 and 2.2 may be rew ritten  as

vw—----- = -  (Vp., + p. a Vz) (2 .11)
"  “

» .

and
v
 ----- = -  (Vp_ + p a  Vz) (2 .12)

" . S .  °  °

“o
Now, subtracting Eq. 2.12 from Eq. 2.11 yields

v v
—-------------------------------------   -  Vpw -  pwg Vz + VpQ + pQg Vz

k 'w krw/  “w k 'o kro/  "o

= 7p0  ~ Vpw '  ( pw " po ,9  Vz (2 .13)
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Using the d e fin itio n  o f the c a p illa ry  pressure and assuming th a t 

follow ing equation is va lid

vp0 -  Vpw = vpc

Equation 2.13 becomes

vw v0  = Vpc -  Apg Vz
k 'wkrv / uw k 'o kro/  Mo 

Using Eq. 2.10 and rearranging

*  I 1 V

k'w kro '  “w k'o kro > “o k'o kro '  uo
+ Vpc -  Apg Vz

;  = k w krw /  "w J + (k 'o kro/u o) ( k 'w krw/lJw)

k'w krw/"w + k 'o  kro /"o  k'w krw/u w + k 'o  kro/u o

„  - 1

k ' »  W .  *  K'«  W “o

Now defin ing

w --------------------
k-w krw 1 "w + k'o kro > Mo 

N k rw

k 'w krw + kro
where

» .  J S - Ï 2 .

«'o".

Using the above d e fin itio n s , Eq. 2.17 can be w ritten  as

the

(2 .14)

(2 .15)

(2 .16)
%»

(2 .17)

(2 .18)

(2 .19)
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v = Fw v + l ^ w V V o -  vp _ Ü V ü  V V o .  Vz (2 .20 ,
Uw M "

Substituting Eq. 2.20 into Eq. 2 .7  gives

3Sw " k'w FW kro
♦  — + V.  ( F v )  + V . (  -----------   = — £ 2  7p )

3 t  w »

k'w 4p9 Fw kro -  V. ( --------------------——— Vz ) = 0 (2 .21)
“w M

Noting that

Ve( Fw v } = Fw V*v + v* VFw

V .( Fw v ) = v. VFW (2.22)

then Eq. 2.21 s im p lifies  to

♦ —  + v. F + V. { —  ^ —22 Vp , 
3 t "w M

k'w aP9 F k
V .( — ---------- =—22 Vz ) = 0 (2 .23)

Ww «

Commonly, F , p , k and k are considered functions o f S onlyW C « O I w w
(Leverett, 1939). Eq. 2.23 was fu rth er modified to  give the 

saturation equation:

"  d5w
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k' Apg Vz d
  ( F k ) VS = 0 (2 .24)

"w M dSw

2 .2 . Fractional Flow Formula

Dividing every term o f Eq. 2.20 by the to ta l ve loc ity  v e c to r ,jv j, the 

frac tio n a l flow formula evolves :

v v u v Hw

-  k' W Ap9 Fw kr°  VZ (2 .25)
uw v M

W ritten in terms o f the frac tio n a l flow , Eq. 2.7 becomes 

*  3SW
  ----- + V .f  = 0 (2 .26)

V a t  w

Eq. 2.26 is a general form o f the Buck 1ey-Leverett (1942) 

displacement model with the c a p illa ry  and grav ity  terms reta ined.

2 .3 . Normalized One-D imens iona1 Pi solacement Eouations 

Displacement tests  performed in laboratory cores are esse n tia lly ,

or a t least meant to  be one-dimensional. Define a coordinate system S, 

n and ç along the dimensions o f the core, which makes the angles a, 6 

and y with the three rectangular coordinates x, y and z , respective ly . 

Suppose th a t the un id irectional displacement is specified to  be in an in­

d irec tio n  which makes an angle, a , with the horizonta l. Then,

5 m . .  . 5 s . .
3n 3ç
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and

3f w£ 3fw 

3C H

Furthermore, fo r a core o f constant cross-sect ton 

Q 

A

and dpc 3z
Vp = —— Vz = ------ = sin a

dS 3S

Then, Eq. 2.25 can be w ritten  fo r a one-dimensional displacement as

f  + ^ ...ÎVo Î Ç  _ k 'w Ap9 Fw J V o _  sIn a (2 .27)
W vw v M dÇ vw V M

Using a notation somewhat s im ilar to  those o f Payers and Sheldon (1959),

one may normalize the above equation by defin ing the follow ing

normalized variables :

E V t  acos 6
X = -------  i T =   ; p = ------------ J(S )

L L * ( l-S w.-So r ) C Vk/*

and S = Sw ~ Swi
<'-Sw,-Sor>

With the above d e fin it io n s , the frac tio n a l flow formula, Eq. 2.27 takes

the follow ing normalized form :

k ' Apg k
f  = F [ 1   s i no ]
w w v V Mw

k' kM  a cose F dJ 35
+ -    w   (2 .28 )

uw L V H 7 k /*  dS 3X
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In a compact form Eq. 2.28 is w ritten  as

35
f  = G(S) + N C(S) -----  (2 .29)
W C 3X

where k
G(S) = ( l -  N —  ) F 

9 M

k ' ,  acos 6
Nc  =------------------

uw L V V k /*

e s , .  Î L
M dS

I f  the core is oriented h o rizo n ta lly , then 

Ng = °

Eq. 2.26 can be w ritten  fo r  one-dimensional, horizontal displacement as 

♦ as 3f
   + —-  s 0 (2 .30)

v a t  ax

Now, substitu ting  Eq. 2.29 into Eq. 2.30 results in a normalized two

phase immiscible displacement equation:

35 3f

3T 3X
+ —  = 0 (2 .31)

2 .4 . The Laarangian and Eulerian Forms o f the Displacement Equation 

Substitution o f Eq. 2.29 into Eq. 2.31 gives

as a as
  + ----  ( G(S) + N C(S) —  ) -  O
3T ax 9 ax
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as dG(S) as a as
  + --------------- + ------  ( C(S) ----- ) = 0 (2 .32)
3T dS ax ax ax

In th is  p a rtia l d if fe re n t ia l equation, S = S (X ,T ). I t  is called  the

Eulerian form o f the f lu id  flow system, wherein S is a property of the

system and measurements are made a t a fixed  point in space as a function

o f tim e. E ssentia lly  th is  equation was obtained by Rapoport and Leas

(1953). Equation 2.31 can be transformed to

as a f  as
(  ------------  ) y  =  “  (  ------------  ) T  (  ------------ )  T

aT as 1 ax 1

a f  as ax
(     ) T  =  -  (  ------------ )  y  (  ------------ ) T

as 1 3T A as 1

Such th a t
a f  ax

( ----- )T = (   )e (2 .33)
as a i  5

Now, substitu ting  Eq. 2.29 into Eq. 2.33 gives 

ax dG(S) a C(S)
  = --------  +   (   ) (2 .34)
a i  dS as ax

as

Eq. 2.34 is s im ila r to  th a t derived by Buckley and Leverett (1942) and 

is called  the Lagrangian form o f  the displacement equation wherein an 

element with a spec ific  saturation S is observed as i t  changes location  

X over the course o f time T. i .e .  X = X (S ,T ).

Buckley and Leverett's  (1942) o rig ina l solution to  Eq. 2.34 excluded 

the e ffec ts  o f c a p illa ry  pressure and g ra v ity . Later studies showed
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th a t th is  solution with the modifications introduced by Welge (1952), is 

not applicable fo r two- or three-dimensional systems where cross flow  

becomes possible ( Hawthorne, 1960, and Peggs, 1973).

No an a ly tica l solution has been reported in the lite ra tu re  to  

Equations 2.32 and 2.34 with the c a p illa ry  and grav ity  terms retained. 

However, numerous studies have resorted to  numerical methods to  solve 

the two equations (Payers and Sheldon, 1959, Hovanessian and Payers,

1961, Bentsen, 1978, and Allen and Puckett, 1986).

*
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CHAPTER THREE 

REVIEW OF RELATED RESEARCH

The subject o f in terface s ta b il i ty  associated with the process o f 

immiscible displacement has been the focus o f many theoretica l and 

experimental studies aimed a t improving the e ffic ien c y  o f the 

displacement process. In s ta b ility  as i t  is reported in the lite ra tu re  

often refers to  the phenomena when the displacing phase penetrates 

through the displaced phase in the form of viscous fingers or as a 

tongue underrunning or overrunning the displaced phase.

Engelbert and Klinkenberg (1951) approached the problem by 

i nvest ig a ti ng the in f 1uence o f the follow ing dimens ion less groups on the 

displacement process

L Apgk yQ ApgL/k
Q » ~ » ■   t — — t ——————

H V yw uw a cos 0

They used several cy lin d ric a l tubes packed with coarse sand with a

perm eability o f 200 dare i es and a porosity o f 38%. The sand tubes were
x

in i t ia l l y  fu l ly  saturated with o ils  o f d iffe re n t v iscos ities  and 

displaced with water. The authors observed th a t a t low rates of 

 ̂ in jection  none o f the groups above had a s ig n ific a n t e ffe c t on the 

recovery a t  breakthrough, whereas at high rates o f in jection  

breakthrough recovery was p rim arily  dependent on the viscosity  ra tio  and 

to  some extent on L/H.

Their observations concerning the manner with which the water 

invaded the o il zone led to  the follow ing conclusions. At a v iscosity
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ra tio  o f one, the water uniformly invaded the o il zone with th in  

tra n s itio n  zone and was s ig n ific a n tly  independent o f the ra te  o f 

in je c tio n . This was re flec ted  in a stable displacement with high 

recovery a t breakthrough. At v iscosity  ra tio s  o f 4 and 24 and high 

rates o f in je c tio n , the water penetrated the o il zone with several 

fingers haphazardly d is trib u ted  across the sand pack, severely reducing 

the recovery a t breakthrough. At intermediate ra tes , the fingers were 

replaced by a single water tongue underrunning the o il phase. This type 

of displacement s ig n ifie s  in s ta b il ity .

The observations c ited  above are mainly q u a lita tiv e  because o f the 

uncertainty encountered in determining o il and water saturations in the 

model.

D ietz (1953) presented a two-dimensional mathematical analysis o f 

water d rive  in a monoclinal reservo ir, assuming an in i t ia l l y  horizontal 

sharp in terface between two flu id s  flowing in a homogeneous, isotropic  

porous media.

In his mathematical development, D ietz combined Darcy's equation and 

the equation o f continuity  to obtain the follow ing equation:

dy u u
Apg ( tan a + — ) cos a = (— 2---------------- ) v (3 .1 )

kocw kwro

To a rr iv e  a t the above equation, the follow ing assumptions had to  be 

made:

1) Constant or no pressure drop across the in terface.

2) v = v = v,, = constant .o w
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3) The flow potentia l is in the d irection  o f the dip o f the layer.

For the in terface to  remain stable (h o rizo n ta l), e ith e r w0/ k0CW has 

to  be equal to vw/k  or p equal to p . Otherwise ( i . e .  p * p or
W W l O  V  W vJ W

> v. JK » the in terface underruns the o il  zone in the form o f o ocw w wro
a 'water tongue'. D ietz defined a c r it ic a l v e lo c ity , V^, above which 

the in terface is no longer s tab le , as

In a horizontal system where <x= 0 , the in terface is unstable no 

matter how small the ra te  o f in jection  is because = 0.

At rates greater than the c r it ic a l value, where vQ and vw are not 

equal, D ietz derived an equation fo r unstable conditions wherein a t any 

cross section along the system

With the above s tip u la tio n , the continuity  equation and Darcy's law, the 

follow ing equation was derived describing the location o f the in terface  

as a function o f x and t

Apg sin a
V (3 .2 )c

vo^ocw

(3 .3 )

ocw cos a
dx

 2~ + {— -------------
(H-y) y (H-y)

a

a(H-y)+y

y
]

o

ay 
Q —

dx
+ ( -----  + ————  ) AS

y H - y

a

at
(3 .4)
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This equation is a parabolic, nonlinear, second order p a rtia l

d if fe re n t ia l equation. A solution fo r y as a function o f x and t  would

involve mathematical d i f f ic u lt ie s .  To a lle v ia te  th is  obstacle, Dietz

assumed the curvature o f the in terface to  be very small, and hence, the

left-hand side o f the equation was elim inated. In a horizontal system,

th is  assumption becomes unaceptable because the le f t  hand side has a

maximum value when a = 0 . However, fo r a ve rtica l system ( a = 90 ) ,

the left-hand side is already zero and the ana ly tica l solution is

correct. Using the chain ru le , Eq. 3.4 can be solved fo r the updip

ve lo c ity  o f the o il/w a te r  in terface as

3x aH Q
 = --------------------------   (3 .5 )

3t (a(H -  y)+ y r  <f> AS

Equation 3.5 led D ietz to  conclude th a t the shape of the water tongue

depends neither on grav ity  e ffec ts  nor on the rate  of production, but

only on the m obility  ra tio , the cumulative production and to  some extent

on the dip angle.

D ietz fu rther examined Eq. 3 .4  to  fin d  that the error introduced by 

neglecting the left-hand side term diminished when y = 0 or y = H, but 

he fa ile d  to estimate the error when y is between those two lim its  ( i . e .  

0 < y < H ) . However, la te r studies (Peggs, 1973, Croes and Schwarz, 

1955) showed th a t th is  error renders D ie tz ' theory unsatisfactory when 

grav ity  e ffec ts  are s ig n ific a n t in horizontal or nearly horizontal 

systems.

Van Meurs (1957) confirmed the observations o f Engelbert and
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Klinkenberg (1951) using a transparent model packed with glass powder 

and fu l ly  saturated with o il (no connate w ater). The glass powder and 

the o il were selected to have the same re fra c tiv e  index to  permit visual 

observations o f the displacement.

All runs with an o il-w a te r v iscosity  ra tio  o f one showed high 

recovery a t breakthrough and a uniformly progressing o il/w a te r  

in terface, which is an obvious sign of in terface s ta b il i ty .  However, 

fo r a v iscosity  ra tio  o f 80, the in terface broke up into several w e ll-  

defined fin gers , resu lting  in a markedly low recovery a t water 

breakthrough.

Based upon these observations, van Meurs and van der Poel (1958) 

questioned the v a lid ity  o f the re la tiv e  perm eability concepts o f the 

conventional theory o f immiscible displacement to  displacements 

dominated by viscous fin gering . They accordingly developed a theory 

spec ia lly  ta ilo re d  to  viscous fin gering . This theory, which p a ra lle ls  

the conventional Buck1ey-Leverett theory in several respects, has 

received l i t t l e  or no a tten tio n .

Lewis (1951) published his observations on immiscible displacement 

experiments conducted in closely-spaced p a ra lle l plates (He 1 e-Shaw 

c e l l ) .  He reported the tendency o f the in terface to  break up into  

several fingers penetrating the more viscous displaced phase.

Using the same experimental technique, these observations were 

confirmed by the work o f Saffman and Taylor (1958), who presented a 

theoretica l study o f viscous fingering  by introducing a small 

disturbance to  an otherwise plane in terface and examining the behavior
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of th is  disturbance over the course o f time spanning the progress o f the 

displacement.

Chuoke e t a l .  (1959) presented the most recognized theoretica l study 

of viscous fingering  from the standpoint o f s ta b il i ty .  They treated  the 

phenomenon as a m anifestation o f hydrodynamic in s ta b ility  analogous to  

th a t encountered in the f ie ld  o f hydrodynamics.

The authors specified the follow ing inequality  as a necessary 

condi t ion fo r in s ta b ility

* 2
( --------------------- ) V + Apg cos a > a n (3 .6 )

k kocw wro
Several conditions fo r in s ta b il ity  may be extracted from the above 

in eq u a lity . I t  is convenient to  define the c r it ic a l ve lo c ity  as

yo yw( ------------   ) V + Apg cosa = 0 (3 .7 )
k kocw wro

i .e .  k Apg cos a
V =  wr°  Jtf  (3 .8 )

»w < m - T >
Subtracting Eq. 3.7 from Eq. 3.6 y ields  

wo v
(— ----------— ) ( V -  V ) > 0 (3 .9 )
k kocw wro

The wavelength is defined as

2 IT
X = ------- (3 .10)

n

Substituting Eq. 3.10 into Eq. 3 .9 , another condition fo r in s ta b ility
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evolves as

X > 2» [ ------- * - °  /    ] 1/2 (3 .11)
( H -  1 ) (  V -  V )

Let a c r it ic a l  wavelength be defined as
*

X = 2ir [  Wr° ^    ] 1/2 (3.12)
( M -  1 ) ( V -  Vc )

For in s ta b ility  to  manifest i t s e l f  in viscous fingering  requires the

follow ing conditions be met simultaneously

V > Vc
M > 1

and

X > X„ c
In a horizontal system, the c r it ic a l ra te  is zero. Consequently, the 

f i r s t  condition fo r in s ta b ility  is always met, leaving the sa tis fac tio n  

o f the other two conditions to  decide whether in s ta b ility  should e x is t. 

Their mathematical development was v e rifie d  by experimental observations 

performed on three displacement systems namely, an inclined He1 e-Shaw 

ce ll without a porous media, van Meurs' (1957) transparent model packed 

with glass powder in the presence of connate water, and the same model 

without connate water.

In the p a ra lle i-p la te  displacements, the experimental observations 

closely matched the mathematical predictions. At a v iscosity  ra tio  o f 

3.52 , they reported a stable displacement in terface a t rates below the 

c r it ic a l ra te  predicted by Eq. 3 .8 . At rates above the c r it ic a l value.
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the in terface broke up into several sinusoidal fingers penetrating the 

o il zone. A comparison between the average wavelength o f these fingers  

measured experimentally and the mathematically predicted wavelength 

revealed good agreement between the two, s p e c ific a lly  fo r rates several 

tîmes greater than c r i t ic a l .

This close agreement between the theoretica l predictions and the 

experimental findings from the displacements conducted in the He1 e-Shaw 

c e ll could be a ttrib u te d  to the fac t th a t the authors have founded th e ir  

s ta b il i ty  theory on the hydrodynamic equations

-» k
v = --------  V( p + pg z cos a ) (3 .13)

u

-»
V.v = 0 (3 .14)

which constitu te  an accurate mathematical representation o f flow between 

p a ra lle l p lates .

In the displacements conducted in the transparent model with no 

connate water, viscous fingers were again c le a rly  v is ib le . But» in 

contrast to  the p a ra lle i-p la te  displacements, the fingers lost th e ir  

sinusoidal characteris tics  and smooth appearance. In these runs, the 

mathematically predicted most probable wavelength diverted from th a t 

measured experim entally. To force a match between theory and 

observation, the authors defined an e ffe c tiv e  in te rfa c ia l tension which 

was d ire c tly  proportional to  the in te rfa c ia l tension between the two 

f lu id s  in the absence o f porous media.
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o" = C* o (3 .15)

They found the best f i t  when the constant C in th e ir  Eq. 24 is taken 

equal to 30, where C is defined as

C = 2ir V 3 C* (3 .16)

These displacements were repeated on the same transparent model but with

connate water present. No c lear-cu t resu lts  and observations were c ited

to  v e rify  the theory. The photographs shown by the authors to

demonstrate fingering  in connate water bearing porous media revealed

fingers lacking any d e fin ite  pattern . Consequently, they did not

attempt any measurements th a t might lead to q u an tita tive  predictions o f

in s ta b ility  in the system under consideration. However, the authors

made a remarkable comment on the s ta b il i ty  o f such systems.

In a water-wet, connate water-bearing, porous medium which spontaneously
»

imbibes water, the e ffe c tiv e  in te rfa c ia l tension, o is very large, 

making the c r it ic a l  wavelength, Xc , obtained through Eq. 3.11 fa r  exceed 

the model dimensions. Under such conditions the displacement shows a 

s ig n ific a n t s ta b il i ty  even when other conditions fo r in s ta b ility  are 

s a tis fie d . This explains the motive behind using both a high viscosity  

ra tio  and a high in jection  rate  by the authors in the displacements 

performed on connate water bearing systems fo r which the mentioned 

photographs were displayed.

Rachford (1964) used a f in i t e  d ifference solution o f the two- 

dimensional equations o f displacement in connate water-bearing, porous 

media. Running his model on s ix  hypothetical f ie ld  and laboratory-
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scale floods in a rectangular reservo ir, he stated th a t in a l l  the cases 

studied, no tendency towards in s ta b ility  was found. Furthermore, high 

displacement rates and unfavorable viscosity  ra tios  were benefic ial to  

s ta b il i ty  as the perturbations damped more rap id ly . Further, Rachford, 

supported by his e a r lie r  find ings, questioned the a p p lic a b ility  of a 

s ta b il i ty  theory based on displacements conducted in the He1 e-Shaw ce lls  

to  immiscible displacements in water-wet porous media containing connate 

water. He argued th a t a re a 1 porous med i urn has a pore-s i ze 

d is tr ib u tio n , and consequently, d iffe re n t parts o f an in i t ia l l y  plane 

in terface w ill move a t d iffe re n t v e lo c ities  through the porous medium,

i . e . ,  a d is tr ib u tio n  o f saturation (often called  the tra n s itio n  zone) 

w ill evolve to  separate the two parts o f the porous medium where only 

one f lu id  is moving in the presence o f a minimum saturation o f the 

other. Acting as a damper, the tra n s itio n  zone w ill force a saturation  

higher than the fronta l saturation to move with a lower v e lo c ity , hence, 

insulating the incip ien t protrusions o f a perturbation from the high 

m obility  displacing phase. The lack o f a tran s itio n  zone in the 

p a ra lle l p la te  model displacement makes i t  more vulnerable to  

in s ta b il ity  and the subsequent development o f viscous fingering  than 

reaI porous med ia .

Later, Perkins and Johnston (1969) confirmed the findings of 

Rachford (1964) concerning the inherent s ta b ili ty  o f connate water- 

bearing porous mediurn. They investigated the prob1em experimenta1ly , 

employing the He1 e-Shaw and glass bead packed models.

In a l l  systems studied, no fingering  was reported with favorable
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In a l l  systems studied, no fingering  was reported with favorable  

viscosity  ra tio s . But, with unfavorable v iscosity  ra tio s , numerous 

fingers were noticeable in the He1 e-Shaw displacements, with and without 

beads, with no connate water models.

A noticeable d ifference was reported when the displacements were 

conducted in a bead-packed model with connate w ater. At favorable  

viscosity  ra tio s , a d is tin c t fro n t with a steep saturation gradient was 

v is ib le . O il saturation behind the fro n t was low, and l i t t l e  production 

a fte r  breakthrough was reported. At unfavorable v iscosity  ra tio s , 

numerous small fingers developed early  in the displacement near the 

in le t  end o f the model. These fingers soon coalesced to  form a 

d end ritic  network o f channels th a t then formed a graded saturation zone. 

The authors a ttr ib u te d  th is  damping behavior o f the observed fingers to  

the flow o f the two flu id s  in a d irec tio n  transverse to  the d irec tio n  o f 

gross f lu id  movement. Adding to  th e ir  experimental findings, Perkins and 

Johnston, contributed two major conclusions:

1. The He1 e-Shaw c e lls  are not adequate to  model the important 

characteris tics  o f immiscible displacement, namely such aspects as 

re la tiv e  perm eability and tra n s itio n  zone e ffe c ts .

2. Fingering studies would be more representative o f a water-wet 

reservoir i f  performed in connate water bearing porous media.

Motivated by the apparent controversy in the lite ra tu re  regarding 

s ta b il i ty  o f immiscible displacement in water-wet connate water-bearing  

porous media, Hagoort (1974) investigated the process presenting a 

s ta b il i ty  analysis p a ra lle l to th a t o f Chuoke et a l .  (1959), introducing
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a small f irs t-o rd e r  perturbation (disturbance) to  an otherwise plane 

in terface and observing the subsequent behavior o f the perturbation over 

the course o f time o f the displacement. However, his analysis d iffe rs  

from th at o f Chuoke e t a l .  (1959) in two important respects. Hagoort 

performed his s ta b il i ty  analysis based on the Buck1ey-Leverett' s (1942) 

displacement model rather than the p is to n -like  displacement model 

adapted by Chuoke e t a l .  (1959). The m obility  ra tio  condition for 

in s ta b ility  was based on a so-called shock m obility  ra tio  instead o f the 

end point m obility  ra t io . He defined the shock m ob ility  ra tio  as

„ s= c . V t t A o l V .  +

"o "w “o

His theoretica l analysis led him to  the conclusion th a t the displacement 

is unstable i f  the shock m ob ility  ra tio  is greater than one, provided 

th a t the wavelength o f the in s ta b ilit ie s  is smaller than the width o f 

the mode 1.

As recently as 1981, Peters and Flock (1981) investigated the 

problem o f in terface s ta b il i ty ,  aiming a t a dimensionless scaling group 

th a t could be used to  pred ict the onset o f in s ta b ility  during immiscible 

displacement. They argued th a t none of the previous studies regarding 

s ta b il i ty  have succeeded in combining a l l  the variables pertinent to  the 

process in one lumped group. In order to  achieve th is  task, they 

presented a s ta b il i ty  analysis which is bas ica lly  an extension to  the 

s ta b il i ty  theory proposed by Chuoke et a l .  (1959). Their s ta b il i ty
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analysis produced two dimension less groups defining the conditions for  

in s ta b ility  in cy lin d rica l and rectangular systems. For a horizontal 

c y lin d rica l system, the displacement is unstable i f

( M -  1 ) V y DZ
    > 13.56

C'  0 kwro
and fo r a horizontal rectangular system

( M -  1 ) V m W2 H2
W > 9.87

C* a k .  ( W2 + H2 )wro
Assuming th a t the endpoint perm eabilities  are approximately equal to  the 

absolute perm eability, then the dimens ionless groups can be w ritten  as

vo V “w ° 2( - 2 -  -  1 ) —   > 13.56
Mw C a k

and 2 2 u V u W H
( — ------  I )-- ;-------  =------- =-----  > 9.87

w c o k ( t r  + i r  )
W

Sim ilar to  Chuoke et a l . (1959), they defined an e ffec tive

in te rfa c ia l tension d ire c tly  re la ted  to  the o il-w a te r in te rfa c ia l
*

tension through the w e tta b ility  number, C :
*  *

a = C o
»

C is determined experimentally by measuring the fastest growing fin ger  

wavelength, Substituting th is  valüe into th e ir  Eq. 20, they

estimated w e tta b ility  numbers o f 5.45 fo r the o il-w e t system and 306.25 

fo r the water-wet system.

Peters and Flock (1981) v e r if ie d  th e ir  theory by several experiments
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performed in c y lin d ric a l cores which measured 23 cm in length and 4.8  

cm in diameter packed with 80-120 mesh Ottawa sand. Their results  

showed that a l l  the o il-w e t floods with no connate water were unstable, 

while the water-wet floods showed a region o f constant recovery at 

breakthrough (stab le  displacement) and a region o f declining recovery 

(unstable displacement). The tra n s itio n  from one region to  the other 

occurred in the v ic in ity  o f the number 13.56 predicted by th e ir  

th e o re tica1 analysis . No experimenta1 data were reported fo r the 

rectangular system.

Despite the good agreement between the theory and the experimental

findings, the work o f Peters and Flock (1981) involved several
*

lim ita tio n s . The w e tta b ility  number, C , is required to  be known a 

p rio r i fo r s ta b il i ty  conditions to  be determined. Furthermore, the 

e ffec ts  o f g rav ity  were neglected in th e ir  analysis and hence did not 

show up in th e ir  dimens ion less groups. Also, the experiments were 

conducted a t a single v iscosity  ra tio  o f 102.5, so i t  is d i f f ic u l t  to  

generalize the conclusions o f the work c ited .

Several conclusions may be drawn, regarding s ta b il i ty  and in terface  

behavior during immiscible displacement in porous media, based on the 

l i te ra tu re  presented. The s ta b il i ty  analysis conducted fo r a f i r s t -  

order perturbation shows an excellent agreement with the experiments 

performed in the He1 e-Shaw and van Meurs (1957) models with no connate 

water present. On the other hand, the experiments conducted on connate 

water bearing porous media have fa ile d  to  confirm the theoretica l 

predictions based on these s ta b il i ty  analyses. As was c ited  e a r l ie r ,  no
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c lear-cu t observations of viscous fingering in these experiments were 

made even with in s ta b ility  conditions being s a tis fie d , and a marked 

reduction in breakthrough recoveries was reported. The reported damping 

of fingers early  in the course o f the displacement was a ttrib u te d  by 

several authors to  the e ffe c t of c a p illa ry  forces which tend to smear 

out the in c ip ien t fingers . However, in many occasions g rav ity  tongues 

were reported to  indicate in s ta b ility  in displacements conducted in a 

horizontal or s lig h tly  dipping porous medium. Therefore, i t  may be 

in ferred th a t immiscible displacements conducted in a connate water­

bearing, porous medium can be unstable (based on the reduction in 

breakthrough recovery) without conspicuous fingers . Instead, a 

macroscopic deformation o f the in terface in the form o f a g rav ity  tongue 

is the observed manifestation o f in s ta b ility  in such displacements.

The objectives o f th is  study were, f i r s t ,  to investigate, 

experim entally, the behavior o f the in terface through the course of 

immiscible displacement, and second, to  conduct a m ulti-dim ensional, 

inspect!ona1 analysis in order to  determine a complete set of 

dimens ion less scaling groups th a t may help id en tify  the boundaries o f a 

stable displacement.
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CHAPTER FOUR 

DIMENSIONAL AND INSPECTIONAL ANALYSIS

In general, two methods may be used to derive dimensionless groups 

fo r the investigation o f the displacement process in a porous medium: 

Inspect!*ona 1 analysis, which requires the d if fe re n t ia l equations 

describing the displacement process to be known a p r io r i;  and 

dimensional analysis , which requires the knowledge of the relevant 

variables contro llin g  the displacement.

The method o f inspect!ona1 analysis makes use o f the fac t that a ll  

physical equations are re la tions  between independent variab les, 

dependent variables and constants, a l l  with the same dimensions. 

Accordingly, the dependent variab les, independent variables and the 

constant terms can be brought into a dimens ion less form by dividing them 

by some value o f the same dimension, charac te ris tic  o f the system.

As an outcome to  th is  process, dimens ion less independent groups, 

dimens ion less dependent groups and dimens ion less s im ila r ity  groups w ill 

emerge.

Unlike i nspectiona1 analysis, dimensional analysis can be performed 

whenever the process being investigated is lacking a mathematical 

description. Relying on the physical common sense o f the user, the key 

variables governing the physical phenomena are used to  form 

dimens ion less groups. In order to derive these dimens ion less groups, i t  

is required th a t the power products of the pertinent variables be also 

dimens ion less, which resu lts  in a homogeneous system of linear
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equations, the solution o f which y ields a complete set o f mutually 

independent, dimensionless groups. The number o f these dimens ion less 

groups, according to  the Buckingham ru le , is equal to the to ta l number 

o f variables minus the number o f fundamental dimensions, e .g . mass, 

length and tim e.

Both methods o f deriving the dimens ionless groups have th e ir  

advantages and lim ita tio n s . Inspectiona1 analysis usually produces a 

set o f dimens ionless groups whose physical meaning is re ad ily  apparent, 

whereas the groups obtained by dimensional analysis may be qu ite

obscure. Further, inspectiona1 analysis may resu lt in two or more

dimensionless groups coupled together. This combination then can be 

considered as a single dimens ionless group, which means fewer groups 

including larger number o f variables and hence giving a better  

description o f the process. However, inspectiona1 analysis cannot be 

applied to  a process whose mathematical description is unavailable, 

whereas, under the same conditions, dimensional analysis can s t i l l  be 

functional to  y ie ld  valuable information in setting  up experiments to

in it ia te  a study. However, dimensional analysis is so general th a t the

inclusion o f unnecessary variables in the menu o f the pertinent 

variables w ill give r is e  to  some supplemental and confusing groups that 

complicate the process.

Extensive lite ra tu re  exists  regarding the application o f the two 

methods to  the process o f immiscible displacement in porous media. 

Leverett e t a l .  (1942) took the in it ia t iv e  in th e ir  model studies in 

which dimens ion less groups were used to  scale laboratory experiments to
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f ie ld  prototypes. Later, Engelbert and Klinkenberg (1951) extended the 

work o f Leverett (1942) making extensive use o f dimens ion less groups 

derived by dimensional analysis to  investigate the influence of specific  

variables on immiscible displacement in laboratory models. Further, 

they employed the various groups as a general a id  in presenting th e ir  

experimental findings.

Croes and Schwarz (1955) continued the la t te r  work using the same 

dimens ion less groups, putting the emphasis on the influence of the group 

representing the o il-w a te r v iscosity  ra tio  on the displacement.

Rapoport (1955) presented a complete derivation  of the dimensionless 

groups contro llin g  immiscible displacement in three dimensional porous 

medium, whereas Geertsma et a l .  (1956) have matched the advantages of 

the two methods to  develop a set o f scaling groups fo r three types of 

displacements in porous media.

Craig et a l .  (1957) reproduced the dimensionless groups o f Rapoport 

(1955) and Geertsma et a l .  (1956) and employed them in the investigation  

of the e ffe c t o f g rav ity  forces on the volumetric sweep e ffic ien cy  of 

fron ta l drives.

The relevant dimensionless groups fo r the present work are best 

derived by the method o f inspectiona1 analysis. Eq. 2.23 provides a 

convenient s ta rtin g  point fo r such a derivation .
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4 .1 . Inspectional Analysis 

Starting  with Eq. 2.23

+ + V- V Fw + 7 - ‘ Fw kro 7 Pc>a t  »w m

k u Apg
-  7 .(  — ----- Fw kro 7 z) = 0 (2 .23)

In a horizontal system V z = 0 

and Eq. 2.23 becomes

3SW k
♦ ----- + v. 7 F + 7. (— —- F k 7 P ) = 0 (4 .1 )

3t W u M
W

Define the c a p illa ry  pressure using the Leverett function

p B -------------  J(S ) (4 .2 )
c v l v î  w

and le t  k ^ be equal to  the absolute perm eability, k.

Then

M = Mo Z “w
To describe the displacement in a horizontal rectangular system, Eq.

4.1 is expanded in rectangular x - ,  y - and z-coordinates to  give

, 3S 3SW 3SW 3SW dFw k a
<f> — + [ v  ̂ ——  + Vy — — + —  ]   + —— ——

9t 3x " 3y 3z dSw vw M V k/<f>

3 dJ 3 dJ
I ‘ . o k, .  - 'S .  > *

w w
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3 dJr 'F-k- s; 1 1 ■ “ {< - 3 '

Now, define the follow ing dimensionless variables  

x
X = -----

L
y 

w
z

z  ----
H
-*■

-» v 

V
and

Apg k t  
T = --------------

uw L ♦
Substituting these dimension1 ess variables into Eq. 4.3 yields

as v 3Sw dFw V 3SW dFw
■■■ 1 ■ + f —— v ~— —  + —  v —  — — -f.x . v ,, yL *  L 3X dS W '  3Y dS ,_w  3T w w

Apg k

V 3S dF k o 1 3  dJ 1 3S
'—  V —-  ----- + -------------  [ ------------ { F k ----- ( -------------- +

H z 3Z dSw vw M Vk/* L 3X dS^ L 3X

1 35, 1 3S 1 3  dJ 1 3S, 1 3S
~  ■—  +  -  -------- ) }  +  -—  — { F  k  - —  (  -------- - —  +  -  -—

W 3Y H 3Z W 3Y W ro dS  ̂ L 3X W 3Y

i as 1 3  dJ i as i as
+ -----  — -  ) }  + ------ ------ { F k - ( — —   +     +

h az H az w ro dS l ax w 3Yw

1 3SW    ) } ] = 0 (4 .4 )
H az
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Rearranging gives

^  )(—-)V a . Î»
3T Apgk *  ax dSw Apgk W y 3Y dSw Apgk

L 35 dF a V i/k  1 3 dJ 35
(  )V — -    +( ----------  ) ( -----) ------  [ F k---------- (   +

H z 3Z dS ApgL M 3X dSw 3Xw w

L 35 L 35 a V^/k 1 3 dJ
 + --- - - - - - - - - - ) ] +  ( -------------  ) (   )--------- ----------  C F k ---

W 3Y H 3Z ApgW M 3Y w ro dS^

35 L 35 L 35 a VÎ7k 1 3
(—*  + ---------- - + ----- -----) ]  + ( -----------) (  )   [ F k
3X W 3Y H 3Z ApgH M 3Z

dJ 35 L 35 L 35
  ( —  + ----- ----- + ——-  —  ) ]  * 0 (4 .5 )
dSw 3X W 3Y H 3Z

W riting Eq. 4.5 in a more compact form yields

3S u V 35 L 35 L 35 dF
—  + ( —----- ) [  V —  + —  V —  + ----- V —  ]
3T Apgk 3X W y 3Y H 3Z dSw

o V?7k 1 31 o ViTk I 31 a V*7k
+ (   ) (    )   + (  ) (  )   + ( — - )

ApgL M 3X ApgW M 3Y ApgH

1 3!
( )   = 0 (4 .6 )

M 3Z

where
dJ 35 L 3Sw L 3Sw

I = F k  -----  (-- -----  + ---- - - - - - - - - + ---------------- )
' dS ax W 3Y H az w

The follow ing dimens ion less groups emerge from the above development 

using inspectional analysis:

a) Independent variables: T, X, Y and Z.

b) Dependent variables : S^, V^, Vy and V^.
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c) s im ila r ity  (scaling) groups : L/W, L/H, V/Apgk,

a V4>/k/ApgL, a V*/k/ApgW, a V^/k/ApgH, dJ/dS^ and 1/M.

4 .2 . The Phvsica1 Significance o f the Perived Sea1ing Groups

The f i r s t  two terms represent the geometric s im ila r ity  groups. uw 

V/Apg k is the well-known ra tio  o f viscous forces to  gravity  forces, 

which has been reported in the lite ra tu re  by several authors ( Engelbert 

and K1inkenberg, 1951, Allam, 1979, Craig e t a l . ,  1957, Croes and 

Schwarz, 1955, and George et a l . ,  1982).

The groups a V<|>/k/ApgL, a V<j>/k/ApgW and a V<fr/k/ApgH are the ra tio  o f 

c a p illa ry  forces to  grav ity  forces in the three rectangular coordinates 

x, y and z . macroscopical1y, the system can be considered as 

homogeneuos and isotrop ic . Therefore, these three scaling groups could 

be reduced to  a single group by removing the space dimensions from the 

denominator, i . e . ,  L, H and W. The resu lting  group represents the 

ra tio  o f c a p illa ry  to  grav ity  forces in any d irec tio n  inside the system 

under consideration.

Since in s ta b il ity  is a ttrib u te d  to f lu id  movement in a transverse 

direc tion  to  the commonly-assumed, one-dimensional flow , the group 

oV*/k/Apg should provide good corre lation  c o e ffic ie n t to  specify whether 

the displacement is stable or not.

As the scaling group aV<fr/k/Apg controls the transverse motion o f the 

displacing phase to  prevent tonguing or fin g erin g , i t  should be 

antic ipated th a t the magnitude o f th is  group may have a profound e ffe c t  

on the behavior o f the in terface.
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The group 1/M is the w a te r-o i1 v iscosity  ra t io . This group is also  

expected to  e ffe c t the o il recovery a t breakthrough. As the method of 

inspectional analysis permits the combination o f two or more 

dimens ion less groups into a single group, the group 1/M is combined with 

the group cV<J>/k/Apg to  give

a V * /k
F =  --------------  (4 .7 )

Apg M

In the present work, the above scaling groups w ill be bas ica lly  used 

to  investigate the influence o f the displacement parameters on 

in s ta b il ity  (tonguing or fin gering ) o f immiscible displacement in water- 

wet, connate water bearing porous medium.
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CHAPTER FIVE 

EXPERIMENTAL EQUIPMENT AND PROCEDURE

5 .1 . Model

The model used to run the experiment is a rectangular ce ll (Figure 

5 .1 ) measuring 6 fee t in length, 9 inches in height and 6 inches in 

width. Figure 5.2 shows a schematic diagram of the flow system which is 

b as ica lly  the same as the one employed by Allam (1979). A deta iled  

description o f the apparatus can be found in th is  reference.

5 .1 .1 . Mode1 Sea1ino

Displacement experiments are widely used to  investigate, d ire c tly  or 

in d ire c tly , water flooding behavior o f petroleum reservoirs. Laboratory 

model studies can be useful in predicting f lu id  flow behavior in these 

reservoirs (prototypes) i f  they are proper 1 y scaled. Rapoport and Leas 

(1953) showed theoretica l y and experimentally th a t linear water floods 

are not only governed by the properties o f the porous medium and the 

f lu id s  flowing through i t ,  but also by the ra te  o f in jection  and the 

length o f the system. They observed th a t water floods become 

independent o f the rate  o f in jec tio n , the length o f the system, and the 

f lu id  v iscosities  above a c r it ic a l value of the product LVy^, which they 

called  "scaling c o e ffic ie n t" , and the floods with a scaling c o e ffic ie n t  

greater than the c r it ic a l value are said to be s ta b ilize d . A s ta b ilize d  

flood, conducted in identical porous media using the same w a te r-o i1 

viscosity  ra tio  and in i t ia l  saturation d is tr ib u tio n , should behave 

s im ila r ly  and y ie ld  the same re la tio n  between injected and produced
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Figure 5 .1 . Rectangular C e ll.
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volumes. Based on th e ir  data, a scaling c o e ffic ie n t greater than 1.5 

s ig n ifie s  s ta b il i ty  o f the flood.

In contrast to  the work c ite d , the data obtained by Richardson and 

Perkins (1957) show th a t recovery is substantia lly  constant a t values of 

the scaling c o e ffic ie n t in the range o f 0.053 to  530.

McWilliams (1962) investigated the scaling c o e ffic ie n t proposed by 

Rapoport and Leas over a greater range o f values o f the relevant 

variables using cores o f various diameters. He concluded th a t s ta b il i ty  

can be attained  a t a scaling c o e ffic ie n t in the range o f 200 to 1000 and 

th a t the value o f the scaling c o e ffic ie n t gets bigger fo r cores o f 

larger diameters.

The divergence o f McWilliams' data from those o f Rapoport and Leas 

is pertinent to  the large core perm eabilities used by the former author 

which made g rav ita tio n a l segregation appreciable and hence enlarged the 

values o f the scaling c o e ffic ie n t th a t ensures s ta b il i ty ,  as well as the 

fac t th a t Rapoport and Leas neglected g rav ita tiona l segregation in th e ir  

derivation o f the scaling c o e ffic ie n t LV% .̂

In th is  work, the values o f the scaling c o e ffic ie n t LVvw were in the 

range o f 2.75 to  329. I t  is noticed that floods performed under th is  

range o f scaling c o e ffic ie n t were s ig n ific a n tly  independent o f the rate  

o f in jec tio n .

5 .2 . Porous Media

The ce ll was packed with three d iffe re n t mesh sizes o f Ottawa sand 

from Dowel1-Schlumberger. The packing was done by f i l l i n g  the ce ll
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v e r t ic a lly  with the dry sand while hammering and shaking the c e ll u n til 

f u l l .  A de-aerated brine was pumped into the sand pack a fte r  vacuuming 

the c e l l .  L a te r, additional hammering and shaking were applied to  

ensure good packing. Additional sand was added during th is  stage to  

f i l l  any cav ities  through a hole near the in le t  end of the c e l l .

Figure 5.3 shows the g ra in -s ize  d is tr ib u tio n  o f the sand obtained 

from sieve analysis and Table 5.1 shows the measured porosities and 

perm eab ilities .

Table 5 .1 . Properties o f Porous Medium.

Mesh Size Poros ity Permeabi1ity
% darcy

10 -  20 34.93 106

20 -  40 34.77 67.83

80 -  100 33.53 -  35.11 6.72 -  8.82

5 .3 . Fluids

Four types o f flu id s  were used. De-aerated brine, polymer, 

kerosene, and S ilic o  T-75 mineral o i l .  C ity  o f Golden tap water was 

used to  make the brine solu tion , a fte r  extracting a i r ,  by adding food 

q u a lity  s a lt .  The s a lt concentration was varied between 10000 ppm and 

33000 ppm to  obtain d iffe re n t brine sp ec ific  weights and v is c o s ities .
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1 0 - 2 0  mesh

20 -  40 mesh

80 -  100 mesh<DO_
n  r>-

1000200 400
g r a in  d ia m e te r ,  m ic r o n s

600 800

F ig u re  5 .3 . G rain  S ize  D is tr ib u t io n  o f  Ottawa Sand.
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High q u a lity  Conoco kerosene (0.807 sp. g r .)  represented the o il  

phase in runs 1 to  6, 11 to  13 and 15 to  16. Kerosene v iscosity  as a 

function of temperature is shown in Figure 5 .4 . S ilic o  T-75 colorless  

mineral o il represented the o il phase in runs 7 to  10 and 14. Figure 

5.5 shows the change o f mineral o i l  v iscosity  with temperature va ria tio n . 

For runs 17 and 18, a mixture o f 5% kerosene with mineral o il was used 

as the o il phase. The properties o f the d iffe re n t types o f o ils  used in 

th is  work are lis te d  in Table 5 .2 .

Table 5 .2 . Properties o f Oil Phase a t 72°F.

O il Type Sp. Wt. 
gm/cc

V i scos i ty  
cp.

Kerosene 0.800 1.48

S ilic o  T-75 0.833 23.80

S ilic o  T-75 with 5% 
Kerosene mixture 0.827 14.20

Pusher-500 polymer was used as a m obility  control agent in runs 1, 2 

and 3 to  obtain variab le  m obility  conditions. Pusher-500 is a 

commercial polyacrylamide polymer supplied by Dow Chemical. A 

Brookfield viscometer with a UL adapter was employed to determine the 

Theological properties o f the polymer. Figures 5.6 and 5.7 show these 

properties. Polymer solution v isco s ities  o f 37.8 c p ., 7.87 cp. and 3.55 

cp. were used in runs 1, 2 and 3, respective ly .
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80 100 120 
T e m p e r a tu r e ,  deg. F.

14060

F ig u re  5 .4 . K erosene V is c o s ity .
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Figure 5.5. Mineral Oil Viscosity.
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Figure 5 .6 . V iscosity o f Pusher 500 Solution in Brine.
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500 Ppm

Shear Rate, sec

F ig u re  5 .7 . Rheology o f  P u sh e r-500 Polym er.
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5 .4 . Saturation Recording System

55 pairs o f electrodes were in s ta lled  on opposite sides o f the ce ll 

2 1/2 in . apart in 11 columns. A 2000 CPS AC current was passed through 

the e le c tr ic  c irc u it  o f each electrode (Figure 5 .8) and the voltage drop 

across a known resistance was measured and then used in the follow ing  

equation to  ca lcu late  the unknown resistance o f the f lu id  saturated 

porous medium;

Rk ( Vosc -  Vk ) (5 .1 )

Vk
The water saturation across each pa ir o f electrodes was then calculated  

from Archie's equation (1942)

S '" = —2 -  (5 .2 )
W Rt

In order to  solve th is  equation fo r water saturation , the exponent, m, 

has to  be in i t ia l l y  determined. This was done by substitu ting R ^(S^) 

and R^(sw| ) twice in the follow ing equation;

1 1
In S  = -  In R_ -  -  In R. (5 .3a)

w m 0 m t
or

1
In S = Cont.------- In R. (5.3b)

w m t

5 .4 .1 . Data Acquisition System

An HP 3054A computer-based automatic data acquisition and control 

system was employed to  measure the e le c tr ic  resistance across the 55
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Data Acquisition Unit

L  _

D V M
Osci Î la to r

Figure 5 .8 . E le c tr ic  C irc u itry  o f a Pair o f Electrodes.
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pairs o f electrodes. This system consisted o f:

-  HP 3497A data acquisition /contro l un it

-  HP 3456A d ig ita l voltmeter

-  HP 3437A system voltm eter.

The data acquisition system is interfaced to  a desktop HP 9836 

computer in the manner shown in Figure 5 .9 . The computer was programmed 

to  ac tiva te  and control the data acquis ition  system. Each p a ir o f 

electrodes is connected to  a channel on the data acquisition/contro l 

u n it, i . e . ,  55 channels fo r the 55 pairs of electrodes. The computer 

closes one channel a t a time and trigg ers  the d ig ita l voltmeter to  

measure the voltage drop across the known resistance, and then sends

the reading back to  the computer, which in turn runs a program to

calculate  R̂ . using Eq. 5.1 and stores the value o f R̂ . on a data d isc. 

Then the follow ing channel is closed u n til a l l  55 channels are scanned. 

This is repeated a t a preset time in tervals  over the course o f the 

displacement. A fu l l  sweep took less than 20 seconds. Figure 5.10 

shows a diagram o f the e le c tr ic  c irc u itry .

In order to  establish confidence in the values of water saturation  

measured e le c tr ic a lly  using the method explained above, these values 

were compared with those obtained volum etrica lly . The two values were 

plotted  against each other in Figure 5.11. As the p lo t indicates, the 

water saturation obtained from re s is t iv ity  measurements corresponds 

adequately to  th a t determined vo lum etrica lly . This provides the 

confidence required to  proceed with the re s is t iv ity  method as a means
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Terminal Card 010 — Terminal Card 020

o o Data Acquisition Unit3 4 5 6  A

D ig ita l voltmeter
HP IB

26 7 3  A
HP 98 3 6

P rin te r
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F ig u re  5 .9 . Data A c q u is itio n /C o n tro l 1 System S etup .
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Ftgure 5.11. Compar1 son o f Water Saturation Calculated from 

R e s is tiv ity  with Water Saturation Measured 

Volum etrically . Run No. 1.
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fo r water saturation determination in the remaining displacements 

conducted in th is  work.

5 .5 . Displacement Procedure

A fter uniform and sa tis fac to ry  compaction is obtained, the sand 

pack is flooded with several pore volumes o f de-aerated brine. The 

saturation is checked by monitoring the re s is t iv ity  across the 55 pairs  

of electrodes u n til no more change in the re s is t iv ity  o f the 100% brine  

saturated sand is observed. The la te s t reading o f r e s is t iv ity  is stored 

by the computer as Rq . Then the absolute perm eability o f the sand pack 

is determined using de-aerated brine. The pressure drop across the ce ll 

is measured with a mercury manometer (0.02 psi accuracy). Next, the 

ce ll is flooded with o il a t a ra te  several times higher than th a t 

intended fo r the subsequent water or polymer flooding. Oil flooding is 

continued u n til no more water is produced and a minimum water saturation  

is a tta in ed . The e ffe c tiv e  perm eability to  o il  a t connate water 

saturation is determined a t th is  stage. The r e s is t iv ity  o f the ce ll is 

recorded and stored as K^^wi^ to  be used la te r  in Archie's equation 

(1942). The c e ll is ready to  commence water or polymer flooding.

During water or polymer flooding, the flow ra te , pressure drop, 

volumes produced, and re s is t iv ity  were recorded simultaneously a t each 

time in te rv a l.

The motion o f the in terface (w a te r/o il or polym er/o il) is tracked  

via the 55 pairs o f electrodes located on opposite sides o f the c e l l .

The breakthrough recovery is closely monitored and recorded since i t
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defines whether the displacement is stable or not. The flood is halted

when two pore volumes are in jected or when the w a te r-o i1 ra tio  exceeded

50, whichever comes f i r s t .  The e ffec tive  perm eability to  water a t

residual o il  saturation, k (S ) ,  is determined and the r e s is t iv ity  ofw or
the ce ll is recorded and stored as R .(S ) .  The sand is then removedt or
from the c e ll using strong je ts  o f water to  ensure thorough cleaning and 

the c e ll is repacked with new sand to  s ta rt another run.
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CHAPTER SIX 

EXPERIMENTAL RESULTS AND DISCUSSIONS

6 .1 . 011 F1ooding and the Establ ishment o f Connate Water Saturation

As the experiments were intended to  simulate a connate water bearing 

porous medium, in i t ia l  water saturation had to  be established before 

proceeding with the subsequent water or polymer floodings. This task 

was achieved by flooding the brine saturated ce ll with several pore 

volumes o f o il  (e ith e r kerosene or mineral o i l )  u n til no more water was 

produced.

I t  was noticed that when flooding with mineral o i l ,  where the o i l -  

water v iscosity  ra tio  is high, a smaller number o f pore volumes of o il 

had to  be in jected in order to  reach minimum water saturation, whereas 

when flooding with kerosene (lower o i 1-water v iscosity  r a t io ) ,  about 50 

pore volumes were in jected to obtain minimum water saturation. However, 

the in i t ia l  water saturation obtained in both cases showed a monotonie 

increase toward the o u tle t end o f the c e l l ,  as Figure 6.1 i l lu s tra te s .  

The in i t ia l  water saturation increased from a value o f 0.1 a t the in le t  

end to  about 0.19 a t the o u tle t end. A small jump in saturation could 

be noticed close to  the ou le t end due to  the end e f fe c t . A s im ilar 

behavior was reported in e a r lie r  studies using microwave attenuation  

(Bentsen and Saeedi, 1981) and X-ray absorption techniques (A llen and 

Puckett, 1986).

In an attempt to  explain th is  behavior. Parsons (1975) suggested 

th a t the part o f the porous medium ahead o f the water flood fro n t is
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s t i l l  experiencing the t a i l  end o f the preceding o il flood. In order 

to overcome th is  problem, the o il floods were conducted a t a rate  

substan tia lly  higher than th a t planned for the subsequent water and 

polymer floods.

Another observation was made during o il flooding, i . e . ,  the o il  

overrode the water phase, both in low and medium perm eability sand 

packs. This is illu s tra te d  in Figures 6.2 and 6.3 representing the  

water saturation contours.

6 .2 . Po1vmer and Water Flooding

A to ta l o f 18 runs were performed in three types o f porous media in

terms o f absolute perm eability, namely, high, medium and low. Also,

three d iffe re n t types o f o il were employed to  allow for various

o i1-water v i scos i ty  ra t i  os.

6 .2 .1 . Low Perm eability Sand Packs

An 80-100 mesh Ottawa sand was employed in runs 1 to 10 with  

absolute perm eability in the range of 6.72 to  8.82 dareies. Polymer 

flooding was conducted in runs 1, 2 and 3, using kerosene as the o il  

phase. The v iscosity  ra tio  fo r these runs was 0.042, 0.184 and 0.394, 

respective ly . The observed recovery a t breakthrough was almost the same 

in runs 2 and 3 and s lig h tly  higher in run 1, as can be seen in Table

6 .1 . Figures 6 .4 , 6.5 and 6.6  are water saturation contours showing the 

motion o f the displacing phase (polymer) a t d iffe re n t time in terva ls .

As can be seen, the polym er/oi1-in te rfa c e  progressed uniformly during 

these runs with no signs o f fin gering  or tonguing marking a stable
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Time $ 0.5 hr

Time ■ 1.0 hr

Time r  1 . 5  hrs

Figure 6 .2 . Saturation Contours o f Run Number 1. O il Flood. 

Low Perm eability Sand.
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Time = 0 .17  h r

Time = 0.25 hr

Time = 0.5 hr

,0 . 2

F ig u re  6 .3 .  S a tu r a t io n  Contours o f  Run Number 11. Of i F lood.

Medium P e rm e a b i l i ty  Sand.
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Time = 0 .0  h r  Cum. O il Produced = 0.000 PV

Cum. Oil Produced = 0.093 PVTime = 2.0 hrs

Cum. O il Produced = 0.184 PVTime = 4.0 hrs

F ig u re  6 .4 .  S a tu ra t io n  Contours o f  Run Number 1. Polymer Flood.

Low P e rm e a b i l i ty  Sand.

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL of MINES 
GOLDEN, COLORADO 80401
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Time = 6 .0  h r s  Cum. Oil Produced = 0.275 PV

Time = 10.0 hrs Cum. Oil Produced = 0.453 PV

Cum. 011 Produced = 0.673 PVTime = 15.0 hrs

F ig u re  6 .4 .  (C o n tin u ed ) .
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Time = 0 .0  h r  Cum. 011 Produced = 0.000 PV

Time = 4.0 hrs Cum. 011 Produced = 0.127 PV

>

Cum. O il Produced = 0.330 PVTime = 12.0 hrs

F ig u re  6 .5 .  S a tu ra t io n  Contours o f  Run Number 2. Polymer Flood.

Low P e rm e a b i l i ty  Sand.
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Time = 16.0 h rs  Cum. Oil Produced = 0.474 PV

Time * 22.0 hrs Cum. 011 Produced = 0.643 PV

Figure 6 .5 . (Continued).
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Time = 0 .0  h r  Cum. Oil Produced = 0.000 PV

Time = 2.25 hrs Cum. Oil Produced = 0.075 PV

Time * 5.50 hrs Cum. Oil Produced = 0.167 PV

F ig u re  6 .6 .  S a tu ra t io n  Contours o f  Run Number 3. Polymer Flood.

Low Perm eabi1i t y  Sand.
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Time = 10.5 h rs  Cum. Oil Produced = 0.349 PV

Cum. Oil Produced = 0.493 PVTime = 14.5 hrs

n

Cum. Oil Produced = 0.648 PVTime = 18.5 hrs

F ig u re  6 .6 .  (C ontinued).
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displacement.

Water flooding was performed in runs 4,5 and 6 using kerosene as the 

o il phase. Oil recovery a t breakthrough increased about 6 percent 

because o f a threefo ld  reduction in the rate  o f in jection  (Table 6 .1 ) .  

Despite the unfavorable v iscosity  ra tio s  (1.469 to  1 .573), the in terface  

remained stable and proceeded uniformly in a manner s im ilar to  that 

observed during polymer flooding, as Figures 6 .7 , 6 .8  and 6.9  show.

This could be a ttrib u te d  to  the e ffe c t o f c a p illa ry  forces which tend to  

impair f lu id  motion in transverse d irection  to the bulk f lu id  motion, 

hence preventing tonguing or fin g erin g . Added to  th is  is the retarding  

e ffe c t o f low perm eability sand pack on g rav ity  segregation.

In runs 7 to  10, water flooding was conducted using mineral o il as

the o il phase. The v iscosity  ra tio s  were 21.18, 21.47, 20.47 and 9 .2 , 

respective ly . Oil recovery a t breakthrough showed no s e n s it iv ity  to  the 

change in the in jection  ra te  in runs 7, 8 and 9. But, compared to the

breakthrough recovery o f runs 4, 5 and 6, the recovery dropped 

s ig n ific a n tly  because o f a more unfavorable v iscosity r a t io . However, 

no fingering  or tonguing could be detected from Figures 6 .10 , 6.11 and 

6.12 , which represent the saturation contours o f runs 7, 8 and 9, 

respective ly . This type o f behavior allows to draw the conclusion that 

an immiscible displacement can be considered as unstable, based on the 

drop in the breakthrough o il recovery, without the expected appearance 

o f fingering  or tonguing. This makes the s ta b il i ty  phenomena in water- 

wet, connate water-bearing, porous medium quite ambiguous i f  the 

observations are based only on the macroscopic behavior o f the
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Time = 0 .0  h r  Cum. Oil Produced = 0.000 PV

Time = 2.35 hrs Cum. Oil Produced = 0.129 PV

Time = 5.35 hrs Cum. Oil Produced = 0.296 PV

F ig u re  6 .7 .  S a tu r a t io n  Contours o f  Run Number 4. Water Flood.

Low P e rm e a b i l i ty  sand.
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Tinte = 8 .35  h rs  Cum. Of 1 Produced = 0.465 PV

Cum. Of 1 Produced = 0.579 PVTime = 10.35 hrs

Time = 11.35 hrs Cum. Oil Produced = 0.628 PV

F ig u re  6 .7 .  (C on tinued ) .
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Time = 0 .0  h r  Cum. Oil Produced = 0.000 PV

Time = 7.0 hrs Cum. O i1 Produced = 0.233 PV

Cum. 011 Produced = 0.313 PVTime = 11.0 hrs

o.s
0 . 8

F ig u re  6 .8 .  S a tu ra t io n  Contours o f  Run Number 5. Water Flood.

Low P e rm e a b i l i ty  Sand.
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Time = 15.0 h rs  Cum. Oil Produced = 0.526 PV

0 . 6

Time = 18.34 hrs Cum. Oil Produced = 0.626 PV

Time = 28.0 hrs Cum. O il Produced = 0.683 PV

0 . 6

F ig u re  6 .8 .  (C ontinued).
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Time = 0 .0  h r  Cum. Oil Produced = 0.000 PV

Time = 11.5 hrs Cum. 011 Produced = 0.234 PV

Time = 17.5 hrs Cum. Of I Produced = 0.355 PV

F ig u re  6 .9 .  S a tu ra t io n  Contours o f  Run Number 6. Water Flood.

Low P e rm e a b i l i ty  Sand.
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Tfme = 27 .5  h rs Cum. 011 Produced = 0.557 PV

o

Time = 33.5 hrs Cum. 011 Produced = 0.667 PV

O

Cum. 01 ! Produced = 0.697 PVTime = 45.0 hrs

F ig u re  6 .9 .  (C on tinued ) .
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Time = 0 .0  h r  Cum. Oil Produced = 0.000 PV

Time = 0.5 hr Cum. O il Produced = 0.040 PV

Time = 2.25 hrs Cum. Oil Produced = 0.133 PV

F ig u re  6 .1 0 .  S a tu ra t io n  Contours o f  Run Number 7. Water Flood.

Low P e rm e a b i l i ty  Sand.
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Time = 8 .25  h rs  Cum. 011 Produced = 0.187 PV

Cum. Oil Produced = 0,295 PVTime = 19.25 hrs

Cum. O il Produced = 0.413 PVTime = 30.25 hrs

F ig u re  6 .1 0 .  (C on tinued ) .
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Time = 0 .0  h r Cum. Of 1 Produced = 0.000 PV

Time = 1.75 hrs Cum. 011 Produced = 0.100 PV

Time = 4.75 hrs Cum. 011 Produced = 0.254 PV

F ig u re  6 .1 1 .  S a tu r a t io n  Contours o f  Run Number 8 . Water Flood

Low P e rm e a b i l i ty  Sand.
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Time = 6 .75  h rs  Cum. 011 Produced = 0.357 PV
T37

o.s

Time = 8.1 hrs Cum. Of 1 Produced = 0.408 PV

Cum. 011 Produced = 0.490 PVTime = 11.75 hrs

0 . 8 -

F ig u re  6 .1 1 .  (C o n tin u ed ) .
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Time = 0 .0  h r  Cum. 011 Produced = 0.000 PV

Time = 0.9 hr Cum. 011 Produced = 0.097 PV

Time = 1.9 hrs Cum. 011 Produced = 0.220 PV

0 . 4

F ig u re  6 .1 2 .  S a tu r a t io n  Contours o f  Run Number 9. Water Flood.

Low Perm eabi1i t y  Sand.
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Time = 2 .9  h r s  Cum. Of 1 Produced = 0.341 PV

Time = 3.57 hrs Cum. 011 Produced = 0.422 PV

73É
Cum. 011 Produced = 0.571 PVTime = 7.15 hrs

F ig u re  6 .1 2 .  (C ontinued).
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in terface .

On a microscopic scale, the drop in the breakthrough recovery could 

be explained i f  the porous medium is approximated by a bundle o f tubes. 

At low in jection  rates , the displacing phase p re fe re n tia lly  displaces 

the more viscous o il phase from the larger diameter tubes, i . e . ,  tubes 

with lower resistance to  flow , leaving behind the o il in small diameter 

tubes.

In run 10, the water g rav ity  and v iscosity  were increased above 

those used in runs 7, 8 and 9. Figure 6.13 shows a short g rav ity  tongue 

denoting a s lig h t in s ta b ility  in the displacement. The appearance o f 

th is  tongue could be a ttrib u te d  to  the increase in the grav ity  forces 

compared to  the c a p illa ry  forces. However, o il recovery a t breakthrough 

s lig h tly  increased over th a t o f runs 7, 8 and 9 because o f the reduction 

in the v iscosity  ra tio  by a fac to r o f two.

6 .2 .2 . liediurn Permeabi 1 itv  Sand Packs

Runs 11 to  14 were conducted in medium perm eability sand packs 

using 20-40 mesh Ottawa sand. In Figures 6.14, 6.15 and 6.17 the water 

saturation contours of these runs are shown. In these figures clear 

grav ity  tongues underrun the o il phase causing in s ta b ility  of these 

displacements. In runs 11, 12 and 13, kerosene was used as the o il  

phase. The o il recovery a t breakthrough of runs 11 to  13 showed no 

s e n s it iv ity  to  the rate  o f in jec tio n , as is presented in Table 6 .2 . 

However, breakthrough recovery dropped below that obtained from runs 4 

to  6 conducted in low perm eability sand packs using the same v iscosity  

ra tio s . In run 14, mineral o il was used as the o il phase (v iscosity
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Time = 0 .0  h r  Cum. Otl Produced = 0.000 PV

Time = 3.35 hrs Cum. O il Produced = 0.052 PV

' 0 .3

Time = 7.35 hrs Cum. 011 Produced = 0.135 PV

0 . 6

0.2

F ig u re  6 .1 3 .  S a tu r a t io n  Contours o f  Run Number 10. Water F lood.

Low P e rm e a b i l i ty  Sand.
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Time = 13.35 h r s  Cum. O il Produced = 0.222 PV

Time = 24.85 hrs Cum. 011 Produced = 0.419 PV

Time = 25.35 hrs Cum. 011 Produced = 0.436 PV
TV \XU

F 1gure  6 .1 3 . (C o n tin u ed ) .
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Time = 0 .0  h r  Cum. Of 1 Produced = 0.000 PV

Cum. O il Produced = 0.143 PVTime = 1.16 hrs

Time = 2.4 hrs Cum. Of 1 Produced = 0.281 PV

F ig u re  6 .1 4 .  S a tu r a t io n  Contours o f  Run Number 11. Water Flood.

Medium P e rm e a b i l i ty  Sand.
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Time = 3 .66  h rs  Cum. Oil Produced = 0.417 PV

0 . 6

Time = 5.0 hrs Cum. O il Produced = 0.559 PV

Time = 11.15 hrs Cum. Oil Produced = 0.675 PV

F ig u re  6 .1 4 . (C on tinued ) .
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Tfme = 0 .0  h r  Cum. Oil Produced = 0.000 PV

Time = 1.43 hrs Cum. O il Produced = 0.058 PV

Time = 3.43 hrs Cum. O il Produced = 0.138 PV

0 . 20 . 3

0 . 3

F ig u re  6 .1 5 .  S a tu r a t io n  Contours o f  Run Number 12. Water Flood.

Medium P e rm e a b i l i ty  Sand.
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Time = 6 .43 h rs  Cum. O il Produced = 0.257 PV

Cum. O il Produced = 0.427 PVTime = 10.85 hrs

Time = 14.0 hrs Cum. O il produced = 0.554 PV

F ig u re  6 .1 5 . (C on tinued ) .
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Time = 0 .0  h r  Cum. Oil Produced = 0.000 PV

Time = 5.75 hrs Cum. O il Produced = 0.089 PV

—  0 . 4

Time s 11.58 hrs Cum. O il Produced = 0.170 PV

F ig u re  6 .1 6 .  S a tu r a t io n  Contours o f  Run Number 13. Water Flood.

Mediurn Perm eabi1i t y  Sand.
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Tfme = 16.75 h r s  Cum. Of 1 Produced = 0.237 PV

0 . 5

Tfme = 25.85 hrs Cum. Off Produced = 0.418 PV

Tfme = 35.25 hrs Cum. Off Produced = 0.565 PV

o

o

F ig u re  6 .1 6 . (C on tinued ) .
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ra tio  19.22). In s ta b ility  manifested i t s e l f  also as a g rav ity  tongue 

underunning the o il phase, as Figure 6.17 indicates.

I t  is obvious th a t increasing the sand pack perm eability has a ltered  

the s ta b il i ty  condition o f the displacement. Gravity tongues developed 

in a l l  runs a t a l l  rates o f in jection  and viscosity  ra tio s  used. This 

is because the reduction in the c a p illa ry  forces caused by the increase 

in the sand perm eability gives more ro le  to  the g rav ity  forces to  induce 

tonguing.

6 .2 .3 . High Permeabi I i t v  Sand Packs

In runs 15, 16, 17 and 18, 10-20 mesh Ottawa sand having an absolute 

perm eability o f 106 dareies was used. The gravity  e ffe c t on these runs 

was more profound because o f the large reduction in the c a p illa ry  

forces. In runs 15 and 16 kerosene was used as the o il phase. 

Breakthrough recovery dropped below th a t o f medium perm eability sand 

packs. Breakthrough recovery dropped as the rate  o f in jection  

increased. This is also reported in runs 17 and 18 where mineral o il  

represented the o il phase. Figures 6.18 through 6.21 show gravity  

tongues pénétrâti ng the o i 1 zone, causi ng a reduct i on i n the 

breakthrough o il recovery.
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Tfme = 0 .0  h r  Cum. Of 1 Produced = 0.000 PV

Tfme = 2.16 hrs Cum. Of 1 Produced = 0.091 PV

Tfme = 4.66 hrs Cum. Of 1 Produced = 0.193 PV

F ig u re  6 .1 7 .  S a tu r a t io n  Contours o f  Run Number 14. Water Flood.

Medium P e rm e a b i l i ty  Sand.
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Time = 7 .16  h r s  Cum. Oil Produced = 0.291 PV

0 . 6

Time = 9.15 hrs Cum. O il Produced = 0.367 PV

0 .2

0 . 6

Time = 26.15 hrs Cum. O il Produced = 0.578 PV

0 . 4.
0.4:

7°*8 \r\

F ig u re  6 .1 7 .  (C on tinued ) .
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Time = 0 .0  h r  Cum. Oil Produced = 0.000 PV

Time = 2 .5  hrs Cum. O il Produced = 0.138 PV

Time = 4 . 5  hrs Cum. Otl Produced = 0.237 PV

0 . 4

0 . 3

0.4.

F ig u re  6 .1 8 .  S a tu ra t io n  Contours o f  Run Number 15. Water Flood.

High P e rm e a b i l i ty  Sand.



T-3366 100

Time = 7 .35 h r s  Cum. Oil Produced = 0.365 PV

Time = 12.27 hrs Cum. O il Produced = 0.548 PV

Cum. O il Produced = 0.626 PVTime = 21.0 hrs

F ig u re  6 .1 8 .  (C on tinued ) .
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Time = 0 .0  h r  Cum. Of 1 Produced = 0.000 PV

Time = 0 .5  hr Cum. Of) Produced = 0.084 PV

Cum. O il Produced = 0.195 PVTime = 1.17 hrs

F ig u re  6 .1 9 .  S a tu r a t io n  Contours o f  Run Number 16. Water Flood.

High P e rm e a b i l i ty  Sand.
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Time = 2 .17  h r s  Cum. Of 1 Produced = 0.359 PV

Time = 3 . 0  hrs Cum. 011 Produced = 0.493 PV

Time = 5.67 hrs Cum. 011 Produced = 0.629 PV

F ig u re  6 .1 9 .  (C on tinued).
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Time = 0 .0  h r  Cum. Oil Produced = 0.000 PV

Time = 2.28 hrs Cum. OH Produced = 0.082 PV

Time = 4.28 hrs Cum. OH Produced = 0.151 PV

0 . 5

F ig u re  6 .2 0 .  S a tu r a t io n  Contours o f  Run Number 17. Water Flood.

High P e rm e a b i l i ty  Sand.
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Time = 6 .28  h r s  Cum. Oil Produced = 0.224 PV

0 . 2

Time = 7.18 hrs Cum. O il Produced = 0.255 PV

Time = 11.28 hrs Cum. 011 Produced = 0.390 PV

F ig u re  6 .2 0 .  (C o n tin u ed ) .
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Time = 0 .0  h r  Cum. OH Produced = 0 .000 PV

Cum. O il Produced = 0.107 PVTime = 0.72 hr

Time = 1.22 hrs Cum. O il Produced = 0.188 PV

F ig u re  6 .2 1 .  S a tu r a t io n  Contours o f  Run Number 18. Water Flood.

High P e rm e a b i l i ty  Sand.
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Time = 1.72 h rs  Cum. O il Produced = 0.270 PV

0 . 8

0 . 5

Cum. O il Produced = 0.317 PVTime = 2 .0  hrs

Time = 3.22 hrs

I H Z

Cum. O il Produced = 0.413 PV
r z

F ig u re  6 .2 1 .  (C on tinued).
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6 .3 . The Boundar i es o f S tab i1itv

Since in s ta b ility  causes premature breakthrough o f the displacing  

phase, the two dimens ionless s ta b il i ty  number resu lting  from 

inspectional analysis discussed in Chapter Four was correlated with the 

o il recovery a t breakthrough. Figure 6.22 shows th a t the displacement 

is unstable below certa in  c r it ic a l  value o f F . The value th a t 

delineates the boundaries o f s ta b il i ty  during immiscible displacement 

was found to  be

a V <*>/k
F = --------------------  > 1.83 x 10D (6 .1 )

Apg M

Results o f experiments conducted by Allam (1979) and Peggs (1973) on the 

same system are p lotted in Figure 6 .23 . The recovery a t breakthrough 

also dropped a t a certa in  value o f F  ̂ showing unstable displacement.
5

However, in s ta b ility  took place a t a value o f F  ̂ close to  1.83 x 10 .

Accordingly, one should design the flood in such a way th a t F  ̂ is 

kept above the c r it ic a l  value shown above in order to  maximize the 

displacement e ffic ie n c y .

In Figure 6.24 the o il-w a te r v iscosity  ra tio  is p lo tted  against the 

o il recovery a t breakthrough. As can be seen, no c lear-cu t correlation  

is v is ib le , where a t the same v iscosity  ra tio  d iffe re n t values o f 

recovery a t breakthrough were obtained. Figure 6.25 shows the p lo t o f 

the facto r G, which represents the ra t io  of viscous to  g rav ity  

forces, versus breakthrough o il recovery. Also no corre la tion  can be
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c ite d . This could be a ttrib u ted  to  the fa c t th a t the viscous forces 

were neutra lized when the system was designed to  have a value o f the  

scaling c o e ffic ie n t LVvw» proposed by Rapoport and Leas (1953), larger 

than the c r it ic a l  value o f 1.5 fo r a l l  the runs conducted in th is  work.
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CONCLUSIONS AND RECOMMENDATIONS

Cone 1 us i ons

1. The displacement is stable i f  the s ta b il i ty  number is greater 

than the c r it ic a l value o f 1.83 x 10^.

2. No corre lation  could be obtained between the breakthrough recovery 

and the dimens ion less groups representing o il-w a te r v iscosity  ra tio  

or viscous to  grav ity  forces ra t io .

3. The rate  o f in jection  has l i t t l e  or no e ffe c t on o il  recovery a t 

breakthrough i f  the model is scaled according to  the scaling  

c o e ffic ie n t LVu^ introduced by Rapoport and Leas (1953).

4. An adverse m obility  or v iscosity  ra tio  is by no means a s u ffic ie n t  

condition fo r in s ta b ility . Other parameters, such as gravity  

forces, c a p illa ry  forces, viscous resistance and system geometry 

play a major ro le  in the s ta b il i ty  of immiscible displacement in 

porous media.

5. The only m anifestation o f in s ta b ility  observed during immiscible 

displacements conducted in water-wet, connate water-bearing, porous

• media was g rav ity  tonguing. No viscous fingering could be observed 

despite the condition o f an adverse v iscosity ra t io .

6. At large values of o il-w a te r v iscosity  ra t io , in s ta b ility  may take 

place on a microscopic scale, i . e . ,  the displacing phase sweeps the 

o il p re fe re n tia lly  from channels with less resistance to  flow, 

bypassing considerable amounts o f o il in channels with higher
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resistance to  flow .

7. In a l l  o il floods conducted in th is  work, the o il overran the water 

in the form o f a g rav ity  tongue.

8. In a stable displacement, water and polymer flooding y ie ld  close 

values o f o il recovery a t breakthrough under s im ilar flow conditions 

and properties o f porous medium.

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL of MINES 
GOLDEN, COLORADO 80401
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Recommendati ons

1. This work could be extended to  include consolidated porous medium i f  

certa in  m odifications were applied to  the c e ll and the flow system.

2. S im ilar experiments could be performed on the same apparatus using

d iffe re n t arrangements of sand-flu id  systems.

3. A s im ilar work could be conducted on cy lin d ric a l cores.

4. I t  is o f a great importance to  devote a study to  investigate the

monotonie increase in water saturation toward the o u tle t end o f the

core sample a fte r  an o il flood.
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APPENDIX 

TABLE A l. RUN NO. 1.

TIME
HRS.

CUM PV 
INJECTED

CUM PV 
PRODUCED

INJ RATE 
CC/MIN

0.00 0.000 0.000 17.32

2.00 0.093 0.093 17.04

4.00 0.184 0.184 16.83

6.00 0.275 0.275 16.80

10.00 0.453 0.453 16.66

15.00 0.673 0.673 16.05

POROSITY 

AVERAGE Swi 

AVERAGE Sor 

ABSOLUTE PERMEABILITY 

Ko(Swi)

Kw(Sor)

VISCOSITY OF WATER 

VISCOSITY OF POLYMER 

VISCOSITY OF OIL 

MOBILITY RATIO

A

POLYMER FLOOD

INJ RATE PRESS DROP 
CUFT/DAY PSIG

0.881 1.00

0.867 3.25

0.856 6.00

0.854 8.70

0.847 12.80

0.816 17.20

34.44 %

1 2 . 0 2  %

17.17 I

7.34 dareies 

6.22 dareles

3.56 dare les 

1.03 cp

37.80 cp

1.57 cp 

0.024
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TABLE A2. RUN NO. 2.

TIME
HRS.

CUM PV 
INJECTED

CUM PV 
PRODUCED

INJ RATE 
CC/MIN

0.00 0.000 0.000 9.98

4.00 0.127 0.127 10.37

8.00 0.243 0.243 10.72

12.00 0.330 0.330 10.79

16.00 0.474 0.474 10.64

22.00 0.643 0.643 10.62

POROSITY 

AVERAGE Swi 

AVERAGE Sor 

ABSOLUTE PERMEABILITY 

Ko(Swi)

Kw(Sor)

VISCOSITY OF WATER 

VISCOSITY OF POLYMER 

VISCOSITY OF OIL 

MOBILITY RATIO

POLYMER FLOOD.

INJ RATE PRESS DROP 
CUFT/DAY PSIG

0.508 0.55

0.527 0.75

0.545 1.30

0.549 1.55

0.541 2.20

0.540 2.80

34.44 %

12.78 %

2 1 . 1 0  %

7.34 dareies 

6.10 dareies

2.82 dareies 

0.99 cp 

7.87 cp 

1.45 cp 

0.085
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TABLE A3. RUN NO. 3.

TIME
HRS.

CUM PV 
INJECTED

CUM PV 
PRODUCED

INJ RATE 
CC/MIN

0.00 0.000 0.000 15.73

2.25 0.075 0.075 11.75

5.50 0.167 0.167 11.76

10.50 0.349 0.349 11.39

14.50 0.493 0.493 13.30

18.50 0.648 0.648 13.27

POROSITY 

AVERAGE Swi 

AVERAGE Sor 

ABSOLUTE PERMEABILITY 

Ko(Swi)

Kw(Sor)

VISCOSITY OF WATER 

VISCOSITY OF POLYMER 

VISCOSITY OF OIL 

MOBILITY RATIO

POLYMER FLOOD.

INJ RATE PRESS DROP 
CUFT/DAY PSIG

0.800 0.80

0.597 0.65

0.598 0.65

0.579 0.82

0.676 1.20

0.675 1.50

34.44 %

13.81 %

19.77 %

7.34 dareies 

3.13 dare i es 

3.43 dareies 

0.96 cp 

3.55 cp

1.40 cp 

0.432
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TABLE A4. RUN NO. 4

TIME
HRS.

CUM PV 
INJECTED

CUM PV 
PRODUCED

INJ RATE 
CC/MIN

0.00 0.000 0.000 18.66

2.35 0.129 0.129 20.92

5.35 0.296 0.296 21.08

8.35 0.465 0.465 21.58

10.35 0.579 0.579 21.33

11.35 0.628 0.628 20.09

POROSITY 

AVERAGE Swi 

AVERAGE Sor 

ABSOLUTE PERMEABILITY 

Ko(Swi)

Kw(Sor)

VISCOSITY OF WATER

VISCOSITY OF OIL

MOBILITY RATIO

PRESS DROP 
PSIG

0.40

0.40

0.40

0.40

0.40

0.70

35.11 %

13.23 %

18.37 %

6.78 dareies 

6.33 dareies

3.71 dareies 

0.92 cp

1.41 cp 

0.898

WATER FLOOD.

INJ RATE 
CUFT/DAY

0.949

1.064

1.072

1.098

1.085

1.022
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TABLE AS. RUN NO. 5. WATER FLOOD

TIME
HRS.

CUM PV 
INJECTED

CUM PV 
PRODUCED

INJ RATE 
CC/MIN

INJ RATE 
CUFT/DAY

0.00 0.000 0.000 13.14 0.668

7.00 0.233 0.233 12.32 0.627

11.00 0.313 0.313 12.73 0.627

15.00 0.526 0.526 12.73 0.647

18.34 0.626 0.626 10.91 0.555

28.00 0.939 0.683 16.88 0.859

PRESS DROP 
PSIG

0.35

0.35

0.35

0.35

0.35

0.55

POROSITY 34.57 %

AVERAGE Swi 11.49 %

AVERAGE Sor 18.81 %

ABSOLUTE PERMEABILITY 6.72 dareies

Ko(Swi) 6.48 dareies

Kw(Sor) 3.70 dareies

VISCOSITY OF WATER 0.96 cp

VISCOSITY OF OIL 1.41 cp

MOBILITY RATIO 0.839
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TABLE A6. RUN NO. 6

TIME
HRS.

CUM PV 
INJECTED

CUM PV 
PRODUCED

INJ RATE 
CC/MIN

0.00 0.000 0.000 7.65

11.50 0.234 0.234 7.90

17.50 0.355 0.355 7.45

27.50 0.557 0.557 7.52

33.50 0.667 0.667 10.50

45.50 0.989 0.697 9.88

POROSITY 

AVERAGE Swi 

AVERAGE Sor 

ABSOLUTE PERMEABILITY 

Ko(Swi)

Kw(Sor)

VISCOSITY OF WATER

VISCOSITY OF OIL

MOBILITY RATIO

WATER FLOOD.

INJ RATE PRESS DROP 
CUFT/DAY PSIG

0.389 0.46

0.402 0.43

0.379 0.39

0.382 0.36

0.534 0.36

0.500 0.36

34.57 %

11.49 %

17.62 %

6.72 dareies 

6.54 dareies

4.05 dareies 

0.96 cp

1.51 cp 

0.974
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TABLE A7. RUN NO. 7

TIME
HRS.

CUM PV 
INJECTED

CUM PV 
PRODUCED

INJ RATE 
CC/MIN

0.00 0.000 0.000 21.42

0.50 0.040 0.040 21.42

2.25 0.133 0.133 14.50

8.25 0.187 0.187 3.29

19.25 0.295 0.295 3.50

30.25 0.413 0.413 4.17

POROSITY 

AVERAGE Swi 

AVERAGE Sor 

ABSOLUTE PERMEABILITY 

Ko(Swi)

Kw(Sor)

VISCOSITY OF WATER

VISCOSITY OF OIL

MOBILITY RATIO

WATER FLOOD.

INJ RATE PRESS DROP 
CUFT/DAY PSIG

1.089 8.70

1.089 8.60

0.737 1.20

0.167 1.20

0.178 1.20

0.212 1.20

34.57 %

11.16 %

19.70 %

8.82 dareies 

7.39 dareies

4.06 dareies 

1.01 cp

21.40 cp

11.64
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TABLE A8.

TIME
HRS.

CUM PV 
INJECTED

CUM PV 
PRODUCED

0.00 0.000 0.000

1.75 0.100 0.100

4.75 0.254 0.254

6.75 0.357 0.357

8.10 0.408 0.408

11.75 0.592 0.490

POROSITY 

AVERAGE Swi 

AVERAGE Sor 

ABSOLUTE PERMEABILITY 

Ko(Swi)

Kw(Sor)

VISCOSITY OF WATER

VISCOSITY OF OIL

MOBILITY RATIO

IN NO. 8. WATER FLOOD.

INJ RATE INJ RATE PRESS 1
CC/MIN CUFT/DAY PSIG

18.53 0.942 8.00

18.16 0.924 7.05

18.91 0.962 5.20

19.08 0.970 4.20

19.10 0.974 3.55

17.04 0.867 2.25

34.57 %

14.03 %

18.39 %

8.82 dare i es

7.36 dareies

3.96 dareies

1.02 cp

21.90 cp

11.55
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TABLE A9. RUN NO. 9

TIME
HRS.

CUM PV 
INJECTED

CUM PV 
PRODUCED

INJ RATE 
CC/MIN

0.00 0.000 0.000 42.47

0.90 0.097 0.097 44.00

2.90 0.341 0.341 45.00

3.57 0.422 0.422 45.00

7.15 0.861 0.571 45.55

POROSITY 

AVERAGE Swi 

AVERAGE Sor 

ABSOLUTE PERMEABILITY 

Ko(Swi)

Kw(Sor)

VISCOSITY OF WATER

VISCOSITY OF OIL

MOBILITY RATIO

WATER FLOOD.

INJ RATE PRESS DROP 
CUFT/DAY PSIG

2.16 13.60

2.24 12.40

2.29 7.90

2.29 6.70

2.32 4.75

34.57 %

14.74 %

28.19 %

8.82 dareies 

7.20 dareies

3.90 dareies 

0.97 cp 

19.90 cp

11.11
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TABLE A10.

TIME
HRS.

CUM PV 
INJECTED

CUM PV 
PRODUCED

0.00 0.000 0.000

3.35 0.052 0.052

7.35 0.135 0.135

13.35 0.222 0.222

24.85 0.419 0.419

25.35 0.436 0.436

POROSITY 

AVERAGE Swi 

AVERAGE Sor 

ABSOLUTE PERMEABILITY 

Ko(Swi)

Kw(Sor)

VISCOSITY OF WATER

VISCOSITY OF OIL

MOBILITY RATIO

RUN NO. 10. WATER FLOOD.

INJ RATE 
CC/MIN

INJ RATE 
CUFT/DAY

PRESS 1 
PSIG

2.99 0.152 1.20

6.66 0.339 2.50

6.76 0.344 0.95

6.21 0.316 1.75

4.41 0.224 1.55

10.00 0.509 1.90

34.57 %

18.75 %

17.03 %

8.82 dareies 

7.42 dareies 

3.95 dareies 

2.00 cp 

18.40 cp 

5.02
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TABLE A ll .  RUN NO. 11. WATER FLOOD.

TIME
HRS.

CUM PV 
INJECTED

CUM PV 
PRODUCED

INJ RATE 
CC/MIN

INJ RATE 
CUFT/DAY

0.00 0.000 0.000 46.00 2.340

1.16 0.143 0.143 43.83 2.229

2.40 0.281 0.281 41.44 2.108

3.66 0.417 0.417 38.76 1.971

5.00 0.559 0.559 37.17 1.890

11.15 1.128 0.675 35.15 1.788

POROSITY 34.77 %

AVERAGE Swi 9.11 %

AVERAGE Sor 21.22 %

PRESS DROP 
PSIG

0.46

0.46

0.46

0.46

0.46

0.46

ABSOLUTE PERMEABILITY 67.83 dareies

Ko(Swi) 52.23 dardes

Kw(Sor) 24.20 dareies

VISCOSITY OF WATER 0.96 cp

VISCOSITY OF OIL 1.40 cp

MOBILITY RATIO 0.676



T-3366 131

TABLE A12.

TIME
HRS.

CUM PV 
INJECTED

CUM PV 
PRODUCED

0.00 0.000 0.000

1.43 0.058 0.058

3.43 0.138 0.138

6.43 0.257 0.257

10.85 0.427 0.427

14.00 0.554 0.554

POROSITY 

AVERAGE Swi 

AVERAGE Sor 

ABSOLUTE PERMEABILITY 

Ko(Swi)

Kw(Sor)

VISCOSITY OF WATER

VISCOSITY OF OIL

MOBILITY RATIO

RUN NO. 12. WATER FLOOD.

INJ RATE 
CC/MIN

INJ RATE 
CUFT/DAY

PRESS 1 
PSIG

16.00 0.814 0.75

14.76 0.751 0.75

15.00 0.763 0.75

14.08 0.716 0.75

16.00 0.814 0.75

15.00 0.763 0.75

34.77 %

10.29 %

23.53 %

67.83 dareies 

38.00 dare les 

2.15 dare ies 

0.93 cp 

1.37 cp 

0.083
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TABLE A13.

TIME
HRS.

CUM PV 
INJECTED

CUM PV 
PRODUCED

0.00 0.000 0.000

5.75 0.089 0.089

11.58 0.170 0.170

16.75 0.237 0.237

25.85 0.418 0.418

35.25 0.565 0.565

POROSITY 

AVERAGE Swi 

AVERAGE Sor 

ABSOLUTE PERMEABILITY 

Ko(Swi)

Kw(Sor)

VISCOSITY OF WATER

VISCOSITY OF OIL

MOBILITY RATIO

RUN NO. 13. WATER FLOOD•

INJ RATE 
CC/MIN

INJ RATE 
CUFT/DAY

PRESS 1 
PSIG

9.43 0.480 0.50

5.54 0.282 0.50

5.10 0.259 0.50

5.03 0.256 0.65

6.80 0.346 1.10

5.84 0.297 1.10

34.77 %

9.08 %

18.89 %

67.83 dareies 

33.87 dareies 

0.69 dareies 

0.95 cp 

1.40 cp 

0.030
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TABLE A14.

TIME
HRS.

CUM PV 
INJECTED

CUM PV 
PRODUCED

0.00 0.000 0.000

2.16 0.091 0.091

4.66 0.193 0.193

7.16 0.291 0.291

9.15 0.367 0.367

26.15 1.296 0.578

POROSITY 

AVERAGE Swi 

AVERAGE Sor 

ABSOLUTE PERMEABILITY 

Ko(Swi)

Kw(Sor)

VISCOSITY OF WATER

VISCOSITY OF OIL

MOBILITY RATIO

RUN NO. 14. WATER FLOOD.

INJ RATE 
CC/MIN

INJ RATE 
CUFT/DAY

PRESS 1 
PSIG

20.00 1.017 0.60

15.66 0.796 0.60

15.16 0.771 0.60

15.57 0.792 0.60

15.57 0.792 0.60

17.80 0.905 0.60

34.77 %

7.80 %

28.88 %

67.83 dareies 

35.15 dareies

5.81 dare i es 

0.93 cp

17.80 cp 

3.16
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TABLE A15.

TIME
HRS.

CUM PV 
INJECTED

CUM PV 
PRODUCED

0.00 0.000 0.000

2.50 0.138 0.138

4.50 0.237 0.237

7.35 0.365 0.365

12.27 0.548 0.548

21.00 0.924 0.626

POROSITY 

AVERAGE Swi 

AVERAGE Sor 

ABSOLUTE PERMEABILITY 

Ko(Swi)

Kw(Sor)

VISCOSITY OF WATER

VISCOSITY OF OIL

MOBILITY RATIO

RUN NO. 15. WATER FLOOD•

INJ RATE 
CC/MIN

INJ RATE 
CUFT/DAY

PRESS 1 
PSIG

26.45 1.345 0.45

21.55 1.096 0.35

18.65 0.949 0.35

15.90 0.809 0.35

14.26 0.725 0.35

18.18 0.925 0.35

34.93 %

9.68 X 

26.13 %

106 dareies 

37.30 dareies 

4.10 dare ies 

1.00 cp 

1.46 cp 

0.162
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TABLE A16.

TIME
HRS.

CUM PV 
INJECTED

CUM PV 
PRODUCED

0.00 0.000 0.000

0.50 0.084 0.084

1.17 0.195 0.195

2.17 0.359 0.359

3.00 0.493 0.493

5.67 1.087 0.629

POROSITY 

AVERAGE Swi 

AVERAGE Sor 

ABSOLUTE PERMEABILITY 

Ko(Swi)

Kw(Sor)

VISCOSITY OF WATER

VISCOSITY OF OIL

MOBILITY RATIO

RUN NO. 16. WATER FLOOD.

INJ RATE 
CC/MIN

INJ RATE 
CUFT/DAY

PRESS 1 
PSIG

62.52 3.180 0.60

63.25 3.217 0.60

62.35 3.171 0.65

61.40 3.123 0.65

59.45 3.023 0.65

56.26 2.861 0.70

34.93 I  

10.17 %

24.02 %

106 dareies 

37.34 dare tes 

13.04 dare les 

0.93 cp 

1.40 cp 

0.526
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TABLE A17.

TIME
HRS.

CUM PV 
INJECTED

CUM PV 
PRODUCED

0.00 0.000 0.000

2.28 0.082 0.082

4.28 0.151 0.151

6.28 0.224 0.224

7.18 0.255 0.255

11.28 0.390 0.390

POROSITY 

AVERAGE Swi 

AVERAGE Sor 

ABSOLUTE PERMEABILITY 

Ko(Swi)

Kw(Sor)

VISCOSITY OF WATER

VISCOSITY OF OIL

MOBILITY RATIO

RUN NO. 17. WATER FLOOD*

INJ RATE 
CC/MIN

INJ RATE 
CUFT/DAY

PRESS 1 
PSIG

13.36 0.679 0.45

13.53 0.688 0.45

12.83 0.653 0.45

13.75 0.699 0.45

13.20 0.671 0.45

12.33 0.627 0.45

34.93 %

8.76 %

30.50 7.

106 dareies

82.50 dareies 

3.42 dareies 

0.94 cp

11.00 cp 

0.485
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TABLE A18.

TIME
HRS.

CUM PV 
INJECTED

CUM PV 
PRODUCED

0.00 0.000 0.000

0.72 0.107 0.107

1.22 0.188 0.188

1.72 0.270 0.270

2.00 0.317 0.317

3.22 0.512 0.413

POROSITY 

AVERAGE Swi 

AVERAGE Son 

ABSOLUTE PERMEABILITY 

Ko(Swi)

Kw(Sor)

VISCOSITY OF WATER

VISCOSITY OF OIL

MOBILITY RATIO

RUN NO. 18. WATER FLOOD.

INJ RATE 
CC/MIN

INJ RATE 
CUFT/DAY

PRESS 1 
PSIG

54.85 2.790 0.90

59.36 3.019 0.85

60.50 3.077 0.85

61.26 3.116 0.75

62.76 3.192 0.75

60.00 3.052 0.75

34.93 %

9.69 %

28.99 %

106 d are ies 

103.73 dareies 

4.99 dareies 

1.02 cp 

12.30 cp 

0.580
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APPENDIX B 

NOMENCLATURE

ENGLISH SYMBOLS

A : Cross-sectional area o f the model

a = 1 /  M : Inverse m obility  ra tio

C : Chuoke's constant
*

C : W e tta b ility  number

Fg : S ta b il ity  fac to r

-»

f  : Fractional flow vectorw
g : G ravitational acceleration

H : Height o f model

J : Leverett function

k : Absolute perm eability

kro : Re1 a tiv e  perm eability to o il

k^w : R elative perm eability to water

k : Base perm eability in the o il phase

k : Base perm eability in the water phase

k : Perm eability to  o il a t connate water saturationocw
k : Perm eability to  water a t residual o il saturationwro
L : Length o f model

M : Endpoint m ob ility  ra tio

m : Exponent in Archie equation

n : Wave number

138
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w

w

R

Rt
AS

or

w

Swt
t

T

V

C ap illa ry  pressure 

Pressure in the o il phase 

Pressure in the water phase 

Volumetric in jection  rate  

Volumetric o il flow rate  

Volumetric water flow rate  

Known resistance

Resistance o f brine saturated porous medium

Resistance o f f lu id  saturated porous medium

Difference in water saturation before and a fte r

water flooding

Oil saturation

Res i dua1 o il  saturat ion

Water saturation

In i t ia l  water saturation

Real time

Dimens ion less time 

Average ve lo c ity

osc

Dimens ionless ve lo c ity  vector 

C rit ic a l ve loc ity

Voltage drop across the o s c illa to r

Total ve lo c ity  vector

Velocity  vector in the o il phase
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w

V y '

w

x, y, z 

X, Y, Z

Velocity  vector in the water phase 

Components o f ve lo c ity  vector in x - ,  y - and 

z-d ire c tio n , respectively  

Width o f model

Rectangular cartesian coordinates

Dimens ion less rectangular cartesian coordinates

GREEK SYMBOLS 

a 

X

w

w

Dip angle

Wave length

C rit ic a l wave 1ength

Most probable wave length

Vi scosity o f o il

V iscosity o f water

Density o f o il

Density o f water

In te rfa c ia l tension

E ffec tive  in te rfa c ia l tension

Contact angle

Poros ity


