Flow in Porous Media

Module 1.d
Fundamental Properties of Porous Media
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Relative Permeability

Absolute permealbility: is the permeability of a porous medium saturated with a
single fluid (e.g. S,~1).

Except for gases at low pressure , the permeability of rock is a property of the rock
and not the fluid that flows through it.

Commonly, reservoirs contain 2 or 3 fluids

*Water-oil systems

*Qil-gas systems

*\Water-gas systems

*Three phase systems (water, oil, and gas)
To evaluate multiphase systems, we must consider the effective and relative
permeability
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FIGURE 2. Oil flow reduction due to the presence of water.
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As the historical review showed, all efforts were made to extend the validity of

the Darcy-law to multiphase filtration. If this is possible, then the following
formulas may be set up:

B kk rwAp where:
T = = u L Kew is the relative permeability of the wetting phase
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Kew is the relative permeability of the nonwetting phase.
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-Effective permeability: is a measure of the conductance of a porous medium for
one fluid phase when the medium is saturated with more than one fluid.

*Effective permeabilities:  (ko, kg, kw)
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*Relative Permeability is the ratio of the effective permeability of a fluid at a given
saturation to some base permealbility.



*The flowing water —oil ratio at reservoir conditions depends on viscosity ratio and
relative permeabillity ratio; i.e. , at MOBILITY RATIO.
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*At 70% water saturation and 30% oll saturation, the water is flowing at 14.9 times
the oil rate.



Typical Curves for Oil-water Relative
Permeability at a Water-wetted System
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The end point saturations determine the movable saturation range and is directly
related to amount of recoverable oil.




Importance of Drainage and Imbibition Relative

& kro drainage
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Drainage curves are important for:
« solution gas drive (since oil and water are
generally wetting relative to gas),
» for gravity drainage (gas displaces drained oil),
* gas injection processes,
« oil or gas displacing water (in tertiary recovery
processes).

Imbibition curves are relevant to:
» waterflood calculations,
« water influx,
» 0il displacing gas (e.g. oil moving into a gas cap).



Oil-brine relative Permeability Theory

oIt should be remembered that in water-wet systems capillary forces assist water
to enter pores, whereas in the oil wet case they tend to prevent water entering
pores.

Many reservoir systems fall between the two extremes, which does nothing to
make laboratory water-flood data easier to interpret. However, a knowledge of the
two extreme cases allows misinterpretation of intermediate data to be minimised.

«Consideration must be given to flow rates. Close to the well bore, advance rates
will be high, further away, rates can be very low. This can be modelled in
laboratory tests; but in the case of oil wet systems, there is a tendency for low
recoveries to be predicted due to end effects, i.e. retention of wetting phase at test
plug outlet face.



Water Wet Systems

-Consider a water-wet pore system at S,; (generally 15 to 30%) some distance
from well bore such that flow rates are low, typically advancing at 1 ft/day. This is
equivalent to about ‘4 cc/hr in a typical laboratory waterflood. The following
sequence in the next stides occurs as water migrates into the rock:

*If floods are carried out at too high a flow rate on water-wet cores the trapping
mechanisms present in the reservoir are not allowed to occur. Instead of
entering small pores preferentially by capillary forces, the water flows at a
relatively higher velocity through larger pores, thus tending to bypass ‘groups’ of
smaller pores containing oil. The S, value obtained may then differ from the
true reservoir situation.




Figure 10.5 Microsaturation and Water Flood Relperm Figure 10.6 Microsaturation and Water Flood Relperm
Curve for a Water Wet System at S, Curve for a Water Wet System during Flood

\, . #
lmm’mﬁ\ Sw; |
\ Y
\ Appraaching %e
‘\ \ f
Krg \ STw Kra \ K
\ \
\
\
‘ \ /
Sw) = ’< — — ~
L P S - ; y e — J
v C 00
Initially at Swi, water is the wetting phase and will Water migrates in a piston like fashion, tending to

not flow. Kro = 1 and Krw = 0. displace most of the oil ahead of it.



Figure 10.7 Microsaturation and Water Flood Relperm Figure 10.8 Microsaturation and Water_ Flood Relperm
Curve for a Water Wet System at S, Curve for a Water Wet System after High Rate Bump
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Dramatically increasing the water flow rate (bump) has
very little effect on oil production or Krw. This is
because capillary forces provide most of the energy
required for displacement of the oll.

As water saturation increases oil flow tends to
cease abruptly, and Sor is reached



Oil Wet Systems

Figure 10,117 Micresaturation and Water Flood Relperm Figure 10.12 Wicrosaturabon and Water Flood Relperm
Curve for an Oil Wet System at S, Curve for an O/l Wet System &t Walter Breahthrough
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Capillary pressure considerations indicate that
an applied pressure differential will be required
before water will enter the largest pore.

Water flows through the largest flow channels first,
Kro falls and Krw rises rapidly.



Fi 10.13 Mi turation and Water Flood Relperm |
o Cmv.:(lxz:\ '5;, (:’(ett'svstem at s, After large volumes of water have flowed through the

system, Sor is reached. This equilibrium is attained
slowly giving the characteristic prolonged slow
production of oil after early water breakthrough.




Typical Two-phase Flow Behavior
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Point 1

Point 1 on the wetting phase relative permeability shows that a small saturation of
the non-wetting phase will drastically reduce the relative permeability of the wetting
phase. The reason for this is that the non-wetting phase occupies the larger pore
spaces, and it is in these large pore spaces that flow occurs with the least difficulty.
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Point 2

Point 2 on the non-wetting phase relative permeability curve shows that the non-

wetting phase begins to flow at the relatively low saturation of the non-wetting phase.

The saturation of the oil at this point is called critical oil saturation S,..
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Point 3

Point 3 on the wetting phase relative permeability curve shows that the wetting

phase will cease to flow at a relatively large saturation. This is because the wetting
phase preferentially occupies the smaller pore spaces, where capillary forces are
the greatest. The saturation of the water at this point is referred to as the irreducible

water saturation S
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Point 4

Point 4 on the non-wetting phase relative
permeability curve shows that, at the
lower saturations of the wetting phase,
changes in the wetting phase saturation
have only a small effect on the
magnitude of the non-wetting phase
relative permeability curve. The reason
for the phenomenon at Point 4 is that at
the low saturations the wetting phase
fluid occupies the small pore spaces
which do not contribute materially to
flow, and therefore changing the
saturation in these small pore spaces
has a relatively small effect on the flow
of the non-wetting phase.
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The sum of the relative permeabilities for all phases is almost always less than
unity because of interference among phases sharing flow channels. There are a
number o f reasons for this interference.

1. The part of the pore channels available for flow of a fluid may be
reduced in size by the other fluids present in the rock.

2. The immobilized droplets of one fluid may completely plug some
constrictions in a pore channel through which another fluid would
otherwise flow.

3. Some pore channels may become effectively plugged by adverse
capillary forces if the pressure gradient is too low to push an interface
through a constriction.

4. The trapping of a group of globules that are clustered together and
cannot be moved, since the grain configuration allows fluid to flow
around the trapped globules without developing a pressure gradient
sufficient to move them.



Land Trapping Model

The complex physics of multiphase flow in porous media are usually modeled at the
field scale using Darcy-type formulations. The key descriptors of such models are
the relative permeabilities to each of the flowing phases. It is well known that,
whenever the fluid saturations undergo a cyclic process, relative permeabilities
display hysteresis effects.

The Land model (1968) is the most widely used empirical trapping model. Most
relative permeability models that incorporate hysteresis (Jerauld 1997a; Killough
1976;Larsen and Skauge 1998; Lenhard and Parker 1987; Blunt 2000; Lenhard
and Oostrom 1998) are based on it. It was developed to predict trapped gas
saturation as a function of the initial gas saturation based on published
experimental data from water-wet sandstone cores (Holmgren and Morse 1951;
Kyte et al. 1956; Dardaganian 1957).
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The amount of gas that is trapped in the region that has been flooded by water

encroachment can be estimated by defining the following characteristic reservoir
parameters :

FREQUENCY

| PHASE

WETTING NON - WETTING

e WATER e OIL
e WATER e GAS
NON e OIL e GAS

WETTING

AWETTING

DIAMETER
4.35 — Pore size frequency curve and fluid saturation




Factors Affecting Relative Permeabilities

Fluid saturations
Geometry of the pore spaces and pore size distribution
Wettability

Fluid saturation history (i.e., imbibition or drainage)



Effect of Saturation on K,

At low saturations of the fluid that preferentially tends to wet the grains of a rock,
the wetting phase forms doughnut-shape rings around the grain contact points.
These are called pendular rings. The rings do not communicate with each other
and pressure cannot be transmitted from one pendular ring to another.
Sometimes such a distribution may occupy an appreciable fraction of the pore
space. The amount depends upon the nature and shape of individual grains,
distribution, as well as degree and type of cementation

Above the critical wetting-phase saturation, the wetting phase is mobile through a
tortuous path under a pressure differential and as the wetting-phase saturation
Increases, the wetting phase relative permeability increasesas well. The wetting-
phases saturation distribution in this region is called funicular and up to a point,
the relative permeability to the wetting phase is less than the relative permeability
to the non-wetting phase due to the adhesion force between the solid surface and
wetting fluid, and the greater tortuosity of the flow path for the wetting phase. The
non-wetting phase moves through the larger pores within this range of saturation,
but as the saturation of the wetting phase further increases, the non-wetting
phase breaks down and forms a discontinuous phase at the critical non-wetting
phase saturation. This is called an insular state of non-wetting-phase saturation.




The effect of Pore Structure

. Rocks with large pores and correspondingly small specific surface areas have
low irreducible water saturations. Therefore, for such rocks, end point relative
permeabilities are high and a large saturation change may occur during two
phase flow.

. With small pores have larger specific surface areas and larger _irreducible
water saturations. As a result, the end point relative permeabilities are lower
and the saturation range for two phase flow is smaller than in rocks with large
pores.

. Rocks having some relatively large pores connected by small pores have a

large surface area, resulting in high irreducible water saturation and relative
permeability behavior that is similar to rocks with small pores only.




CAPILLARY PRESSURE

** RELATIVE PERMEABILITYo
CAPILLARY PRESSURE
#RELATIVE PERMEABILITYo

100
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Fig. 31 = Hypothetical Cepillary-pressure Curve Ela. 32 - Hypothetical Copillary-pressure Curve
for Bundle of Capillaries with Uniform Lengths f“' Bundle o?:.pllluksev'mh Uniform Lengths
and Uniform Diemeters ond Wide Distribution of Diameters

From: Gates, J.I. and Templaar-Lietz, W.: "Relative Permeabilities of California Cores by the
Capillary Pressure Method,” API Drilling and Production Practices (1950) 285-302.
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The effect of Saturation History
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e The imbibition non-wetting phase relative permeability curve is generally lower
than the drainage curve at the same saturations.

e The imbibition wetting phase relative permeability curve is slightly greater than
the drainage curve.



The effect of Interfacial Tension
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Mathematical Models of Relative Permeability

. Capillaric Models: Capillary models ignore the interconnected nature of the
capillaries and, therefore can not give a realistic description of two-phase flow
phenomena.

. Statistical Models: The statistical models, unless they take into account and
make use of the interconnectedness of the pores, can not be more successful
than the capillaric models.

Emperical Models: In order to bring the results of capillaric and statistical
models inline with reality, empiricism had to be resorted to. At the present, the
practically useful mathematical models of two-phase flow in porous media are
basically empirical.

Network Models: Network models, however; have the best potential for
understanding and quantitative description of two-phase flow phenomena in
porous media, both because they take into account the interconnectedness of
pore structure and because microscopic flow mechanisms are considered in
them.




Calculate Relative Permeability Curve from
Capillary Pressure Curve

Basic Theory:

By Poiseuille’s Law, the flow rate in single capillary:
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If the porous medium is conceived to be comprised of n capillary tubes of unequal
diameter, the total flow rate is given by:

in addition: V; =V,

In actual rock ,from Darcy’s law

Then:




Vi = ¢ ALS,

Introducing lithology factor

Method as follows :
Plot capillary pressure curve (Pc ~ Sw), and draw 1/ P2 ~ S, curve, obtain
integral area of this curve and can calculate the relative permeability of rock.



Calculation of Effective Permeability and
Relative Permeability:




Drainage Relative Permeability
Burdine’s Theory

Burdine’s theory : K=f(P,)
*based on hydraulic radius concepts i 0
*based on a capillary tube bundle model

—

Using capillary tubes as a model for the pores, the Carman-Kozeny theory
gives us, for each tube:

Actually, tubes are not straight

I

- RAp e RAp A
: 8ul, ‘ ' 8o/, (3.5)

where R; is a characteristic radius of a (noncircular) pore or cross-sectional area A; and length L;. o ; is
a shape factor to account for the noncircularity of the pore.



For the drainage process, the nonwetting phase enters the largest pores first. If the nonwetting phase

invades the dn; next largest pores, the change in volume of the wetting phase is:

dV =-lAdn; dn,=— (ZV“'

i =

which decreases the water flow rate by:

b RApA,d RAp av,
8o ul; 8oL ul?

Darcy’s law for two-phase flow at the macroscopic scale gives:

= ﬂ or dq,=——:dk

qw w w w
uL uL

Equating the incremental flow rates at microscopic and macroscopic scales:

e, =—RL v
" 8o Al-

51 !

However, since dV, = 0ALdS , at the macroscopic scale, then:

(3.6)

(3.7)

(3.8)

(3.9)

(3.10)

(3.11)



R‘-(DL: dS“
8o l;

Sl‘
k, =
5'[ l; (3.11)

The lower limit of the integral is S ; since none of the saturation below immobile saturation contributes

to the flow. To evaluate the integral we need to know how the geometric parameters R;, 0. ; and /;
behave as a function of saturation S . The hydraulic radius R; can be related to the capillary pressure,

since capillary pressure is related to the largest pore size occupied by the wetting phase. A balance of
forces across a pore gives:

PA=ccosbo, (3.12)

where ®, is the wetted perimeter. The characteristic radius is given by:

A TR,
w, 2R, (3.13)
_ 2ccosb

So. T (% (3.14)

Substituting in Eq. (3.11):
% =SJ~" (cscos(%))2¢L2
Y5 20,(S)(S,)PS,) T (3.15)

e




If we define the effective saturation as:

S; = Sw = Swi
-5, (3.16)
Then we can simplify Eq. (3.15) by expressing:
PG =D
Average tortuosity B (3.17)
o, (S)(S,) — ’(S,) Oz
So. r TS, =D (S) (3.18)

Notice that / approaches infinity as S, approaches S, ; and the wetting phase becomes disconnected.

p _ (ccosH)’0 (S,)’ * 1
Substituting, a,t S PHS) T (3.19)

Burdine (1953), while extending the earlier work (Burdine et al., 1950) to
two-phase flow, observed that the tortuosity factor depends on the extent of
wetting phase saturation and could be approximated as:

Se 8 2
T = (_';._ e ) (4-13)
1 _S\Ui



Them making use of the definition of relative permeability, k,, =k (S Vk (S, =1):

S, 1
| 7 )dSw
krw — (S‘:)z Sr C w

(=4S,
s, F-(S,) (3.20)

By a similar argument, the nonwetting phase drainage relative permeability is:

¢ 1
j SL—;
e BS)
km=km(SWi)‘(So)- ; l
[—=——as,
RO (3.21)
e
where ~ 1-S8_-8,; (3.22)

Notice that §__is not the same as S, _because we are on the primary drainage curve. S__ is related to
percolation.



If we make use of the Brooks-Corey relation for capillary pressure, Eq. (2.19), then:

— pc

(S;,)”A
j ! f‘ 1 [(S“)/”}
s aP;(S) pe(l— =) ~ p-S,) 24 +1 a

After which we can evaluate:

k. =(SiyA0

and

Ky =k, (8,048 1= (S |
Normally we assume that S _ is roughly zero, so:

S‘ . So it l_ Sw sxur l— Swi —(Su' = Swi)

o =l—S'
1-8

wi l_ Swl . l = Swi ’

B | ot 2 X . %+l
g Ko =kn(8:)(1-5.) [1 () ]

These are known as the Brooks-Corey relations for relative permeability.

(3.23)

(3.24)

(3.25)

(3.26)

(3.27)

(3.28)
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Figure 3.4: Brooks-Corey relative permeability curves for =2 (left) and =4 (right).



Table 4

EQUATIONS FOR THE PREDICTION OF RELATIVE PERMEABILITY IN

SANDSTONE AND CONGLOMERATE

k. = 0035388 —22 — ) 010874
(1 — 8., - 8§

- S

S, — S, 10
l“ O = Sura) l + 0.56556(5,1'%(S, — S.) (water-wet)

- 8. = S.n)
5 =5 1ug - 5
k. = 1.5814 ]L—AJ 0.58617 (3, o)y
| S“-l {] - S'w: - S'\.r‘h}

(S. = S,) — L2484d(l — S, (S, — §,,) (intermediately wet)

S"| I.=
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I_ S“" Su - Sur'ﬂ. I
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" o l S-.w I = Sm o Snrp ! y

K., ., +2.7794%

B g
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w1
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Table 5

EQUATIONS FOR THE PREDICTION OF RELATIVE PERMEABILITY IN

LIMESTONE AND DOLOMITE

5. — S,
k. = 0.0020525 2 2=

k.

B

s, — < _1
k-h.. = qugﬁh (Iu_"%) {]_32?9?( S“- SI"I'\-I- )*
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ky, = 1.8655 ——=AE0 K,y + 80053
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E—
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Relative permeability ratio
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Qil ana'\Water Saturation —=

*This quantity lends itself more readily to analysis and
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The effective permeability can be expressed in terms of
the relative and absolute permeability as:

ko = krok
kw = krwk
kg = krgk

Using the above concept in Darcy’s equation and expressing
the flow rate in standard conditions yields:

dp
Qy = 0. 00708(rhk)( = ) & (1.2.34]
Qy = 0.00708(rhk) ( i ) do [1.2.35]
pwBy ) dr

[1.2.36]

ky O\ dp
Qg = 0. 00708(rhk)( 5 ) =

where:

Q,, @y = oil and water flow rates, STB/day
B,, By, = oil and water formation volume factor,
bbl/STB
@, = gas flow rate, scf/day
B; = gas formation volume factor, bbl/scf
k = absolute permeability, md

The gas formation volume factor By is expressed by

B, =0. 0050352% bbl/scf

The instantaneous GOR, as expressed in scf/STB, is defined
as the fotal gas flow rate, i.e., free gas and solution gas,
divided by the oil flow rate, or:

GOR = 2o + @
€,
or:
Qy
GOR=Rs+-— [1.2.42]
Qo
where:

GOR = “instantaneous” gas—oil ratio, scf/STB
R = gas solubility, scf/STB
€y = free gas flow rate, scf/day
@, = oil flow rate, STB/day

Substituting Equations 1.2.34 and 1.2.36 into 1.2.42 yields:

k; woBo )
GOR=Rs +
g (km) (Hng

where By is the gas formation volume factor expressed in
bbl/scf.

[1.2.43]

GOR - R, r( H:uB)
p‘- 1 2
Ks toBh GOR
ke 1198,
R, 5
4
AR 4— Prassure

Figure 5.2 History of GOR and R, for a solution gas
drive rasarvoir.



Relative Permeability Measurement Methods

Steady State Method

In the steady state method, two fluids are injected simultaneously at a fixed ratio
until the produced ratio is equal to the injected ratio. Core saturations have to be
measured at each equilibrium and new fluid ratio is applied. This is repeated until
the relative permeabilities are determined. Most tests are started with the core
sample saturated with 100% wetting phase, and the test is then a desaturation

test (drainage).

Unsteady State Method

The procedure for performing an unsteady state test is relatively simple and fast
First the core is saturated with 100% water and then the sample is desaturated by
injecting oil until no more production of water is obtained. Water production is
recorded and S, calculated. Effective oil permeability is then measured at S;. Oll
Is displaced by a predetermined constant rate of water, oil permeability and
pressure drop across the core will be recorded. Alternatively, oil is displaced by
keeping the differential pressure across the core constant with varying rate of fluid
flow. With the recording of cumulative water injection, pressure drop and produced
oil volume, it is possible to calculate relative permeabilities by theory developed by
Welge (1952)



« Steady-state

oy = « Steady state
E

Advantages

» Direct determination of Kr @ large range of S
* No mathematical developments
» Reservoir conditions (P, T)

Shortcomings

» Time consuming, expensive
» Capillary end effects

- long composite cores
+ Representativity of flow in the reservoir questionable



Inlet End
Piece \ < AP

& "
100% Brine Sw=100%

>

100% Oil

>

Oil and Water
Mixture Injected
in Decreasing
Oil Fraction

Sor,

-1

100% Brine

Core Saturation

Qutlet End

Piece

Brine Permeability
Measured, Kw

Oil Permeability at
Swi Measured,
Ko @ Swi

Keo and Kew
Measured at
Decreasing
Qil/Brine
Saturation
Ratio

Brine Permeability
at Sor Measured,
Kw @ Sor



Unsteady-state method

Qil
Vnr

Water
Vr

Analytical calculation only for Pc =0

Welge Kro/Krw
+JBN Kro, Krw

Unsteady-state

Advantages
- Fast
- Representativity of flow in the reservoir
- Reservoir conditions (P,T)

Shortcomings
- Calculations not straightforward

- Strong assumptions for analytical calculations
« homogeneous samples
*+ Pc=0

- Narrow range of saturations (only after BT)

To overcome shortcomings

- Perform in situ saturation measurements (X-ray or g-ray
absorption, CT-scanner)

- Numerical interpretation of the displacement data



Core Saturation
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Capillary End Effect

Definition: Before wetting phase flows to out surface, the capillary pressure is
active for wetting fluid driving nonwetting fluids. But the capillary pressure is a
resistance for wetting fluids to flow out when it moves to outlet surface. As a
result ,the saturation of wetting phase near the outlet face is greater than the
normal distribution, this phenomenon is called end effect.

[)O :[,M':pﬂnll

~1-S,,
Su' J




Eliminating method

1) Increase flow rate to reduce influence area of end effects;

2) Increase the experiment core length to reduce the ratio of the end effect
length to the core total length;

3) Three-segment core method.

TEFLON
DISTRIBUTOR i
TO GAS LIQU
FLOWMETER PHASE IN
M msﬁ HIGH
X
N0 EST CORE ECTION] PERM
ECTION TEFLON
e ap
| NITROGEN
IQUID OUT
=R Plout) IN

Penn State method (Figure 5.19 from Dullien).



The capillary end effect can be analyzed based on the flow equations:

ck,, . Of ck, (0 oP
- kk_ 4% _ _ kk,, A‘ (:1‘)“‘ i (P i
it ox n, L ox ox )

oo Kl OBy i OBy G,

w

i, ox  ox kk_ A

qM, qm, P
kk A kk A oOx
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Three phase systems

Since we now have three phases flowing, we need to define the relative
permeabilities and capillary pressures anew. Although the following functional
relationship not always are valid in practice, we will here use the conventional
definitions for a completely water wet system with no contact between gas and
water phases. Thus, the parameters below are functions only of the saturations

indicated: .
* Increasing .S,

ke (S,) M} oll ) > Ky Kyow
I{_'g {Sg ] 520

L g] * Increasing S,
Prﬂu lE‘S'.-.'] Gas
oil
F COg 'I:Sg} ) S =S ) > /‘}g' /‘}'og

Except for the relative permeability to oil, k,, these parameters may be
measured in two-phase measurements since they depend on one saturation
only. In the discussion of three-phase relative permeability to oil, k,,, we will start
with typical two-phase oil-water and oil-gas relationships:
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The two oil relative permeability curves are two phase curves. However, as
indicated above, in a three-phase flow situation, the oil relative permeability would
be a function of both water and gas saturations. Plotting it in a triangular diagram,
S0 that each saturation is represented by one of the sides, we can define an area
of mobile oil limited by the system's maximum and minimum saturations (which not

necessarily are constants). Inside this area, iso- k,, curves may be drawn, as
illustrated below:

o 100% gas

S,

minimum liguid

saturation under

water 3.
gas msplacemem

» Sy

Su rr 1 "S‘orn Sw!r 1 "S.oru

00% water

: minimum oil plus Swwir
& oqgs saturation under
water displacement




Theory and Assumptions Used in Stone’s Models

In principle, k, may be measured in the laboratory. However, due to the
experimental complexity of three-phase experiments, we most of the time construct

it from two phase oil-water k., and two phase oil-gas k., -
The so-called Stone-models may be used for construction of three-phase relative permeability
curves,

Stone’s method 1 and 2 are probability based models. Both methods are based on the
channel flow theory, which states that in any flow channel there is at most only one mobile
fluid. As a consequence, the wetting phase is located in the small pores and the nonwetting
phase in the large pores, and the intermediate phase occupies the pores in between. Thus
at equal water saturations the fluid distributions will be identical in a water-oil system and in
a water-oil-gas system, as long as the direction of change of water saturation is the same in
both. This implies that water relative permeability and water-oil capillary pressure in the
three-phase system are functions of water saturations alone. Also, they vary the same way
in the three-phase system as in the two-phase water oil system. The gas phase relative
permeability and gas oil capillary pressure are the same functions of gas saturation in the
three-phase system as in the two-phase gas oil system.

These two models require two sets of two-phase data: water oil displacement and gas
oil displacement. Hysteresis can be taken into consideration by using the appropriate two-
phase data.



Assumption: ) L =/(S,.S,)

Stone's model 1

SO = ﬁw =
? 1- Suir' - Sar L- S“D
S = Sui — -
Swp = ToS._-S. b - krog .ﬂf',.l._;, = SﬂE‘ -Bu .Iﬂg
s, 1-5,,
Sep = 1-S§ . —§ Please note that the above formulas assume that end point relative permeabilities are 1. If
e this is not the case, the relative permeability formula must be modified accordingly.

Stone's model 2

It does not require the estimation of S, , as it attempts to estimate it implicitly by its formulation.

';rrr.:- = {:ﬁ‘-rr.:-g + ka‘g]{krmt + "irru ::' - {.lil',.”. + ';r!:g}



